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¥ # 4870437021 :  MAJOR ELECTRICAL ENGINEERING

KEYWORD : NOISE SUPPRESSION [ SPEECH ENHANCEMENT / ACOUSTIC ECHO SUPRESSION /
COMBINED ACOUSTIC ECHO SUPPRESSION AND NOISE SUPPRESSION / DISTURBANCE REDUCTION BASED ON
SPECTRAL SUPPRESSION TECHNIQUE

RATTAPOL THOONSAENGNGAM : ACOUSTIC ECHO AND NOISE REDUCTION
TECHNIQUES FOR HANDS-FREE COMMUNICATION SYSTEMS. THESIS ADVISOR :
ASST.PROF.NISACHON TANGSANGIUMVISAL Ph.D., 118 pp.

Hands-free communication systems have been designed by considering mainly on “comfortable™ use. A
hands-free terminal comprising of a loudspeaker and a microphone set up around the conversation area is used
instead of a conventional telephone terminal or a handset. This structure, however, brings about two kinds of
disturbances namely acoustic echo and noise, which will be considered in this thesis. Hence, an approach to

alleviate these problems is necessary for hands-free communication sysiems.

In this thesis, the proposed acoustic echo and noise reduction technique is based upon the spectral
suppression method, which requires low computational complexity. Thus, it is suitable for hands-free
communication systems. An echo power speciral density (EPSD) estimation using a principle of acoustic echo
cancellation (AEC) has been introduced. In addition, a priori signal-to-disturbance ratio (SDR) estimation has
been developed using transition equation analysis. Experiments carried out using computer simulations show
that the proposed technique not only gives higher echo attenuation but also reduces speech distortion as

compared to the conventional technique.
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NeeuATwsnluMIeAUUUMININUTINAUTLH I NR 1AL AER fanainavuiiel)seuna a.a. 1994
Tagmaiia NR ignidenunioisanldun NS drumaila AER ignidenuniioisanidun AEC Tasiseni
& o ' . ' A o g o o °
HUMSWAUITZUUIIN (Combined System) TASFINUTUUINVOIMIHAU BT UM TN IUHIAIAVNTTINU
1 v a 1 o 3 a o % y <] 1A
ADUNAWNIMINZANTENIN NS 1 AEC [48] Hanmiumsinziihndaaumsnuaadliimiuinisms

Al

3 ~ Aa 2 an = a ] Ao A V9 o
AEC ﬂ?i!fﬂu?ﬁmi‘VILﬂWU‘LIﬂfJu’J‘ﬁmiamﬁ‘ﬂﬁ‘]Jﬂ’JuLLﬂZL’cTENﬁZ‘VIE]uVIﬂﬂﬂﬁﬂa%ﬂaﬁ]@gwj@u‘] Ny [49]

4 Y
A o

9 99 9/ a @ Y @ 9/
wennntdaidiaue I lmmatiamsnaailnasulumsudilyniiudosdziounazi@oasuniu lasiFon
a @ ' ' 9 . . . :
IBMIAINaIIN MInadesazNoULazidea5UNIU (Acoustic Echo and Noise Suppression, AENS) [53] %4
an [l o 9 o ' Y 1 (R <
3% AENS Hrwananudugoulumsdiuvesszuusivaldediann uaedielsimunansnaasves

9 dy Y 3 1 ) & a dy = 1 Y Y 4? 1
HWNAUT AENS ¥l AENS L!111WGIN‘ﬂTINN@]LW?J'IMJENLZ’(?N'IQI.WUE‘Nﬂﬁuﬂu”mﬁﬁ’ﬂﬂﬂﬁﬂi:(ﬁluﬂ’ﬂ

FEUVIINTEHIN AEC uaz NS Taamnized1agalunsal DTS

a a o &% dyo as A a a Yo ad s 1 3 [ 2 1

’J‘VIEﬂuWuﬁﬂﬂ‘uuu%ﬁu@’l‘ﬁﬂﬁtwuﬂﬁ%ﬁ‘ﬂ‘ﬁﬂ1W1ﬁﬂU’J‘ﬁf‘lTiﬁﬂlﬁﬂiﬂf‘)ﬂ’)ﬂﬂﬂﬁ@\iﬂﬁZLﬂTl’t‘)uhlﬂLLﬂ
= 9 a dy [ & agq Y g = A @ a s
e NoU LaSIFYITUNIUN UK (cmgnﬁumimﬂmﬁmwmuqam) TagWannmnatansnade

P a A q 9 o o a ot 4 &
TAENDULALIFIITUIU AENS Glu [53] LW@iﬂﬁWnWiﬂaﬂwﬂum‘m’dz‘ﬂE]uanzLﬁENi“JJﬂ’Jum"lﬂﬂﬂwu JIUM
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4 i [l
aanaveInNUAnisuveudesyan1siosIndas Tuvazidwmesnmanududonlunmsdruiandinn

SEUVIINTLHIN AEC uag NS 19113

[ d
1.2. Jagiszasn

A o A = A = I A o = 1
LW’E]WGJJu'lﬂ'Ii!Wllﬁlliiﬂuﬁilﬁﬂﬁw“ﬂiuiz‘U’Uﬂ']iﬁﬁ]ﬁ'lﬁ‘VlNLﬁENLLU‘]JLI,Emﬂ“V\Ii Tagiimsandeeneniu

a Yy 1A dy @ = 9
ﬁ@\‘léh'uﬂvlﬂl!,ﬂ LFIITUNIUNUURAILDLITINTSNOU

a d
1.3. VBUIUAVBINENHNUE

a o 4 = o A
1. #9332V AENS mailarealndvesszuumsdeansmadeauunauansng luTas Tniy
° ' X o Jsa A s v A s
wazdr Ineegaarniladd luaoumsalsunanean uazauianean
Y
2. wWanndszanSaimszuu AENS  Tudiu msanasveudesasnounazideasuniy 59
v
ANUAANEUVOIT Y I T 100N UBITZU
A o A 3 A
3. WNTANNTAVEIT I TeITUNIULUDUINALY (Additive Noise)  tazlianuiugaiia
Y
(Stationary) MU
o day oA D " A 42 I v 3
4. Wz AENS nldanuraiisuvesdyaandeayaina uazdanainnududonlums

AUIUNAUFUNY

14. Uszlaminmainazlasy

Yy o = 9 2 A = J |2 Aa
LLM’JT]N‘luﬂ"IiLLﬂN],"U‘]JfUuﬁ"ILﬁENﬁ%T]'fJuLLﬁ%LﬁEJ\ﬁUﬂ?uiuﬁ%‘u‘llﬂ?iﬁﬂﬁTﬁ“V]N!?ffNLL‘]J‘]JLL?]uﬂWi ny
1J'i381’]%ﬂﬁ/‘l’sjj\'ITﬂEJ'%’ﬂEWll'gJ}chﬂmﬂ1WLﬁﬂQWvﬂﬁU®QﬁmﬂlﬂmlaﬂﬁGUTE]E]WU'EN?%J‘]J

a

1.5. TuadUUAZIBAUHUMS

=3 = 9 = A a 4? A J a2
1. Anwilyrudesaziounazidessuniuinavuluszuumsdeasunuauans
2. Anwdtmsaadyanandessuniuiiondumaliansnanedlnasy
= an o = 2/
3. AnYIITMIAAdaUFsITENoY
= = 9 = A = =
4. AnvszuuMIaadsaasnoutasi@essuniuluszuumsdedsmudsauunauans
o as = 9/ = | J (=
5. Wamsmsaadsaasneuuazidesuniulussuumsdeasuuuuauans
' 4 '
6. $1@pATMINWAIL INonAdeUNANTAAITeIa: NoULAZIToITUNI
7. ARz nazagramsiie

= a a o
& WIUIMITUNUD



UNN 2

nanmsuazTUNeUISA ALY

A a a Yo A S (Y A a
mamsganinmlanums deasuuvuauansdremsnuausIouIdeaa (Speech Enhancement)
o ) Y v = ' a Y 1A L v & a A ¢ o A aq ¥
aunsoi ldTaomsudilyvudesnoniu 2 wiia 1aun 1doesuniununas seinerdwusatuiauua v
' Fa 1
Audsasuniugaiis (Tasae lazlfmmiza1in «dessuniu Tasazdmniiunds e nunszduly
Ed
M3veuIneinus) nazdesasiou dauinInninusatduiiszordomain ss lumsudlgrudoa
' & ' ~ o A A < V= Vo ) F A
ABNIUTNIAD U NR 1tag AER Nodemaiinoue nazgnnandsediadauvilade wenluuni 2 dseneu

ll‘]JSg]}’JfJ MIAATIITUNIU maamﬁmﬁxﬁ'@u Lmzn‘um'mmiamﬁmﬁzﬁ’ammmﬁmsumu

2.1. MsaeesUNIY

a =~ o £ o 1 PR 1 Y = >
ﬂﬁamﬁﬂ\ﬁ'ﬂﬂ’Ju‘ﬂ’fﬂﬁﬂulllIﬂiIT\IuWu\Wl’J mmmumaaﬂ"lmﬂu 3 NQuU 'lmm NTAALTYITUNIUN
o1donsulas Msaad@eessunIUNoIFE199TNIPWVVYS VAT tazmMsaadessunIuiodouuuIanIves

o
1T@eanA

= A o A o ' o A o o A A Ao V) '
msaadassunIuiedamsntlas Tndnmsswdune hmsulasdyanandesignsununsuunlallg
Tamudue Fun1ensuas (Transform) @199 tazdudumsianmsnudygiandossuniuuu Tamuinin
4 v v
msuasliiug neunvziinmsuaindy (nverse transform) dyanai 1d5umslsvlsangTamuna
' o A g & A <4 { o '
e ludegda 2.1 MadinsudashidenlFlumsaadossuniusziilumsnlasini lfudazesdlsznenlu
A o H d a o v = A ' I Y
Tawunhmsulaslihiug Ganusasznniuseudiann Jsawnsannsanluuaazesdlsznou lasd

a @ 1 9 l {1 1 o 1
a5z denalinszuiumsaadessuniueg lugduuundisasniimsandessuniuainainly

Tamuan
Microphone Signal Noise Enhanced Speech
y(t) = S(f) + n(t) Transform Reduction Inverse 5(2)
.g. Fourier,
© (e.g.Fourer Process Transform [Q
Wavelet) (e.g. Suppression,
Shrinkaging)

