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Background 

Number of people living in this world with dis
abling hearing loss are estimated to be 360 million 
~Worl.d Health Organization [WHO], 2017). Hear
mg aid i the most widely used device for reha
bilitation of t hese individuals (Dell ' Antonia Ikino 
&F'lh ' ' ~ 1 o, 2013).With t echnological advancements in 
si.gnal processing, overall sati faction of a hearing 
~id user has increased from 74% in 2008 to 813 
m 2014 (Abrams & Kihm, 2015) . However, low
est t· f · a is action level of 50% was observed when the 
he~ring aid users were trying to listen to a conver
sation in the presence of noise (Abrams & Kihm, 
~015) · Thus the problem of noise reduction in hear
mg aids continues to be a challenging task, despite 
th . 'fi sigm cant technological advancements. 

Persons with sensorineural hearing loss have 
r~iorc difficulty in comprehending sp eech in noisy 
sitnat io · th · · (P k ~ ns an people with normal heanng a.r , 
. !~on , Jin, Choi , Cho & Hong 2015). Background 
noise · ' ' . is thus a problem of gr at concern for pcopl ' 
wlith hearing impairment, and thus noise rccluct.iou 
a g . 

l
onthrus have significant role iu hcar illP, a id. sig-

na pro . ( . h· ce. smg Ngo, 2011) . Ilea ring aid cl •:-;1p,11ns 
a~e be n trying hard to dcv lop tecl1niqucs that 

en anc "Pe h · . · f' 1 e·11·1·11" . ·d " c m companson to noise or 1 ' n 
ai users. 

Lt'\ilt ('2001) iclt'nlifil'd thr!'c' t P"" of 1101:-1 

enconntt'r('d h:,, hl'aring aid llM'r" th.1t can f
~C'Ct spct'ch i111l'llig1bility - rnrnlom lllli"'' other 
mt.l'rfr'nn~ \'Oil'l's. am! l'<'Vt'dlt'rnt ion. lutcrfrrin" 
vm:es havt' tht' sam<' spectrum as lhat of "P l h 
wluch m.ikcs it difHcult to clilfl'rt'ntiatc bl'lwecu th 
wanted a11cl the un .vantecl signal. 

Several techniques have lwcn emplovecl in he.ir
ing ~i<ls, over ~he years, to C'nhance thl~ speech sig
nal m comparison to noise. The forns of all tht l 

techniques was to make the spl'ech intelligible to thl' 
user amidst background noise, and to enhance the 
quality of sound . Levitt (2001) reviewed thl' noi,..E' 
reduction techniques implemented in hearing aids 
t ill 2001 an<l outlined future developments nquir 'd 
in this ar<'a. Chung (200-1) reviewed t hl' mkro
phone technologies and noise reduction .tlgorit hnh 
while pointing ont the challenge~ in hl'aring , ids 
Bent ler ( 2005) n !so reviewed 1 he cffrd i n'ness of t hl' 
noise r duel ion techniqm's "hich 'n'n' 1mpk'llll'nted 
in hearing a ids llf those t inws. Ot hl'r than t lwsc 
three rcvit'Wti (Bt'utll'l', 2005; Chnng, 200 I: LPvitt. 
2001) no ot hl'r n·vil'wti hn\l' lwl'n repurll'd in thl' 
lit.t'rnt.ur<' on 1 his topir. '<'H'm! tedmiq1ws \H'l'l im
pkttll'llt l'd in t ht' fo llow mg yt'<Hs tn impron' thl' sig
nal tll 11oisl' ra tio. 13c!'k nntl lk hr('Ils (201G) opined 
1.ha t Digil nl oisl' HE'd11ctio11 teclmiqucs which arc 
currt'nt ly iinpk 11wn1 t'<l in t lw tilalt> of 1 lw art hear-
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ing aids improve listening in noise. The purpose 
of this paper is to review the noise reduction tech
niques currently implemented in hearing aids and 
also which arc in the experimental stage. To pro
vide a clear direction to the developments fmther 
required, the following questions were considered 
in the systematic review: (a) Which noise reduc
tion technique using multiple microphones provided 
better SNR? (b) Which signal processing technique 
provided better intelligibility? 