31U 2.1 Mmsaadessuniuniendonisuilaq

@ 1 { va o 1 9 1 a o . I
aredmsulasniigueaniiaainainldun nisuilasyf5ies (Fourier  transform)  misulaadlian

[

: o iy & . . .
(Wavelet transform) #uilunisuilasi liausvdyana (Signal independent transformation) ttaznstila

=

a % I 12 @ [
AFUU-IA W (Karhunen-Loéve transform) %4 Wumsulashvudud WY1 (Signal dependent transformation)

4
=KX o

< o v oA a 1 A 1
Lﬂua?fu ﬂiZ‘U’J‘Hﬂﬁ%ﬂf’ﬂiﬂ‘]J!fffl\ﬁ‘]Jﬂ'J‘L!QﬂWﬁ]ﬁﬂ!1Tﬂﬂﬂluﬂﬂﬂﬁllﬂﬁilmﬂﬁ1\1ﬂ T]Lﬁﬁ)ﬂél%} LFU NITNA

. Y {2y a4 1
(Suppression) g IHilunszuaumsaadoasuniululawuaiud deldmanmsulasysiesTugiem
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u’: I a o @

&U) (Short-Time Fourier Transform, STFT) ¥30NA0 NANA SS 11U09 N151A (Shrinkage) LAaLMIAA
o 3 % o '

(Thresholding) gnlFnumsaadessuniululamuvesnmsutaanian salaenaliignisendn msasdes
~ I =

sunuluTlamunilida (Wavelets Denoising) [26]-[27] azmsnafignlfiilunszurumsaadossuniulu

Tawuvesmsuasmguu-an Fagnisenin msaadessuniuluiligidesdynra (Signal - Subspace
9

U

J o Aag

IS 9 < ' A a d @ a a [l ' =
Method) [28] wWudu aefiun NS ‘Vlgﬂ'f]ﬂi"IgWLla$W@lu"ITHTVIEJ1HWH'Eﬂﬂﬂuﬂ@giuﬂquﬂ]@ﬂﬂ?iﬁﬂlﬁﬂﬂ

a4 o &
sumunodemtasiieg

MIaagITUNINNIALI993n509U5 VM 1dndnmsiinuvednaesnseadSudlr  Aawsailszum

]
AaA v

o I Y o o = o dy A = < o
dyapandansuziusenn lanndyaruseniniug Tueda fetiiiesnndeaiiludyarusion
v Y
WA NUTIVTIANY A1TTU99TNT0 S DA TsE s o nedygandesya Idandyarandoane
a " @ 2 v oA a =~ I o W 3
Tuedadiouiu luvaziRordudoesuniuuouanuaning (Wideband noise) innuilusioaiud daiu

v v &R [} ' v = 12 v k4 o = =
’Nﬂiﬂi@ﬂﬂiﬂﬁﬁ%ﬂquﬁ'llﬂﬁﬂ‘]Jﬁgiﬂmﬂ1ﬁiyi‘g'lmlﬁﬂ\1i‘]Jﬂ’Ju@Nﬂﬁ??llﬂi]'lﬂﬁﬂluiy1m!ﬁﬂﬂiﬂﬂ?ucluﬂﬂ@

' 9
A A ' =1

Auauiannanuiiunumddgedrnnlumssisamdsssuniu nanae  ninedea1 luednves

o = d‘ ST v v v Y v o g

dygraudeayangnsunmiudygiuvudived99snisalSuaiud 19snseslliudinezauso
a4

v 1
Uszanam Idmmzduanandesananilsaanndeasuniumniiy Hndadsmsaadesuniudanain 1a

T < @ = a 4 [ a d’l . . =2
asm"liﬂmnaq;mummﬂmﬂ‘mJizaJwm"lﬂmmaiﬁﬂimﬂiumummwmwau (Distortion) "lﬂmﬂmmmﬂ
=2 = o o = £ A o
#2919 (Clean speech) W1N i]\111fﬂ5W@JHWﬂWiﬂﬁZN’]m’dﬂJmﬂmlﬁﬂﬂiﬂﬂ’J“LJ"’U‘L! LW@HWhlﬂTiﬂﬁlI@@ﬂiﬂﬂ

% = d' g 1 Aaov 1 dy Y 1
AYYUTSINANYNTUNIULUNY mamwwmﬁmiuﬂquu'lmm [29]-[30]

O *

Microphone Signal Enhanced Speech
(@) = () + n(?) z? — : ) 5t

+
|—> Adaptive Filter ? > [ﬂ

y 4

37 2.2 aardBas NN IAe199INI 09T UMD

msaadaesumuiedanuuilaesveudesya esninidesyaannsagniasuiluszuuwainaniug

9
(Y ' o

(State dynamic system) 1@ siariualszanaduanandeanani ldainanainmasiideaoaszning
y y. yoy N

@

[ s U a A9y d‘ d'l 9 @ a d'
dyanaudesyauazan)sznadyaandssyaiiaiesigaie Iduummedyanadssyaignsuniuuag
Y
o = o o o 1 <
sruvanuznaiavoudoayaiug dwnson 1aTase1fon1391911v09 Kalman filter [58] o613 l5naw
4 @ o = @ 1 < o 5 1 U
osninszuuaniuznaiavesdyyrandoanadenarniunuuiiaesyalinsuar msszumszun
anugnaindenanisdesduiumsaiug luiumsdszanadygrandoaya Taoismsaiuluajerdonts
UszmauunavlUnduufiiFendn Expectation-Maximization %30 EM algorithm [57] waveudoanain la
o ax 1 qyd IS a 1 an A (R <]
vinmsdSulgalagdtms lunquilinnudlusssunaninnisms lunguaug [32] uasens lsnauaaw
9 Y
Fugeulumsiauveditmsszaniininnimedesngudrsduunn nazdsldawsnaanavoudeos

EA
sunuadldnmin dreg1avesnuIsemaaiui 1dun [311-[32]
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a a J o dyl Y = =) A [ a [ . .
eniinusaiuiijaiuashinsaadessuniuiedumaiansnaneeinasu (Noise Reduction
based on Spectral Suppression Technique) ¥3® NS Wanms #az3smsiinulasazideaued NS 92qn

1 = v 9 A dy
UiiEI'IEJE]El%?amﬂflﬂiuﬂ'ﬂlﬂﬂﬂﬂ‘ﬂ@]@]lﬂu

2.1.1. MINATEITUNIU (Noise Suppression)

o Y o = A A o a o =
fvualddyanandeayangniuniu viedyaialulas Ty y(t) Mavinwasmvesdyanadoya

o 9 U U

@

o = . . Ay 1A v o J W A A AA
s(t) oYU IMIFETUNIULUVUIN (Additive noise) n(t) Alifanduiutaenu e t Aedwiinia

1 Y
veanay 1uaeliiea (Discrete time index) Aaaunsae 17l

y(t) =s(t) +n(t) 2.1

]
S

1 9
dyanalulas IWuazgrulas g Tawuanudiiunis mandaswSiesuun lideriioslugisnaidus

4

(Short-Time Discrete Fourier Transform, STFT) fail

=t T
Y(k )= yt+M)h(t)e T

t=0

2.2)

o k=0,1,...,T -1 Ao A¥H1IU0NIALTZNBUNIANND (Frequency-bin Index) £ =12,... Ain fwi1ia
vonlsua (Time frame Index) M fip A1329A12521 1053 (Frame step) na1Aos1MIURIDE19NYN
At lreusiimsudaslundazimlsy T Ae S1uudiedranlflumsuilas STET udazimlsudatiaven
= = ' s = . A 9 1 a s
f9ANYAZIDEAYR AR DIAUTTNOUNIAAND (Frequency Resolution) tag h(t) Av HINA19MIAATILH
(Analysis window) #4l¥aanaveimssaIvaserineensznoun1anud (Frequency leakage) 11m3

' ) Ea
AATIZHIFIAWD (Frequency analysis) MsttlasySiosuuy lideriieslusgisnandus dmsumsinazd

1BIANUDYNLAAIAIUN 2.3
wasnnimsulasliglamuanududy aumsi @.1) annsadou 18 naidu
Y (k,£) = S(k, ) + N(k, /) 2.3)

Taeduilszans Y (k,£) gniseni alnasudesyangnsuniu vie alnasudygialulas Ty S(k,¢)
Ao anlnasudssye uaz N(k,¢) fo mnasudessuniu o oafszneuniannudi k uazilsuaii

o a Q‘{ea/’ dy 1< o a 5 [ dy
¢ Tasdulszaninea il uswinddeugsannsodouluglvoswnauazivea 1dad

Y (k, £) = R(k, £) /% ) (2.4)
S(k, ) = Ak, £) g% k0 (2.5)

N(k, ¢) = B(k, £)edn &0 (2.6)
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e R, A, B, a (k,0), 65(k,0) waz 6y (k,0) ﬁaauummﬂﬂm‘}“m?mmﬂﬁgﬂiUﬂm vaalnasu
= g = 2 = d' v =
@eawa vinaanlnasudsssuniu ilaanlnadudsayangnsuniu ilaanlnadudeana uag e

o o w ¢ A4 =
AlnasuFsIsUNIN MUE1AY o e9Alszneunennuan k tazmsuain ¢

Al

k \
; —> DT ’>¢
T-1 ;
Coefficients of

Fourier Transform
are complex value. T%l

Windowing using
analysis window

; |L1|'i'||hl:|

| |\|l| !.1,'1,‘

723 mmﬂawlmmuu"lmamm“lummmauq ANSUMINATILHIFTIANND

s o Ay , o A .
alszaenvesmsnadessunIuAsAeImMImAlsznamlnasudeaya (Spectral speech estimate)
S(k,?) #wlswandruvendossuniu mndlnasudyanalulas vy Yk, 0) Taedsmsdszuma
1 9
qananvzgnussewednazidoaluiitedosh 2.1.1.1-2.1.1.4 91n1iu Anlszanadn)nasudeayaazgn
o 1 ' a ¢ v A o ' o an
ulasndug Tawunan TagiunemsulasGesuoy liseiioanninlugiewiardus uaz3nms Overlap
1 1 1 4
add e 1% IdmnFadyanandesangnilSuilge §t) Tumanare'll dil
27k (t—oM)

-1 5
) =) Sk, h(t-M)e' T @.7)

¢ k=0

1ile ﬁ(t) e nthandanszd (Synthesis window) Fuih Biorthogonal AU h(t)
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\ w =
2.1.1.1. M3 milszanaanlnasu@easya

1

4 A A A L= A 3 .2 ' @
iosnndeyansuin latifiesanlnasudoanangniuniu Y (-, 7~ mniu msdszanamaiannasy

U
E2

idoaya S(k,0) ndeyantegiisansaiidlas msnerwwmar Sk,/) naeandesiueuly

4
ao 1l

S(k, £) = argmin E{d[S(k, ), S(k, )11 Y (-, £)}

S(k,?) (2.8)

: - 2 .
1o E{-} AnA1n1ania (Expectation) uag d[S(k,¢),S(k,¢)] AemiAatiieu (Distortion measure) 5EHIN
anlnasu@esana uazanlssnaalnasudsaya [12] uazfeannauuATIuiludazesdlsznoun1e

Aa a o o A = I
ANNDNUANNUDAILIINNU [7] M launsn (2.8) annsaen Ty

S(k,¢) =argmin E{d[S(k, ), S(k, )| Y (k, )}

0t 2.9

=2 o 1] ° ' v A ' s A o ]
vihIdansashmsiszanamanlnasudoaya lunaazesdszneunnnudediuenaniu1d

§ I 1 1A dy -~ § [
NNAuMIN (2.9) wriuuenan aRaien d[S(k, £),S(k, )] ﬁﬁmwmgmﬁaﬂamqmmzamﬁa
' = o A = A & A v
msuanuasnuiziiuvesdlnasudsane nazvesmilnasudessuniu Aludadansagnaenln
Y =3 o v @ (=~ A [} 1A dy ] I a A
mangan lawwdeny Jagtudsluduiuidadn aradiou vazmsuanussnnuuziusiala 27

ANz audealnasuAsINANINAga [13]

v o

3 = A
Y(.0) fealnasudyanalulas TWunng esddsznounianud o wlsunaii ¢



Frequency bin

40

38

36

32

30

28

26

24

22

20

u

Coefficient of STFT
in Power form
(Spectrogram)

w

Coefficient of STFT
in vector form

okl

Zoomed Version
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’i‘iftt—"‘ .
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0 5 10 15 20 25

Time Frame

30

=~ @ [ = @ J o a 9 =
51U 2.4 ﬂ?WﬁﬂEm%ﬂlﬂﬂﬁLﬂﬂﬂimﬁﬂﬂWﬁﬂ (HIDIAYINADTUNUINUIULBIFOU) Tulawunnud

13

2 ~ v 3 =X 2 A a g
i]gmmmm@mmmmﬂmnm (LDUNLLTINT) um%zmunqmwmﬂuﬂizmumiﬁTmmaﬁﬂwwaumm

alnasud 841A (Complex Stochastic Process)

v aw ' ' IS o { '
uﬂ’]%ﬂﬁﬁ1ﬂﬂ’q3JWfﬂEJUJ“I’HlLaZLﬁ‘L!@fﬂillﬂﬂlL%\1ﬂ’JUJ‘L!1%3!1_]‘L!ﬂl@ﬁﬁlﬂﬂﬁiﬂlaﬂﬁmﬂﬁmﬂWzt’ﬂJ LBU

o o 7 o A
ﬂ'liﬂiziﬂﬂﬁ’umﬂa1ﬂﬂ'lﬁ [14] ﬂﬁﬂi$%18ﬂ3llﬂﬂlﬂﬂ“ﬁ1ﬂluul%ﬂﬁ [14] Lm%ﬂﬁﬂi%iﬂﬂiﬂ’)ﬁ]lﬁuﬁﬂﬂﬂﬁ

I~ 1< 9 " < Y ' ] IS J
Inyuya [16] wWudu LLGIEJElNu]JﬂGniJ [13] wera1ifiuI MsuenuasanuisdunuumaFouaiunse

1 1 A Y 1w a o =R K ] I 1 o
‘W@‘Jﬂ.!ﬂl'ﬂQﬂTﬂH]ﬂ!HNLLUUE]u"] 'lmwﬂu minaamienenNuivzuvesmanuudsdsivvesadnasy

= v
eI AAIY
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@ [ ' o = A 1 Aa dy | 1 Aa o w A
ﬁ’J’t‘)EJNﬂTi’I/ﬂﬂT]JiWJ”ImﬁL‘]Jﬂ@]‘imﬁﬂﬂwﬂiﬂﬂlﬁ’t‘)ﬂﬂWWﬂLWﬂu Wuryumianaamasaed azaennis

1 I o g A
!.!i]ﬂ!l,%\iﬂ'NIJL!WZL“IJ‘WUf]\1ff!.l]ﬂ@]im?’fﬂﬁﬂﬂlmﬂlﬂ?ﬁ%ﬂu
v A ~ ' IS = 3 1 a
Gl‘l;i}ﬁlﬂﬂﬁilll,’dilﬁWuﬂNﬂ?il!"ﬂﬂl!ﬁ]ﬂﬂ’J111u']i]$L1JuLl‘]J1JLﬂ1ﬁ)LC]fEJH (Gaussian distribution) NNAIUITIAL

Ea
AIUIUANINALT

p (X)= L exp| — X F
Sa(k.) J2r7s, (1) 275, (k.0) (2.10)

p (X)= L exp| - X (2.11)
Si (k,f) /2,,,15I (k,0) 2,1SI (k,0) .

e @aes R unudiuaie daies | unuaduiuanin (Ias S=S; +jS, ) Zs, (K, 1) Apn1u

wlslsauvesdnniemilnadudoaya uaz i (k,0) Ao anuuilsdiauvesdiuiuanmmilng iy

4
v A

= A 1 < v A Y
LSRR INANUNIIN (2.10) e (2.11) mmmmmﬁmmmqmmmmﬂummmﬂnmmﬁmm“lmﬂumu

2
Ps(k,(X) = e ik I eXp[— /1|s>(<k| 5)} (2.12)
Tauii
Js (K, 0) =225 (K, 0) =225 (k. 0) = E{IS(k, ) "} 2.13)

A 1 [ = A J ] 7 o % =S
ae AnNuulsdsavvesanlnasu@eaya vie  manuruuualnasuiaudeaya (Speech Power

Spectral Density, SPSD)

oA 1Y o aq ¥ v A = 1 IS L) Y
eI uINmMsauud el nasudsssuniuimsnszuenuasa Ny unuumdseuna

a2 ldn

p (X)= : e><|o—|x|2 (2.14)
N(k.0 Ay (K, 0) Ay (K, 0) :

Iy (k,0)=E{INK, 0} (2.15)

Ao A1Auulsisrvvesa)naSudeasunIu Mo A NuHEILUUE S UMa U B9 UNIU (Noise

Power Spectral Density, NPSD)

VA A ~ & " a o w . . o &
Taadonmraiion d[S(k, 0), S(k, /)] lunpumAanainfaided (Square error distortion) A4%

dee[S(k, £), S(k, )] =] S(k, ) = S(k, 0) |’ (2.16)
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A v o S . . 2 vy 1o = a4
HARAYUDITUNITN (2.9) ﬂgﬂi\‘]ﬂuﬂjﬂjgu’]mlﬂﬂlmﬂu (Bayes1an estimator) C]f\j‘lﬂuﬂ ﬂuﬂaﬂuuuul\j@uqm

@

(Conditional mean) Y@t nAsuIFeAAIT
S(k, ) = E{S(k, 0) | Y (k, 0)} 2.17)

=& Y [ [ dy
Feanson 18 lavero Bayes® rule Aqil

2z

S(K, O Py . oys e,y (Y (K, £), SK, £)) P,y (S(K, £)) dAd G

027 (218)
[T Bvenisten O (6,0,50,0) P (S (k. ) dAda

00

O ey 8

E{S(k,0)|Y (k,0)}=22

@

Taganaumsi (2.3) 1ag (2.14) Ansarnsuanuasnnuiiziiy Py (k.01 (k.0) 1&ea

=i

Py . oys ko) (Y (K, £), S(k, ) = mexp[— Y (k;izl;ks,g;f) |2 ] (2.19)
waz Tasodoaush (2.12), (2.17), (2.18) ta (2.19) 92 14
S(K, £) = Geg (K, O)Y (K, 0) (2.20)
il
Gee (k, 1) ==L @21

&k, 0)+1

~ ' ,zédd'd a o o d(:‘/ﬁllady I 1A o w dyl .
139N Spectral Gain BINTDLTYNWIAYTIRITUNITNU nsamRaiewumAanaintiigides 1391 Wiener

Gain Qg

_ (k1)
/,l’N (k,é)

&k, o) (2.22)

A L. &L A o Ao o g ' A o o =T
9 a priori SNR [6] Fedoriludmlsidrdauiiuedraunlumaiianmsnanannasudesznanieae 11

Y - =
wenvnmAaion d[S(k, ), S(k, /)] uuumAanaiaiaiaes daaasludlegaduuundl alinsg
4 1
HeUAMAANEUYTADUS DATIUIUIN 19U

1. edaeuny milnasuenilaga (Spectral amplitude distortion, SA) [7]
dealS(k, 0), Sk, O] =| Ak, £) — Ak, £) ] (2.23)
2. AUy aom3nu-alnasunenaga (Log-spectral amplitude distortion, LSA) [8]

d salS(K, 0),S(k, 0)] = log Ak, £) —log Ak, £) ] (2.24)
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3. ﬂ'wﬁmﬁyﬂuu‘uu anpasunias (Spectral power distortion, SP) [10]
dep[S (K, £), S(k, )] =| A2 (k, £) — A2 (K, ) ] (2.25)
Audu
ﬂ'1ﬁﬂmﬁﬂuﬁuﬁﬂmqﬁuﬁmﬁqgﬂuumm Spectral gain fuana1aiual@re Tao Spectral gain i

o 1A Y y o ' VY Y o w do g
AIINUY ﬂ']Wﬂlﬁﬂuﬁgﬂﬂﬂ@n@ﬂq\il{l'}ﬂ'luﬂu ulﬂll,ﬂ GSA , GLSA Lag GSP N[N Iﬂﬂﬁaﬂllﬂﬂﬁﬁﬂ‘h’ulﬂu

Jav(k,
Gan (k. 1) = %{m v(k, )1, (#j vk, Ol [@H exp(—#) (2.26)
1O N
Gusa () =5 "o exp ZV(JO dt 2.27)
_ | &k, 1) 1 &k, )
Cor (k’f)_\/g(k,fhl(y(k,f) +§(k,f)+1j 2:28)

audau i 1,(-) 1ag 1,(-) A Modified Bessel functions dUAUT 0 agduauf 1 Mud 1A 1ay

B £k, 0)
v(k,0) = y(k, 4)—5 K01 (2.29)
Lﬁ@
YK O)P
y(k,0) = —iN .0 (2.30)