Materials and Methods 

Related studies were searched using the key
words such as "noise reduction strategies", "hear
ing aids" , "processing of speech", "noise control", 
"speech enhancement", "Directivity index", "signal 
processing" etc. From 185 identified studies, stud
ies were selected for detailed analysis based on the 
following criteria: 

a. Inclusion criteria :-

• Studies pertaining to the noise reduction 
techniques classified by Ramirez, Jons, and 
Powers (2013) 

• Studies on techniques which resulted in im
provement of SNR 

• Studies on techniques which improved the 

Ml 

i---.i Element T 

Siwml prnressi1111, lia:iC'cl st.ratl•gies 

c lllT<' II LI y 
i111pl<'lll('!li.!'d ill 

hearing aids 

MB- MWF 
DNR 

2 6 

Scene 
Anal-
ysis 

5 

speech intelligibility 

b. Exclusion criteria :-

Experinwntal 
stage 

Wavclc·t. BSS 
Based 

2 5 

• Studies done by the hearing aid manufactur
ers on their specified models 

• Studies done on manufacture specific Trade 
Mark software for noise control 

Ramirez, Jons, and Powers (2013) classified 
the techniques used for noise reduction in hearing 
aids into two: noise reduction using microphones, 
and the noise reduction through digital signal pro
cessing techniques. Number of studies shortlisted 
based on the selection criteria and classified as per 
Ramirez, Jons, and Powers (2013) are indicated in 
the Table l. 

Noise Reduction Techniques 

Noise reduction techniques using multiple 
microphones 

Using two omnidirectional microphones 
One technique implemented in hearing aids to re
duce noise is to achieve direction-dependent sensi
tivity by taking the difference signal of two omni
directional microphones placed in-line, one directed 
to the front of the user and the other one directed to 
the back. Figure 1 illustrates the technique where 
the output signal of the microphone M2 directed to 
the back is delayed and subtracted from the out
put signal of the front microphone Ml. Bent,ler, 

XM1(t) 

Subtractmg 

unit 

EJ Delay 

XM2(t) '--------J 
XM1 (t) - XM2 (t-T) 

Figure 1: Noise reduction using two microphones 
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Eltment 
T2 

C<>mpe11ub n Ftlter I J[ C mpcru n~ n F tlter 

- -- J 
Adding 

Element 

Low Pass Ftlter lUgl. Pass Filter 
(llOOHz) (1100 Hz) 

Figure 2: Noise reduction using three micmphone.1 

palmt>r, and Dittberner (2004) reports a 3 dB im
prm·ement of SNR in moving noise and 4dB im
provement in stationary noise when compared "·ith 
a ingle microphone system. 

Using three Omnidirectional microphones 
ubtracting element 2 compares the delayed signal 

of :Microphone M3 and the direct signal of Micro
phone M2, as shown in Figure 2. Output of t his 
compari on i fed to Subtracting element 3 along 
with the difference signal of Ml and M2. Outputs 
of ubtracting element 2 and 3 are added to get 
the final output where the noises picked up by Ml, 
M2 and M3 would have cancelled out. The SNR 
improvement with a three microphone system, in 
theory can be significantly higher than that of a 
two microphone system. A commercially available 
three microphone hearing aid (Siemens Triano-3) 

XM1 (t) 

Filter 1 

Filter 2 

• • • • 
Filter n 

claimed upto 7 dB dir<'divity ind<•x c1s opposed to 
-1.3 dB for the t·wo-mirrophorH' Trian(}- (Powers 
and Hammacher, 2002) 

Adaptive beam/arming Beamforming b an
other techniqm' for noi::;e reduction where output 
signals of several microphones are proce::;sed to re
duce noise. This is achieved by creating a construc
tive interference in a selected direction and destruc
tive interference in non- elected direction::;. Pro
cessing may be a fixed or adaptive one resulting 
in fixed or adaptive beamforming re·pectively. In 
fixed beamforming time dependant tran fer func
tions arc used to process t he output ignals of 
each microphone as shown in Figure 3. In adap
tive beamforming, at least one of the transfer func
tions is continuously modified for better noi e re
duction in the given environment (Kompis & Di!-