Ao posterior SNR [6]

o v Ay y A A ) y g 7o H
ﬁﬁlﬂﬁhlﬂ’ﬂ Spectral Gain ‘ﬂh],ﬂi]”lﬂﬂWNSﬂ!WfJu!,mD SA, LSA ttag SP Uu A duilantuveang a
A A A A < o o
priori SNR 181% posterior SNR Tuvmen Spectral Gain Alannsmaaiion SE WuilenFuvesdus a priori
9 9 ) Ed 1
SNR winiu Meilifieeninmsidenldaraiiouiinaninanuuanatsvesvmaminasuluglunueaie
[ [} ~ Y [T A o = =K I 4 a
AUBU TUMIN (2.23)-(2.25) sz limlszinuailnasu@sananimsainannuilunnmesvetlsuw

o Y d' A Y1 a dy d‘ a 1 1 @ ] Y
ailnasuaie TluvaznmsaenlemAaiisuiinannanuuanaiavesalnasy auyu SE 1danlszua

= o =

= 12 = I o a o o = =R I o
anlpasudsayain luimsmindnnuilunnmesveslsmamlnain msatansnnuilunnmesves
a o A o Yy v @ |a A ' A = o
Usunuadnasuil mlideserdenclsuanainisatiuenuiodeniy (Imply) densviiauazilavues
Ysnaanasudenan’ld minfienuues a priori SNR Tuaums (2.22) aunsanard 1@ a priori SNR
I a A =3 a @ A a A g @ qszl ' .
wWudsunandeanuduanizvuiavesdsnaadnasy Tuvaendsunaniudidanisvesan posterior
d‘ A @ o ug]/ = [ o
SNR lugumsi 2.30) Ae vwaeilnasudaanalulas Tduiiu imssauravesmssiuuuunnmes

yosanlnasudesyanazanlnasudessuniue’1d $1l posterior SNR - donnu ladaranuanaiai
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1 [ = 1% 2 Y o ug]/ A 9 A ya dy A Y
seninanasudoayanazalnaiudossuniu'la @uiu Spectral Gain 1 ldvnmsidenldRaiioun1H
1 [ = A a o =R = I 4 a o R 4 o
alsznaannasudsayanimsaaiiiansnnuilunnwesvelsmaanlnasy 3a1lsznoualedinls
2 vilafdeanudsvinatazavestlSaanasuduldun a priori SNR 11a2 posterior SNR @361
< A A ya A dq g o Ay 1a o oo & s
W luvagh madenldramounldnlszunaanlnasudesyai litinmsmiadsnnuilunnees
voellSuaanasy 11131%4 Spectral Gain  Nszneu lidretSinandennudunmzvuiave T

v <y .2
alnasy 4 13uA a priori SNR 11111iu

Gain (dB)

45 | | | | | | |
-40 -30 -20 -10 0 10 20 30 40

a priori SNR (dB)

(M

Gain (dB)

30+t -
posterior SNR -5 dB

350 —— - posterior SNR 0 dB
fffff posterior SNR 5 dB

40 - posterior SNR 10 dB | |
— - - posterior SNR 15 dB

_45 | | | | | | |

-40 -30 -20 -10 0 10 20 30 40

a priori SNR (dB)

(V)



Gain (dB)

-30F -
posterior SNR -5 dB
351 - posterior SNR 0 dB
fffff posterior SNR 5 dB
40k posterior SNR 10 dB
— - - posterior SNR 15 dB
.45 1 1 1 1 1 1 1
-40 -30 -20 -10 0 10 20 30 40

a priori SNR (dB)

()

Gain (dB)

-30 - -
posterior SNR -5 dB

351 - posterior SNR 0 dB
***** posterior SNR 5 dB

40 - posterior SNR 10 dB |
— - - posterior SNR 15 dB

-45 | | | | | | |

-40 -30 -20 -10 0 10 20 30 40

a priori SNR (dB)

)
3171 2.5 Spectral Gain ¥aA19 (1) Gge (V) Gga (1) Gga 1A% (1) Gep

A a = @ 1 4 IS @
517 2.5 gn1duiaaq Spectral Gain FHiaA199 HeUAUAT a priori SNR Tunaunuueu (Heeniniiud
o ! . ' 4 S Yyl o o . 4dg 7o o
ll,ﬂ'iﬂaﬂ) HaEAN posterior SNR #1719 AIUNTL1 v landmsy Spectral Gain Musnsuvoans a
i Y 1
priori SNR [4@i& posterior SNR wdrafa priori SNR mnu Spectral Gain A Yuie posterior SNR

a9 & v o Ay Y ' Y Y Y = ' . . = A . ISP
UATUBYAN G]foﬂﬂiﬂﬂﬂﬂllﬂﬂﬁTJnl’J"UNﬁu (UBIIN WU A1 a priori SNR 11U N1INAT posterior SNR A

18
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4
tesnnannsadennu 1an luvaziivanlnasudsmanazsilnasudsssunaunamsuanuun liasy
iU (Destructive addition) 119 luawads lunavinean)nasudyana luTns Tludgadianiosegudlasluen

TGN

WaI0ININMINIAT Spectral  gain 147 dzaNsamIAsznavamlnasudoaya ldvnwanu

' 4
3TN vINAmneTNFeaANYNIUNIY 1AL Spectral gain AYH

Ak,0) =G, (k, )R(K, ©) 2.31)

A ~ =

v
e Ak, 0) Aedsznauinamilaaiudeaya uaz G, (k,£) Ao Spectral gain Mumraioulan A

o 9 A

Fa
fmes 7 uaznntiulasnasudoayangnsuniu & (k,£) vzgnsamaniu smszanaviadnlnasy

U a

E4
v oA o

@oana el lATu Alsznmaninasudoaya dail

U

S(k,0) = Ak, £)e 1% (0 (2.32)

o

o & A S 1 ' a = o = ° o
‘mummmﬂﬁmgyU‘lu"l’mamﬂﬂaﬂuLLﬂaﬁLwﬁmuaummumum “'lNﬁ']ll']ﬁﬂun“l/‘lﬁﬁ!ﬂﬂﬁiuﬁmﬂﬂm

L)
E4

TuTasTu @, (k,0) satiaan)nasuiinanndygimsuniusived 1lFld  [25] uenviniioinms
° a aaw T = Aaa 4 ~ [ ~ <
AunuFadadounanlsznalaanlnesudsayandngade liuniissanlnasudoayaignsuniun

1 @ { o S o ll o
18un aenalnasud@eaangniuniuiuesdie [7] Tagormmudiedia Iden msldmannmaan)nasy

= ~ A &£ g Ay o a = A
lﬁﬂ@mﬂﬂgﬂiﬂﬂ?uiuﬁﬂﬂ1iﬂ(220)%QH}HWQQBUW1ﬂﬂ1ﬂﬂ1iﬂ1uﬂﬂu%ﬁﬁﬂﬁuluﬂﬂﬂﬂﬂW%iJMﬁNﬂ1§ﬂ

2.31) uaz (2.32) 1qilu

S(k,£) =G, (k, )Y (k, £) (2.33)

o 1 ! < ! o '
NAI0819 Spectral gain IANMITN (2.20), (2.26), (2.27) uag (2.28) 324311 1831 Spectral Gain 1711391
4
1A 1 v 1 a o o 1
vz 1dmnnadaiioununla vzedluglvesilenduainsswesdmlsadosdaldun a priori SNR - &£(k, /)
I F A

uaz posterior SNR y(k,#) 1aue Falumalfiiaudaadnlsisaesii liasalaunnnmsialasass

@ ;l 2 o & A 9 o 1w @ 1 v 9 I 1 2K an 1w
windeduilunszdesiimsdszinamdulsaanan dedes lihilumsnanaadsmstszanamans

4
LINGRN

2.1.1.2. msdszanam a priori SNR 1@z posterior SNR

msyszanae NPSD

MNauMIA (2.22) 1A2 (2.30) a priori SNR 11aZ posterior SNR aaiiluiladduuea NpSD A4 (k,¢) Taw

A < A ll y 1 a @ dy
vinmsiidessunaufinnuiugatisenuiu Ay (k,0) Jognilszinalugien ifideayaldadl

A (K, 0) = p Ay (K, =D+ A= p)|Y (K, ) (2.34)
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A A ° . ' v Ay o o =
1o pe(0,1) Ao AAINA (Forgetting factor) M151321UATNPSD 15UId001ABAINT 19 UTEINA
4 R s A [l < v A
(Voice activity detector, VAD) [6], [24] ip3zy313laiinTe lifidesya odrelsnamluilagiuitns
' ° @ d? Y ' P4 19y @ o
1/52312A1 NPSD mmunmgﬂwmuwuiwmmmﬂﬁzmmm NPSD llﬂIﬂﬁl"llm@\?@']ﬁﬂﬂ'ﬁ‘ﬂ']\ﬂuﬂlﬂﬁ

VAD anae'lal [11], [15], [23], [21]

515z Posterior SNR
WA InImMstszunma NPSD 3eu3001d7 A1 posterior SNR y(k, ) aunsagnilszunaldain

_IYKOP

(K, =
7k, 1) k)

(2.35)

m3szanam A priori SNR

Tunasanudw A1 a priori SNR TiervgnilszunaldTasnsadasu posterior SNR 1ifo91n lainsna

A ¥4 Y
SPSD /g (K, £) §a1iu3Tn151s59018t a priori SNR Segarivauediu [7], [12], [18], [20] Ierinusativiiey
naa510938ns51szuaiA a priori SNR 3 3% A Decision Direct (DD) [7], Two-Step Noise Reduction

(TSNR) [18] 1t Self Adaptive Averaging Factor (SAAF) [20]

I. Decision Direct (DD)

I ax . Aad ~ 1 nsf 1A o R o o =
DD Wudimsdseum a priori SNR VliJ“HE]LﬁfNE]EJNZJWﬂGN!Lﬁ@ﬂ@mﬁ]uﬂigﬂﬂﬂﬂﬂﬂﬂqﬂu Taeliauns

mydszanmdad
Eon (K, 0) = app E(K, £-1) + (L—app) 5(K, £) (2.36)
Lﬁf’)
. A2(k, 1-1)
k(-1 =072 .
gk, r=1) PN (2.37)

flo Adszanmia priori SNR 9 ldvinanlsznaanlnasmdsayalumlsufiuds app €(0,) Ao A9

1m1in (Weighting factor) %4 [7] e 1819 app = 0.98 1ay
5K, ¢) = max[y (k, ) —1,0] (238)

N ¢ 4 |
Nt38N7I1 Instantaneous SNR @ p9AszneUNNANNDN k uazsunan ¢

A 9 = a a A .. A 1 = IS
1103728 DD Hilsz@nammiomsiszuna a priori SNR 919 Tuaaa .6, 1984 D3 A, 2000 111
pg1anluduanuamnsalumsaad@essuniuanfaudesauas (Musical Noise) (AMANHULUDY

1 @ @ 1 dy S g a o v o
Musical Noise 9zgnna1nsluiidensuimevesiadedostl) Fuudoidendnues NS quawiansiinu
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v 9

a {1 [ o IS
naznnAnssuANfoUdNFUdouYeI DD gnusseslasazidealu [9] Tasawisoagiedreduvlldiiu
4
1949 ¥9aM s laaail
oAy A A .. .
1. anlitd 831A (Non-speech Activity Period)
& 1 A [ ! = = v A9 J
- fesninlugei lilideaya @oayangnilsul jeeziisdessuainsalszunamal

E(k, 0-1) 1ilu 0 1¢ Ml¥aumslszinavesis DD anglauvdnriios
Eon (K, 0) = (L-app)3(K, 1) (2.39)

SnodwusaiiuiSenaunsd (2.39) {3 aumsraldeu (Transition Equation, TE)
(M3Inszriiasinnumneves TE e 1ifuaseiio lumsimuimsiszuiaa a
priori SNR fitiuaueszgnussneedvazidealuiadodent 3.2.1) uazvin TE vz
“lubﬁaqﬁ"lajﬁl,ﬁmw“ﬂf éop (K, 0) wifluAuaonuudg ves sk, 1)

y

va Yy Ao q ¥ . . YA gy L oAa
ﬂmammamamﬂﬂw DD ﬁmﬁﬂﬂﬂ‘ﬂt‘gﬁW Musical Noise a4 l@tilo 147y Spectral gain Ny

Tentosunneiiian1d sz a priori SNR 7 lasiniios

2. Glmhaﬁﬁxﬁam@ (Speech Activity Period)
- Instantaneous SNR &(K, £) ﬁﬂ'ﬁ@uﬁlﬂhﬂq&

- Eyp(k,0) vzamda Sk, 0) og 1 isudail

Eop (K, ) = 5(k, £ 1) (2.40)

3. u1/asuaniug (Transition State)

A A

A ' A a A ' 1 A 1 A
- fi9 mwmﬂmmJaEluuﬂmizmnmﬂwLaﬂmmmzmwmamwsa [22]

a { {1 < '
- Instantaneous SNR &(k, £) dzinamsilasuutlasninidiadess Tudluiinmnn
Aq Y a o ° ' a 2o Y 1 o & A
- gumsnlFeTvrwanvazmsiaulusiutasuaniueiidngldun TE sisiiiilesnn
[ 4 '
msuneunihinewRamaasuaniugiudinuiugei hifhidoayavazarnnsn
dszana E(k, -1) ~0 lamuniu
Fa v 1 v
- flaflA1szanal a priori SNR #1 1891033 DD azaninsadamumsitlasunas (Tracking)

1 Instantaneous SNR * Idviulusandsuaaugiindetiio s(k, £) > 1/(1- app)

wa oA ° ] Y . P Y ' o
AuauAves DD Turef 2 ¥ldueeldn Spectral gain iv1ldu19n DD o719 laimanganiy
= ~ qa: £ Y a 9 = A Y o o =Y
mﬂﬂmmmmwﬁwgmumuiu%nuu “INL’].Iuﬁﬂ?iﬁﬂﬁmﬂwﬁélﬂﬂmﬂﬂﬂﬂ N1INBDINIITU Gluﬁfgﬂﬁmlﬁﬂﬁ
v

wangnusualge’ld (18] wariv [18] Fariuaue Two-Step Noise Reduction, TSNR Jutiosaslunmsudilym

Aanan

4 Ay a ' < Vo ' & o Aaa o o - &£ a '
AUNANADIAANTNAT Instantaneous SNR Lﬂm‘wawmﬂQﬂamﬂumgmuwwmmmum a priori SNR FIVCYPNOTUIYDYN

a o Y 1A
ﬁglﬂﬂﬂiuﬁ'ﬂlﬂﬂﬂﬂﬂ 32
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II. Two-Step Noise Reduction (TSNR)

Fa FA v
TSNR fuaoumsiauutiesndy 2 Tudail
1. msszanann a priori SNR 828 DD &g (K, )
2. Wamsdszaman a priori SNR Ergng (K, #) Taaldien Spectral Gain #ldvindiuinTaeld

o (K, 1) daft

~ 2
§TSNR (k!f) = (Gy/ (k'g)‘éoo(k,é),y(k,é)) 7(k’£) (241)

4 1o & o A 1
iiio G, fio Spectral gain 1A Tasluduiudoanioudvindonldluaumsn 2.33) ms
a J = A . . £ =
ANTIZHIAENARDY TSNR  Taoiden G, = Gz W30 Wiener gain 4vziFonmailizia
Aq ¥ 2 3 o v &
TSNR 014 G, =Ggg 131 Two-Step Wiener (TSW) HANINAaRIF 1ML TSW a11130

4 o T 3 '
ufilynuiesmsammaseguitasulu Db 1diiued1ed [18]

4 I 4 - 1 § o d' g 3 o
1109910 TE zgn 19 nsziuazWannmsiszumn a priori SNR Mminaueluuni 3 duiudveih

'R
Ay

MM TE vod TSW 13 au fide Tasmstlszanalvinesl £k, -1) vesaumsmstszanania priori

SNR 49935 TSW Tauilu 0 921891 TE 49935 TSW flo

2
P [ @-app)i(k, 1)
SKTSW(k'g)_(1+(1—aDD)5(k,€)] r(k, 0) (2.42)

III. Self Adaptive Averaging Factor (SAAF)

=

A v v 1 o o as 4 I a
Tuilideadunui TSNR gminaue [20] duaueitmslszuia a priori SNR Gaiigailszasnnoziiy

a

'
a

v s '
anuawsalunisaamiunisn)aeunilasal Instantancous  SNR 1dA890u Tagmnizod1agann
Instantancous SNR 7ifien ligaun 1 DD hiawnsadhimsaaninld erdedodunaininas b awsadh

a d’ 1 de' d?‘ d’ 1 1 : @ YA dgl 1
mM3aaaumM3lasuuiase Instantaneous SNR Tafgevumnulasumaiatimin app 1dlamnT0 ua
o dyd v = Y . . A A d?‘ o & Y1 oy o A
MtNanIN@IBF@eIUNIUANA 1LY Musical Noise MHNINTY Asums Idmarahvinfiving e

= o &£ ax ' .. A a A 2 dg’ Y
wazlasulasmunaienimndnsnslszunum a priori SNR Alszansnmannosiula

v Y v E4
FUNNMTIMIHIAIHI NN duaeil

G = ArgMin E{(E(k, ) — &pp (K, 0)* | £k, -1} (2.43)

%pp
1 v 4
IR 1A oy, Mmoo lddado T

1

(800 =Ek,0-1) ? (2.44)
o(k,0)+1

aopt(kig) =
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v Vv
TaeiFenITM3Yszun2uAN a priori SNR 131 Self adaptive averaging factor (SAAF) fatiuae 11/azsinns 1
s o 4 s
atspnr (K, 0) WU agy (K, 0) MINARna [20] uaasliviud SAAF amunsaine igsesmlsznouves

idoanaldu1nndt DD Tao TE ¥94 SAAF aunsodouldiiu

1
2
1+[ 5(k,0) ] (2.45)

asape (K, 0) =

Sk, 0)+1

!aﬂﬂiﬂﬂﬂuﬂﬂf’ﬁ\illﬂ‘ﬂ Musical Noise

= 1< = A [} @ a A
17093 UIUANAIILDY Musical Noise il wd@sssuniuinaunased ludygiadesioonyes NS Tagh
=) ' . . s A = v [ J A o Y = ak 9o o U
ni38n71 Musical Noise Ni1109119 1@ UNIUANANAINANTANB U AMIBITEIAUAT FIdauiimsay
Tdauuugu taziauinawuugusunu nanaemniiaisanluFanaududa Musical Noise 1 yaz1a)
£ N o | s = =T o = £ A A
Wile vzlindesnuegluesnlsznounnanudlag (ldsuludealszdrogiiosnitanud nionne
a [l 1 § o 1 Ada o [} <
ANMuD) adngy uazieinsanlunade 11 esfsznounisnnudiindenuegued Musical Noise N
' Ed v [
venfasu llednsgu mgiiesin lhidesh laguiidnuuzadiadod Ivinauas Ngniauediagy
AUNAVDINIINAIFIITUNIUANANLDY Musical Noise Tu NS 1dun n151sguiaun a priori SNR 71'lai
~ "o o oAy 1A A ' L. A A1y =~
swEeuwe wu dvisulugen lilidesyannlszuim a priori SNR Nnsezilufe Antos uazswiso
3 d’l A IR . A J .. 1< @ o =2 A 1
natimeaz Iden Spectral Gain (}{®99910A1 a priori SNR Audulsvanues Spectral Gan inalagasine
J Aa [} 1 [ < J = ]
A1 Spectral Gain) NHAI0e taz luundawn od19'lsAam Mmsszumata priori SNR Tusda Tiawnso
3 ~ ~ < 1 ' A a
Titanlszanal a priori SNR fis1uiFoune 1iuma e Spectral Gain Tuudazesnlsyneuniaanud iia
msundsiedngulunianar vazthmdgudossuniuanduivaunaemmz luueanudedisgu uaz
lunaednguiegudoniu AedeminInsunsuvosdygandoesunIuanA 191D Musical Noise

gnuaaedagli 2.6
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3511 2.6 Aed1adeITUNIUANAIMUY Musical Noise (1) ailn Insunsuveudessuniudud uaz (v)
anlnInsunsuvesdyanaigniSuilgedie NS fiondensilszanua a priori SNR 111 Maximum
. £ 1 . . o A [l = 9
Likelyhood (ML) [7] a1 um3vszansinn a priori SNR luedai liansoaanaveadeasuniuaning