Sum 

Output with enhanced 

SNR 

. · gfiv:ed beam-forming 
Figure 3: Noise reductton ustn 
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Ad 1ptivP lw. 111111111111 1 111 .id11 pl 111 dill• 11'111 
!IOI• 1t11.1liu11 nnd lli1•\ 11111 0111·1 111'111•1 11ois1• 
r l1tc t 1011 Ill llHI I ( ( 11.11 IP ' 1 lw 1<l1 ·' 111" ill'.tlll 
fur111iug, (,111t1.il1z1·d ~ult·lnlu• ('1!1<1'1111 (<:SC') 
ii r J1ilh111 \\ 1 [11 I i1 11pl1 ·1n1•11l1 ·d ii\ ( :1dlillts 111d 

.11111 (I!) 2). 1111 ·11 .dg11Jilli 111 lrnns1'111111. 1111' 1u11 
11-.1i111 d 11pl11111z.tliu11 prnlih-111 it1I() 1111 1•q 11 1\,il1·11I 

1111 i111pl<'r ll!H'flllsl nii1wd Dpl i1n1111I io11 prnl>l1•111. 
1sh111m1<1. S11z11ki, l's11kui. n11d Asano (200 I) pro

pos1•d a 111< l hod of IH'<1111fon11ing whicl1 show1•cl 1·011-

tr.u111 t() 1n1•s1•n·c 1wrc·1·pl mil <'ll<'s nl liot.11 1•11rs in 
\\idt• li:ind \liu\11111111 Variance' Distort ioul<•ss R1·
H)H >ll"' (\1\ UH) ll!'a111fornu•1. Fir:il lwarnforn11•1 

for hinamnl hcari111!, aids \\;ts d1·v1· lop1·d by Lol t l'I' 
alld \iar~ (200G) rnll<'<l :illJH'r din•ct iw IH'a111 fonn
i11g. which was liasC'cl oil a IVOR lwrnn-fornwr. 
Uut this tut'! hod wn.s 11ot ro11I inuo11sly I rnrki n!!, 
llw targrt sJW<'c11. HohdPniJ11rg, Jloh 111nn11 , and 
Kollmei<•r (2007) fo11nd t.hal l l1es1• lilt'! lwd;; showl'd 
good pl'rforma111·1• to rNlucr diffused or amhic•11t. 
no is<' but low 1wrformann• to rrcl 11rc• lmhblr noise• 
(Rohc.lculmrg. GoPt zc>, I!ohma1111 , KamrnC'y<'r, & 
Kollm ier, 2008). Tlw approach of Rohdenburg ct 
al. (2007)was not rrferre<l to wide band applicatious. 
Although it was advantageous, l he computational 
cost of this technique wa . ., high. 

N oise Reduction Using Digital Signal 
P rocessing Strategies 

Str ategies in exper imental stage 

Wavelet based noise reduction The speech 
signal C'onsists of many frequency components; gen
rrally it is complex in nature to understand and 
to process. Mathematical approach cau be fol
lowed for analyzing them. A complicated ignal 
can be broken down into simple waves using Fourier 
Transforms (FT). Fourier Transform analyses only 
stationary signals, hut speech is no t a sta tionary 
:;ignal. Th111> for analyzing non-stationary s ignals 
Wavelet Transform (WT) is advantageous becaw;e 
t hry an• fast. Another ac.lvantage i:; tha t, wavele~ · 
arc n•prcsl'llt <'d bot.h iu t ime and frequcn y doma m 
whereas Fourier t.rnusform is a frequ0ncy domain 
rqnes utat ion. 

Wave! 'l-bascd l\1aximurn likelihood 0st.irnation 
of signa ls in nu tor0gr0ssivr noise methoc.l by the ap
pron.c·h of Kay and Nagrsha (199..J.) is used for rec.lur
ing corrdat0c.l noise in noisy speech 'ignals. l\1any 
of t lw Digital 'ignal Processing m <'t.hods have the 
difficu lt ~ i11 d i;;tinguisillng betwren noise and r onso-
11.111ts so t ha t most of the consouaHt , ar n•mov0d 
along with r10ise, whirh rt'c.luces tlw iutelligibility 
of :ipe(•d1. \Ym d ct-ha.srd noise rPductio11 nncl com
prPssion a pprnarh by Trena.s, Rut ledge. and \\'hit-
111.il ( l 9!J!J ) giws !':>Ol11tio11 to thi issue . It is flexible 
, s I h1• parnmt•t1•rs can b1· modified lo fit th<' hearing 
lo s or t hr ill(li\·i<l11.1l and a !so t Ill' 110ist> charncter-
1,.,t 11 s Thi· n • pons<' tinH' is k-. auc.l t Ill' accurac:\ 

7 

Ahrulw111 r'f 11(. ( 20 I 7 

I ' I I •t·f'fon · iu g< 111•ral. \V:ivd1 1-ba,.,<'d ll<J I 1-!,tlll< II , 

. JllO'H'h is l11ghh r<'h;1hl1· 1·11111pan cl If d111 11011 .1p • . . 