111 Musical Noise a4 18



2.1.1.3. 3¥UUNS

nmfadesesd 2.1.1.1 e 2.1.1.2 530 NS Hile Qmmm‘lﬁ'ﬁngﬂﬁ 2.7 Tagisuninmsudasdyana
TuTas Tufisuan 18 10g Tamu STET  uazusndeyanisuing Rk, £) uazgilaalnaduvosdaaio
TuTasTvlu &, (k) sonuINAU ATNPSD 2y (K, ) gﬂﬂizmmmﬁu nntuAnl529 NPSD Iy (K, 0)
9919 lumsrlszanamne posterior SNR - p(k,£) uag A1 a priori SNR &(k, ) ey 11§ lums
AUIUNMIAT Spectral Gain G, (K, () amuaiiaon3 ailszinanaanlnasudeawa Ak, £) aunsom
11 1A InMARMIZ1I13 Spectral Gain G, (k,0) naz vinaalnasudayanalulas vy R(k,¢) fouvzgn

nswiuaa)nasvvesdyanalulns iy & (k,¢) wazwlasndug Tawunaide

Amplitude
NOiSy Window D Rectangular R(k,{)
Speech —> & [ F I L
Overlap T | —
y(t) = S(t) + l’l(f) - Polar
Analysis i
Noise Power Spectral
Density Estimator
Inlk.0) intk. )
4
A Posterior
SNR |«
HIEH Estimator
Ov(k.l) .
kt
A Priori )’( )
SNR
Estimator
A
(k1)
Suppression
Rule G k{ \
Or Lz(é)
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317 2.11 NSAEC
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2.3.4. MINABEIALNOUNALITEITUNIU (AENS)

9 F 4 1
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2 1 A v d' 1 3 =S d'
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S(t) =g (1) = y(t) (2.97)

e g(t) WurvsnseuFudulan @iy w(t) uaz w,y ) sil¥aumsi 2.97) snsodeuly

4
[ =1

Tawuanud ldaail
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WethmsmminzauigaaInnT11 MMSE
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a2 ldan
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l ﬁ oaw
Enhanced p| Sk é R(K) w_| 2 0L =
Speech §(7) Fl N Noise r(7)
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A (k,0) Aeanuruniualnasusideues f(t)
Taoan igq (k,0) 1oz ig (k,0) gniszanaldTasldreesnsenuduiad lisidaduduwils uaziSon

Y
35n1515237% EPSD 471 Coherence Function Method (CFM)
¥ Y
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1
T UEEK, ) +11EN (k, 1)

EP(k,0) (2.104)
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E _As(k, 1)
&k, 0) _—ﬂE .0 (2.105)

o o o Y C . .
A MBI UYIUAD ﬂJﬂJUWmLaﬂﬁﬁzﬂ’fJUﬂ@uﬂizﬁlJ (a priori Signal to Echo Ratio, a priori SER) Llae

A5 (k, 0)

N _
AN CY)

(2.106)

flo MRS dy MR Ty AT UNIUNOULTZaY (a priori Signal to Noise Ratio, a priori SNR)

4

T@g a priori SER 118 a priori SNR 92gniinslszunn Iagers DD 0619u8n91nnuadl

EE (K, 0) = app EF (K, £-1) + (1—app ) 5T (K, £) (2.107)
e
EN (K, 0) = app EN (K, £-1)+ (1—app) SN (K, £) (2.108)
Lﬁ"ﬁ)
N ()
&k, ¢ 1)_—ﬂe(k,f—1) (2.109)
Ny oo AR D)
&k, 0 1)_—/1N(|<,€—1) (2.110)
SE(k, 0) = max[yE (k, £)-1,0] (2.111)
SN (k, 0) = max[¥™ (k, £)-1,0] (2.112)
Tag
E YK NP
Y (k’f)_—zE(k,Z) (2.113)
N YO P
y (k,0) = 7w K0) (2.114)

4

q’/’ 1 . . =3 Yo
Nnumlsznm a priori SDR ﬂﬂﬁ1u1iﬂﬂi$1ﬂﬂ‘l]‘1ﬂﬂﬂu
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1

(K, ) = — .
¢l UEE (k, 0)+1/EN (k, 0)

(2.115)
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M5190 2.1 agUninimaiauaeg veg AENS 1u [53]

NTTUIUMININIUAIE) YOI AENS T [53]
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mM3szunn1 EPSD CFM

Ma31szu1ua a priori SDR Decision Direct
Spectral Gain G,7 Wiener Gain
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nanau Y (k,£) 1nannmsuaniusgiin dulnasudoaya S(k,¢) uazanlnasudoanoniu DK, ()

€

=

N

Y (k, £) = S(k, £) + D(k, ¢) (2.116)

E4
v A

Tagh mlnasudseneniu D(k,£) wanndsanonursianieg saunu Taedmsuluineinusatiui

Y
A MIsawiuvesalnasudesaziou E(k,¢) wazanasudeasuniu N(k, /) fall

D(k, #) = E(k, ¢) + N(k, £) 2.117)
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4 1 9 v
anuzegad aaiuionsanm DTS 1duda Tasdumnegshmsdudanmsiauvesszuy AEC 30517
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1WRHIHYI9 DTS 1dd (@u3ntioendi 1 3ui) Weyaaliszun AEC Maude Inetinusntiviezly
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—
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|
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|
|
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T |
Ideal . Lo ]

DTD

DTD
Enhanced AENS w0 Eec(f;;J :
Speech 5(7) ﬂ Noise r(7)

317 4.2 myiauwes DTD Tugaund

oA @ = v A o Y = = @ = 9
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DTD= {o A0 <th oo “3)
Lﬁﬁ)
A= (1K, F) 44)
k

a a J @ H . @ 1 I 1
Tuanoninusatiufi@en th grp=2x10"* Tas DTD =1 wuedanawenalnilusie DTS uaz DTD =0

= o &
neDIIAIAINa 11Uy STS
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42. dMalszansonn

4.2.1. Echo Attenuation (EA)

o

awnsom ldnndandiusenindyanandessuniunaz dyanoandessuniuandndgidanlasnnn

@

[49] Aail

—
LN

D e (t+(T12)
1 ~
EA (dB) :L_z Fea 110xl0gyy | 20— —— (4.5)
E lele &2t +/T 12)
t=0

e &) fle dyaaudssaziouaniig

€

A o do A A Aa
Fea { -} A0 edduiii@onounmeniisnegsz1ine -80 dB uaz 50 dB

]

A o A o ] I ~ a [l 1
L A0 Sulsunaii easdumeluisauluaumsi (4.5) UADYITHIN -80 dB Lz 50 dB

4.2.2. MAAVDUTITUMY (Noise Attenuation, NA)

o

ansnn ldnndandisnindyanandossuniunaz dyanandessuniuandedadanacn

4
(=1

[49] a9
T-1
an(t+£T/2)
1 —
NA (dB)ZL— z Fua 110x10g,o ;7_(1— (4.6)
N fely A2 (@t +/T 12)
t=0
de () e dyanaudedzfouandng

= A =

o
Jo A { ' ' '
FNA { } ﬁﬂ W\iﬂ%ﬂﬁlﬁﬂﬂlﬂ1LﬂW1$W\|§1JL’Jﬁ1ﬁUl‘JJ3J!ﬁfJ\1Wuﬂ Uag WNIDYITHIN -80 dB 1tag 50 dB
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4.2.3. MANUAMNEUIENEIY (Segmental SNR, SegSNR)

Y o a A a dy = @ = a a ¢ o A A
SegSNR Qﬂslclﬂﬂu@]’.]ﬂizmut’dﬁiuliﬁ]ﬂﬂ??ﬂﬂﬂmEJ‘L!"IJENLﬁﬂ\iw‘]ﬂﬁ?ﬁu@iu?ﬂmuwu‘ﬁﬂﬂﬂu LHBIN

v Y
IwaneutanIzaonndoanumsilanse Tag SegSNR aunsantladaii [18]

T-1
D S (t+(T/2)
1 -
SegSNR? (dB)=—z Fs{10xlog,q | ——=2 @7
S tels D (st +0T 12)-8(t+(T/2))’

t=0

& ~ A o a
10 §(t) e Anlszanadaygandsaya
o Lo A A =
Fs{-} fie fangun@one unmzlsuaniidoaye

Ls Ao Siaumlsunaunwzilideaya

1umaﬂ§ﬁ’ﬁazi% SegSNR Improvement ASegSNR Tumsuaawwannulag SegSNR Improvement 1

1890
ASegSNR = SegSNR —SegSNRy (4.8)

e SegSNRS amnsav ldnnaumsii @.7) Tasunuit §(t) drodaymnalulasTrlu y()

4.2.4. szazalnnTuaem3Ny (Log-Spectral Distance, LSD)

=K K A

Yy (a a a 9 A a =
UDNVN SegSNR LL@UﬂSM?m@ﬂ%uﬂﬁuﬂ%ﬂﬂﬂLﬁE]ﬂGl,"]J'hluﬂWS“J_]igllluWﬁﬂUTNNﬂLWﬂuﬂlﬂQLﬁﬂﬂw‘ﬂiu

EY
4

a a o @ dy 9 1 d! Yo A
mmuwuﬁﬂuuu"lmm LSD “lf\?ﬁﬁﬂ'iﬂﬁflﬂﬂﬂu [18]

2
1 1 & IS(k,0)|
LSD: (dB)=— ) F 20xlog,, | 21 4.9
s @8 Lsfest ° Kmlg{ g“’[lS(k,z)l “9)

e S(k,0) Ao Anlszinman)nasudoayai ldanmsilszuaa
4
wRednulumalgiaesinmsuaaanalugived LSD Improvement ALSD il

ALSD = LSD§ - LSD (4.10)

[

e LSDS aunsavitl@anaumsd 4.9) Taounuii S(k,2) dreanasudaanalulasTriu Y (k,0)

4.2.5. anInsunsu
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! A A Aqu ' o ' s a '
alnInsunsudlwniosdion lduaasnmasnulunnazesndsznounmennud o naunsunaaeg
1l 1 Y
nannemimsuans | XKk, 2P 9 k waz ¢ laq FamanmsudasninTamunanndslamy STFT Wy

@ Y = o Ay = o Y A a a 2 dyd @ ' @ dy
E]N’fEJ‘HaﬂﬂﬁLﬂﬂ’)ﬂﬂ?‘lulﬂﬂa']’mﬁcluﬁ’ﬁlﬂﬂ 2.1.1 Tﬂfﬂu31/1muwu'ﬁﬂunmaaﬂmuﬂimm ANU

udeean1dulas STFT T =256 wihaei 19 lumsuaslaun via19 Hamming A1929A12
seraulsn M =128 (50% Overlap) uaanadie szaudin Taedniduniudansgdundnuigani

=~ o A Y
MTNN 4.1 ﬂmﬂﬂ‘HmZﬂlﬁ]ﬂﬁlﬂﬂiﬂiuﬂihﬂmﬂﬂi‘]ﬁ

USna/Asmsidenls
Sruuediailduas STFT T 512
Aaafesennanlsy M 400 (78% Overlap)
wihafi 15l umsutag Hamming Window
MITUTAAIND Gray Scale

4.3. MINAAII NS

Tuiadedestidumsialsz@nsnm35msUszanaini a priori SNR UL TSSP, MTSSP 11ag MTSW
Seuieuiu DD, TSW tag SAAF @1xialszansmmniaonlylaun NA, SegSNR Improvement, LSD

Y =
Improvement LlQg ﬁ!,‘]_]ﬂi‘ﬂ'i!!,ﬂﬁll wuumsmamgﬂmimﬂ'lﬂugﬂw 43

Noise n(t) («6

y(t) Near-End
Speech s(t)

§(t) «— AENS

fi(t) «— Copy AENS <« n(t)

77 4.3 M3NA0ITLVY NS

a T = S o > Ao o | ' o
LFIINAN mﬂmﬁmmwmmu 30U Tﬂamﬂﬂuaz 1 ﬂigiﬂﬂ NANUDENNIDYN 8 kHz l,ma:amuﬂunm

U

ideayagnionIudIedessunIudv1I N5AU Global SNR Tuia 59920 dB

a ~ ' v . Y Y
mmm@%gmumugmﬂmgimuu STFT @178 Fast Fourier Transform (FFT) uazi%wmmum‘u

Hanning $147% 256 @10619 shimsutlasuuumaeunu (Overlap) 50%
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1] 4 4
Spectral Gain G, Midon1¥lAun Gee lavefoiuneumsdiuszAy Gain Asil [17]

G,, G, >G
G :{ n n floor (4.11)

" | Gpoor»  Otherwise
4 d 1 { OI { a a 4 v H
119 Gpoor 111UAT Gain R 1Nge TuAnetiwusaiiuiiden Gy, = 0.05

v 1
Aszurae NPSD In (K, 0) 21FeNT0IIMTNANENNITN (2.34) Tagi19113 WA VAD Gluqcﬂmw

A1519N 4.2 MINAADI NS

YSna/AEmsfudenld
Sampling rate 8 kHz
Quantization bit rate 16 bit
Length of frame T 256 @10814
Frame step M 128 @20614
Window function Hanning
Speech t%jélﬂﬂ
Noise (@835 DNIUAU
NPSD estimation Aundelugied lifideana 018 VAD lugauad
A priori SNR estimation DD [7], TSW [18], MTSW, TSSP, MTSSP tiag SAAF [20]
Spectral Gain Gse laordamsilsusean
Objective evaluation SegSNR Improvement, LSD Improvement 4o wnInsunswy

A15199 4.3 SegSNR Improvement JUN15NATOUNMIUIENIY a priori SNR

4 = < a a @ 1
werdsasunihudessuniudvn Tuszdudie uag G, =Gge

SegSNR Improvement (dB)

Input SNR 5dB 10dB 15dB 20 dB
DD 5.1580 3.2892 1.3689 -0.2866
TSW 5.8136 4.0510 2.2077 0.6351
MTSW 6.0180 42153 4.2153 0.7775
TSSP 6.1334 43719 2.5895 1.0312
MTSSP 6.2253 4.4568 2.6669 1.0973
SAAF 5.3523 4.2488 2.9924 1.6830




A15199 4.4 LSD Improvement 1UMSNATOUNI5U52119 a priori SNR

4 < = a @ 1
wordsasunihudesuniudun Tuszdudie uag G, =Gge

LSD Improvement (dB)
Input SNR 5dB 10dB 15dB 20 dB
DD 8.4001 6.0722 42216 3.1602
TSW 8.4778 6.1392 4.2819 3.2386
MTSW 8.5323 6.1694 43172 3.2740
TSSP 8.7036 6.5754 4.8866 3.9082
MTSSP 8.7314 6.5918 4.9025 3.9226
SAAF 8.7314 5.8184 4.8328 4.0333

A1519% 4.5 NA Tumsnadeunsilszaunal a priori SNR

A~ <3 = = [
WRIENT UN I EEIT UN UV hlu'i%ﬂll@ﬂﬂc] uag G,7 =Gge

NA (dB)
Input SNR 5dB 10 dB 15dB 20 dB
DD 18.4745 16.8598 15.4477 14.1195
TSW 19.3156 17.7150 16.3618 14.9985
MTSW 18.6039 17.2167 15.9494 14.6691
TSSP 17.7717 16.4255 15.1285 13.8209
MTSSP 17.5657 16.3170 15.0654 13.7555
SAAF 16.5145 15.2515 14.0265 13.2354
1
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g 04l R
< 03} i
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Time Frame 4
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4.4. MINAa93 AENS

4.4.1. msnaaau)Saumeuszriing AENS Ju X[53]X saz AENS nvinaue

] I ] Y = o v 1 dy
mMsnaaeszuUesmily 2 ‘B’NVlﬂLLﬂ STS iag DTS IﬂﬂllzﬂLUJ’UﬂﬁVﬂﬂuﬂWlE]Vlﬂu

4.4.1.1. STS

4

g v o Ao a a A = Y Hq 9 g = 9
minaaslodeaizinlszd@nsninae EA uaz NA !ﬁﬂ\?W‘lﬂW?QW@Q%ﬂﬁWi%LﬂULﬁﬂﬂﬁjﬁmﬂ 3aulag

lo o ' A a 9 {q 9y ¥ o o &
waauaz 1 15z Teannuddndiedaedh 8 kHz Inazteumudosild lduainnisdiasedail

h(t) = r(t) cos(8xt) exp(—0.0034&|_48t) (4.12)

=

A A o { Aa A g ' <3 @ o =
¥\)3) r(t) ﬂaﬁmmumquammummamﬂu o uazamanuulsisiwidu 1 uazszAuANUAIUO AT

4
Yo

P =
ﬁ%ﬂﬁ]ui’fﬁJW'ﬁﬂﬂ’JUﬂMhlﬂﬂﬂu

h(t)

h(t) =
R

(4.13)

I o 9 { v o A 9 y v
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51U 4.5 AedeitazRoumados iiold L =256 oz «, =0.9

= Hq v = = A [ A = 4 = wa A
@essumunlmiudossuniuduninseau SNR 5uag 10 dB 1UBININFYITSNOUUAUTULAN

1 = 491’ v o & @ Y . A =2 A I
HANANINTEITUMIUNUHAL A9 UMTUSVTEA Gain Tuaunsi @.11) 3ulaswilu [54]
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G, (k,0), G, (K,?) > Gyoor
G, k.0 = Ak, 0) Gpoor»  Otherwise (“4.14)
Iz (K, )+ 2y (K, £)
manaaosgnagil13luaad 4.6 nazgili 4.6
A1519 4.6 MINAABY AENS 11529 STS
WSina/SEmsiidenlsy
Sampling rate 8 kHz
Quantization bit rate 16 bit
Length of frame T 256 @10814
Frame step M 128 @10814
Window function Hanning
Far-End Speech é}%w
Noise i@esuNIUFU
Echo path 32 ms (256 A79819) LAz oy, =0.9
NPSD estimation maelurei hifideana 018 VAD Tugauad
AENS [53] Proposed AENS
EPSD estimation CFM Proposed
A priori SNR estimation DD TSW, MTSW, TSSP tiag MTSSP
Spectral Gain Gse lasordamsilsusean
Objective Evaluation EA 11ag NA
Far-End Signal 1'(¢) Jﬂ
>
h(?)

- Wy | Edo
NOR — AENS ‘_\R 2L Noise n(7)

&(f) «—— Copy AENS «—e(?)

7i(t) «——— Copy AENS ()

317 4.6 MINATBITZVY AENS (STS)




91

A13199 4.7 EA U¥94M13NAA09 AENS 11993 STS

EA (dB)
Algorithm Input SNR
A priori SDR
EPSD Estimation 5dB 10dB
Estimation
CFM [53] DD 29.2497 28.7182
Proposed TSW 40.8044 39.3651
Proposed MTSW 38.6209 37.4222
Proposed TSSP 36.3504 33.8319
Proposed MTSSP 35.2764 32.9677

A13199 4.8 NA ¥99n115NAa09 AENS 119529 STS

T s3] Tuvazil

NA (dB)
Algorithm Input SNR
A priori SDR
EPSD Estimation 5dB 10dB
Estimation
CFM [53] DD 26.7742 27.1341
Proposed TSW 26.2165 25.8117
Proposed MTSW 26.2165 25.1362
Proposed TSSP 25.3345 24.6894
Proposed MTSSP 24.9014 24.1813

{ { < 1
AAI5197 4.7 11T N 4.8 LTUI AENS

a

4

1
=t

]
=t

UWBUTYITUNIUN

Usuda Tuvaizin crm T [53] TdansasessudaasNouniszeznanlszIanumnnla

Twamsnadeaazfonuaslaninnii AENS
o ' o A o y o 2 = v Y
anavdsedluszauieonivld Wellvamndsnnududeulums
° { A A o o § ' < { o
fuanmiuungary dan lduana 13 lusiaden 3.3 ed1alsnaumsyssuna EPSD  Minausauisn

[ v Aag Y = A a d?‘ Y A o [ a Q‘f
i’t']\ﬁ‘]JﬂTJ’Jﬂﬁ&”ﬂE]‘L!T'I'NL’QTEN‘VIII?%ﬂ&’!?ﬁ?ﬂigﬁﬁu'luellullﬂ TaguduIudulseansuea1995nT oL
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L1}

(M) AENS [53] 11ag (V) Proposed AENS 7114 MTSSP
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L Output | _|
L Y et s oot o AR

I I I I I
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Time x 10
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4.4.1.2. DTS