I ' l1·111 s1'111111 l1•d1111<J1ll '. ' tlllllf'l ' 

Hliml Source' fkparation (BSS) Blllld . 01 

. 1 luid takPs I h1• 1·1J111IJ111 1111111 1Jf; Si·p111 ,i1u111 1111 . 

I I'll .,. tlu•111 and g1v1·:-; s<·p.i1«1ll' 1J11tp111 s1gn11 s I ' s 
· . 1, wlii< Ji ;trl' pn•s<•nt m that t'IJ111h 1 l111s<' :-;1g11.1 s . 

. 11 . . 111111tii>I<' 111 ic-roph<Hll's frl!' 1t;; <11wr, I 1011 llS( :-; 

I w t Int I hc·1 <' would l>l' al li·a t .1.~ m 11111 ass1111H ,, ' . 
. I u ·t:~ 1 Iw numlwr of sf)\ll r·r·s Onr· S(J 1 1 t' llllC'l'O(l 1()(11'" ',, , 

I ( , .111L·si"ir1 aud I hen Indc•pc·nclc•11t Co111po-musl H' " ,, , ' . 

A . I .. ,·~ (lCA) call lw ust'rl to rPt nc·v1· lu• Jl('ll(, nr1 ,rs,, . • 
. . I U( 11rc·1· ui()ual (Buchner, A1dmPr. & ht·llcr-orrg111a ,, J ,, " , . 

20()"J) T lir out.put of UH• BSS will not have' rnanu , · · . . , . 
1 lw localization ('l!t'S. (Koc111:;k1, 2008; Pankh. & 
.AudNsmi, 2011). BSS al~orit.hm witl.1 Wi<'ner filter 
or J\daptiv<' ti ller:; arr u:;cd for n·t~m1~1g localiza-
. . BSe> t·ombinPd with adaptive 1nlcrfcrence I lOll ('U('H. ' ,, . 

cauct'llnl ion wa/i introduced by A1dmcr, Buchner, 
Zournh, and Krl lr n nann (2007) for pre ervmg spa
tial inforruat.ion. This scheme• i:; powerful if i.t w~ 
for a known scenario. For the unknown i;cenano, d1-
rC'clioHal J3SS and Wirner filtering were combined. 
Advantage of Dirc•ctional BSS over ~SS is t~at a 
good interference estimate can ~e ach1evec.l qu1.ckly 
even with a small number of microphone (Remdl, 
Zheng, & Kellermann, 2010). 

The new BSS algorithm developed by Hild. Er
dogmus, and Principe (2001) has been reported to 
be very effici ut. Computationally this method is 
more complex than t lw rest. Techniques for ep
arating out t he acoustic signal in S SS can be di
vided into two clas s, i.e. frequency a nd timC'
domain technique . The t ime-domain BSS tech
nique (Buchner , Aichner , & Kellermann, 2005) i 
applied for sound source localization. The BSS
bas0d method outperforms other known technique·. 
most notably in high r0vcrb<'rant environments. 
Interest.ingly, the approach r0m nin applicable in 
the unclerc.lct.ennined case, where' tlwrc arc more 
sources than microphones. 

Strategies implemented in current hearing 
aids 

Modulation based digital noise reduction 
(MB-DNR) This t.cchniqw is widdv impk
menlt'd in hearing aid signnl procrssing to reclurc 
noi:;e. The envelopP of the :srwcrh sign.ti i mnph
lurlc modulatrd a.s a rrsult oft h1• vocal I r.1t t mo 
uwnts associated with sp aking. l\focl11lat10n r 
of l llz tol6 Hz arc important for entPnC' 
nition (Drullman, Fe trn. & Plump. I !J!J I 
ronmental noi. c: c H ' either unmodulated or I 
rate of modulation b1· ·ond the 4 Hz lo 1611 
The . ignals which arc• tParl~" an• not lung but 
and . ignal which i. modulat( cl mon arc· pe < 
(Van, fr.,ten, & Plomp. 1991). Tlll' d le t 

<malysis unit rrroguizc> thf' J>fl'"(' IJ 1• of noi t 

of modul.ttion is hP oud 1111 t Hz lo lfJHz 
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Noise reductron review 

[B-D· R. signal is passed through difft'rC'nl fn' 
In ~ . filters. During filtering. if an~ out p11t i:-; ll':-;s 

ht"lrinn · · I · h ' "aic Is <'lloug to <'ns1n·c' 11,ood noisC' rcmoYal 
lurnn . . 1 

1 1· trtl that cont.mu:-; more' nms<> c0111i>mwnt 
cu a · · 

1
110 ain of that channel is cmnprPssc•cl mHl d 1a111 H,l 

tl'.<'
1
g. ,erh-like modulat io11 i:-; passt'cl. Thi:-; 11111\ l<'-1t 1:-;pc: . . 11 ire the \C'n'l of parl1cular frc'CJIH'IH'~ s1wPrh <'Olll 

111 ts but i11rrl'n .. .,c·s tllC' overall s1w1•d1 to nois<' poucn · · · 
rnt io (S'IH) · 

J\-fttltichannel ~iener filter (.~WF) This is 
. ,.c·alh a moc.hficd form of \.Viener filter intro-b,1s1 . ( 

clured by Dodo and. fooncn 2002)1.o .enhance the 
cll'sircd signal . reac~ung from ~ny ~rb1trary din~c-
. n MWF is widely used m huiaural hl'aring 

110 . f . d . 
aid technology or noise re uct1011. This method 
gives a Minimum Mean Square E~ror (i\lMSE) es
timate of the speech con:ponent m the signal re
ceived from one of the microphones (Spriet, Moo
nen, & Wouters, 2002). In binaural hearing aids, 
the noise reduction can be done by MWF and MWF 
with partial noise estimate(MWF-N). These meth
ods preserve Inter-aural Time Difference (ITD) and 
Inter-aural Level Difference (ILD) which enhances 
the S/ ratio. A famous technique in MWF is 
Speech Distortion Weighted MWF (SDW-MWF) 
which can adapt to various noise scenarios. SDW
MWF does not require any assumptions about the 
location of target speech and characteristics of mi
crophone, unlike the Generalized Sidelobe Can
celler (GSC). Doclo, Spriet, Wouters, and Moonen 
(2007) proposed implementation of the SDW-MWF 
in frequency domain.It is advantageous that every 
frequency bin can be processed separately. When 
compared with Adaptive Directional Microphones 
(ADM) , MWF offers good speech localization (Bo
gaert, Doclo, Wouters, & Moonen, 2008). Percep
tual tests on SDW-MWF and MWF-N showed that 
transmitting only one channel to the contralatcral 

(B<_>ga~rl. Dor~<>, '.VoutPn;, and l\Ioo11c·n. 2009) and 
t lu Hots<' loC'altzat ton r11<' is lost i11 SDW-1\1\\'F and 
J>r~'M•rv<'d in t-.1\ F ~. Li Sak;imoto. Hongo. Ak
ngt, and Suzuki (2011) proposr·d a two-stage pru-
1''.'ssrng m1CI \\, ic·111•1 Ii It Pr. 'I lw two st ag1's wc•r<• d<'
s1p;1wcl for 1•q1w lizat ion and <'ancdhit ion of tlw tar
!!,.C't. :-;igna I to gl'l a nohw <'St inw t <', I b i8 noi 1· <'. -

t11uatc' 11,iws t ht' parnnwt c•rs of th" \Vic·1wr filtrr. 
This techniqu<' do111inat1·s otlwr spC'c·t ral ubtr.t('
Lion and hl'amforming approac·h<'s and r!'t ains tit< 
localization cues of the targ<'t signal 

Scene analysis method Scene analysis ap-
proacl1t's arc characterized by the use of mcasmr•
ments taken from the input signal to compntP a 
set of frequency responses that arc used to filtPr 
out the noise. Individuals with hearing impair
ment finds difficulty in separating out speech con
tent of interest amidst interfering sounds, back
ground noise and reverberation. Speech segrega
tion algorithms seek to improve the intelligibil
ity of a desired speech source by attenuating un
wanted sounds (Wang & Brown, 2006). It is neces
sary for human listeners to differentiate and isolate 
the desired speech through auditory scene analy
sis. But, it is not enough to recognize the target 
signal coming from front for scene analysis. A Di
rection of Arrival (DoA) strategy was proposed by 
Chisaki, Matsuo, Hagiwara, Nakashima. and Us
agawa (2007). In Chisaki's method DoA of tar
get is estimated by the Interaural Time Difference 
(ITD) and the Interaural Level Difference (ILD) of 
the input signals. The head related transfer func
tion (HRTF) corresponding to the estimated DoA 
is used as frequency response to perform the fil
tering. But there is ambiguity in ILD and DoA 
relation, this leads to ambiguous DoA estimation. 

Table 2: Peiformance comparison of multiple microphone noise reduction techniques 

Parameter 

SNR for subjects 
with hearing loss 

Average Directivity 
Index 

Two microphones 

• 3 dB improve
ment in moving 
noise 

• 4 dB improve
ment in sta
tionary noise 
(Bentler et al., 
2004) 

4.5 to 6.0 dB (Bentler 
et al., 2004; Pow
ers and Hammacher. 

2002) 

Three microphones 

• 4 dB improve
ment in moving 
noise 

• 5 dB improve
ment in sta-
tionary 
(Bentler 
2004) 

noise 
et al., 

6.5 to 7 .8 dB (Bentler 
et al.. 2004; Pow
ers and Hammacher. 

2002) 

Adaptive Bcamform
ing 

Two stage adaptive 
beam-former always 
performed with better 
SNR than the adaptive 
directional microphone 
(Maj, Royackers, 
Wouters, & l\1oonen, 
2005) 

Significantly higher se
quential Directivity In
dex (sDI) values com
pared to dual micro
phone system (Herbig 
& Froehlich, 2015) 
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I -11 ti1111 .111.! h1'l\\'1' 11 t lw 1·11111p11t 11 iun·il 
1111 • • 1'\ p1•11, ,, 

I th, b.itl1'n p11\\1'r dr.u11ca111'1• 1•1111 t1· •ll I ti· 
,\111 ' , l \'l , llS 

1>1' '111'\\l'l" 11pt11111. 
Ill l' ' 

('our I us ions 

\ nw11g the thr'1' mnltipk n1kn1pl111111• ll'rh 

111qm'" "hid1 nrl' c11rr1•11t l~ ns1•d for t11lisi' ri•dnrt iut1 
in hearing aids. adapt in• lw;n11f1,rn1i11g t1 diniqiH· is 
found \O lW ::>1tpl'ri11r <li:' it Sitt\\\ t'd \)('( it'r S I{ n11d 
highrr sDl. Tlw limit at ion of adapt i\ 1' lwmni"ornt 
ing i~ that. for its l'ftici\'nt pcrfnnnn11e1\ 1 ht' nuisi' 
~oiirces m'C'd to lw n's( rict1•d in 1111mh1•r n::; \H'll ,\s 

the noise ::;mu-ce::; JH'ed to lw din1ct ionnl. .\h-;1,, \\it It 
increas\' in n•wrlwra t ion t inw of (] w I i::;t l't 1i 11g l'll 
rirnnnwnt. th\' dfkie11c> l)f ndnpt h (' hPnnifonniug 
reduces. This is::;uc lll'l'ds to he nddn•sspd b, t lH' dP 
signrrs. Among th<' Yariou::; digitn I sigunl. prot'\'ss

ing strategics employ<'d for nois\' eont rol in heariug 
aid:;. SC\'JH:? anal>si::; method \Ya::; fo1111d to b(' tlw 
be.-t strategy. \YaYdet based noi::>C' reduction, "hid1 
ha.'i been rxpcrimentcd over the years, is cousidt'n'd 
to he a better option compared to the sn'll\' nnaly 
si:> mPthod, provided its limitat.ions such ns highn 
computational Pxpcnsc and hatter~· drnin are prop
t>rly addressed. This iweds to b\' brought Io t lw 
notice of hearing aid designers. 
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