4
S 1 Y

1 4
WitetljadunlSoudioy AENS 1u [53] o AENS finaueluduanudaiiousoudone luria
DTS flsziiuan e laun SegSNR Improvement, LSD Improvement, EA, NA uaz ai/nInsunsuves
idoayangnilsulye idesaztougnitaesninidosyamanoed lnauaz it aztoumadousu@ediulurag
= | = § =
sTS Taeld L =256 uaz a, =0.9 doayanndelndifudesdsie 3 auyaauazuialsz Ton 1doa
= 4 o ¥ o v a & A
JUNIUTAYIINITLAY SNR 5 uaz 10dB gnlylumsnaaet uaziivuali DTS 1navnluagian 29930509

nuulsudegluaniuzegang) minaasegnaiiaenisneh 4.9 uazgili 4.8

A13197 4.9 MINAADI AENS 11923 DTS

USinaAsmsiidenld
Sampling rate 8 kHz
Quantization bit rate 16 bit
Length of frame T 256 @10614
Frame step M 128 @20614
Window function Hanning
Near-End Speech é}‘lﬂﬂ
Far-End Speech é}%w
Noise @835V
Echo path 32 ms (256 91981) 1Ay o, = 0.9
NPSD estimation Aundelureilifideana 01ds vAD Tugauad
AENS [53] Proposed AENS
EPSD estimation CFM Proposed (u =0.02)
A priori SNR estimation DD TSW, MTSW, TSSP tiag MTSSP
Spectral Gain Gse lasordamsilsusean
Objective Evaluation SegSNR Improvement, LSD Improvement, EA, NA o o wnInsunsw
Subjective evaluation Mean Opinion Score (MOS)




Far-End Signal 1'(¢)

] h(?) (((@

Near-End
Speech s(7)

§(1) «——rol

v W) Echo

AENS 4—9 e(r) Noise 7(7)

&(f) «— Copy AENS (1)
A(f) «———  CopyAENS <« n()
3U7 4.8 M3NAGBTZVY AENS (DTS)

A1519% 4.10 SegSNR Improvement U9IN13NAADI AENS 11%39 DTS

SegSNR Improvement (dB)

Algorithm Input SNR
A priori SDR
EPSD Estimation 5dB 10 dB
Estimation
CFM [53] DD 3.9399 2.7063
Proposed Method TSW 6.2575 5.8682
Proposed Method MTSW 6.9259 6.4843
Proposed Method TSSP 6.8001 6.3873
Proposed Method MTSSP 7.1113 6.6995

@1519% 4.11 LSD Improvement U84n131Aa09 AENS lu%19 DTS

LSD Improvement (dB)
Algorithm Input SNR
A priori SDR
EPSD Estimation 5dB 10 dB
Estimation
CFM [53] DD 6.6701 4.5211
Proposed Method TSW 7.1370 5.4258
Proposed Method MTSW 7.3035 5.5215
Proposed Method TSSP 7.6030 6.0864
Proposed Method MTSSP 7.6615 6.1477

94



A15199 4.12 EA ¥04mM3NAa09 AENS 1ua23 DTS

EA (dB)
Algorithm Input SNR
A priori SDR
EPSD Estimation 5dB 10 dB
Estimation

CFM [53] DD 25.8282 25.2079
Proposed Method TSW 32.8353 30.4970
Proposed Method MTSW 29.7149 27.1554
Proposed Method TSSP 27.9823 25.5123
Proposed Method MTSSP 26.7844 24.2142

A13199 4.13 NA ¥04015NAa89 AENS 14324 DTS

NA (dB)
Algorithm Input SNR
A priori SDR
EPSD Estimation 5dB 10 dB
Estimation

CFM [53] DD 24.7637 24.7597
Proposed Method TSW 23.5918 22.6536
Proposed Method MTSW 22.7598 21.7667
Proposed Method TSSP 21.7667 20.4663
Proposed Method MTSSP 21.0520 20.0251
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dy Y I ' A o 9 a dy = Ay ' ~
M5NABDIT IFIH NI AENS ﬂuuﬁuﬂﬁwammwmwaummmﬂwwuaEme AENS ﬂg’nmua"lu

]
~

1 i i £
[53] Taeiofiouszniadsiinauenueadr AENS fldgiu MTssP Tdaanurafisuveudeyn

18

@

Vouiga TuvmeNDaiA1 NA uaz EA ¥09 MTSW 18z MTSSP aaad91nv0d TSW 11ag TSSP Aa 1A 0

Ed '
A uAA1 EA 1Az NA sananiidensegluszauniula

)
v A < 1 ] 1 o o
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Abstract

This paper presents an improved approach for speech
enhancement in single-microphone applications. The proposed
Noise Suppression (NS) technique is based upon a modified a
priori Signal-to-Noise Ratio (SNR) estimation. The proposed a
priori SNR estimator aims at tracking very fast the rise and fall of
the speech spectrum, while reducing the musical noise effect. This
yields an efficient NS technique that provides minimum speech
distortion, especially for the low-level speech spectrum.
Simulation results demonstrate improved performance of the
proposed technique in terms of the ability to preserve the
enhanced speech quality.

Keywords: a priori SNR estimation, noise suppression, noise
reduction, speech enhancement.

1. Introduction

In a voice communication system, Noise Suppression (NS)
techniques play a very important role for speech enhancement.
Most of the NS techniques are based on the estimation of the
short-time spectral gain, which is a function of the a priori Signal-
to-Noise Ratio (SNR) [1] — [4]. However, in single-microphone
applications, only the noisy speech signal is available. It is
therefore necessary to estimate accurately the short-time spectral
gain in order to enable efficient elimination of the additive
ambient noise.

An efficient method for estimating the a priori SNR is the
Decision-Directed (DD) approach [1]. This method is able to
reduce a disturbing artifact, known as musical noise, which is
characterized by tones at random frequencies [6]. It was, however,
investigated in [3] that the DD approach can lead to inexact short-
time spectral gain due to its dependence on the speech spectrum
estimation in the previous frame. As a consequence, this limits the
noise suppression performance. In fact, the frame delay bias has a
potential to cause the unattractive reverberation effect [5]. To
alleviate these problems while maintaining the advantages of the
DD approach, a Two-Step Noise Reduction (TSNR) algorithm has
been introduced in [5].

When the speech spectral components are considered to be at
low level at some frequencies, even during the speech activity
period, the a priori SNR estimate using the DD approach can only
slowly track sudden rises and falls of the speech spectrum.
Although the TSNR algorithm aims to improve the tracking
performance for these abrupt changes, it suffers from speech
degradation of the enhanced speech spectrum due to inappropriate
spectral gains at some frequencies. On the other hand, the Self-
Adaptive Averaging Factor (SAAF) in [6] is developed, based on
the DD approach, to track the rapid changes of these rises and falls
of the speech spectrum. It, however, brings about the undesirable
musical noise.

It is the purpose of this paper to introduce a modified priori
SNR estimator which is essentially based upon the advantages of
both TSNR [5] and SAAF [6] algorithms. The proposed estimator
features significant distortion reduction of enhanced speech
spectrum, while keeping the musical noise effect at minimum. In

addition, it potentially offers an improvement in the noise
suppression performance.

This paper is organized as follows. Section 11 describes the NS
techniques in details. In Section Ill, the proposed a priori SNR
estimator is presented. Simulation results based on speech signals
in several noisy environments are given in Section 1V, followed
by the conclusions in Section V.

2. The NS techniques

Let the observed signal be described as
y(t) =s(t) +n(t) )

where s(t) and n(t) denote the speech and uncorrelated additive
noise signals, respectively. Basically, three main components of
the NS techniques are described as follows. First, the noisy speech
signal is analyzed via the Short-Time Fourier Transform (STFT),
usually with short frame size to preserve the stationary of the
speech signal. By applying the STFT to the noisy signal y(t), we
obtained its time-frequency domain as

Y (k1) = S(k,1)+ N (k) @)

wherek =0,1,...,N -1 is the frequency bin index and | =01,...
is the time frame index. Next, the noise power spectrum
An (k1) =E{]| N(k,l)|2}, where E{} denotes the expectation
operator, is estimated. By assuming that the noise signal is slowly
changing with time, Ay (k,I) within a short frame is considered to

be fairly stationary. The estimate of the noise power spectrum can
be obtained recursively as

A1) = p Ay (k=2 +@-p) Y (k1) ®

where p e(0,1] is a forgetting factor. Then, a spectral gain is to

be computed. Usually, the spectral gain depends on two main
parameters; a priori SNR, which is defined as

CAs(k1)  E{ISK,D P}

k1) = = 4
steh KD BN, 1)} @
and the posteriori SNR, which is given by
YK D[
r(k,1) Sk (5)

Several methods have been introduced to derive the spectral gains
by minimizing some distortion measures, for example, Square
Error Distortion [1], Log Spectral Amplitude (LSA) Distortion
[2], Spectral Power Distortion [4], etc. The corresponding spectral
gains obtained by these methods; which are known as Wiener
gain, LSA gain, and SP gain, respectively, are given as follows.

sk,

GWiener(knl) §(k,|)+l

(6)



(k) (107 et
Grsa(k,h) WEXp[E v(k,l)Tdt} @
o [ekn (1 e
Gp (k1) = \/s‘(k,l)+1(7(k,|) :(kJ)+1J ?
where
B ki)
v(k,l)—7(kv|)§(kl|)+1 ©

Consequently, the magnitude spectrum of the clean speech can be
obtained as

1S(k,1)[=G,, (1) [Y (k. )] (10)

where |.| denotes the magnitude response of any spectrum and
G, (k1) is a chosen spectral gain. The enhanced speech signal,

S(t), is obtained from the inverse STFT (ISTFT) of the

combination between the magnitude response |§(k, 1)| in Eq.(10)
and the phase of the noisy spectrum, £Y (k,I).

2.1 A priori SNR estimation

The power spectrum of the clean speech, Ag(k,l), and the
noise power spectrum, Ay (k,1), are usually unknown, it is
therefore necessary to estimate the a priori SNR, &(k, 1), as given
in Eq.(4). In [1], the DD approach is used to estimate £(k,1) as

Epp (K1) = appé (K, 1-1) + L—app)s(k, 1) (11)

where E(k,I-1) =|S(k,1 -1)|? /Ay (k.1 -1) represents the a
priori SNR in the previous frame, according to the enhanced
speech spectrum, and app €[01] is a forgetting factor. The

instantaneous SNR is defined as

5(k,1)=max(y(k,1)-1,0) (12)

2.2 Analysis of the A priori SNR estimator
using the DD approach

The ability to track the rises and falls of the speech spectrum
of EDD (k,1) is analyzed through three cases [3]. In the case of low

instantaneous SNR, &(k,1), i.e. when the speech spectrum are
considered to be at low level or absent, such as during speech

pauses, &pp (k,1)can be seen as a smooth version of &(k,1),
given by

éop (K 1)=-app)sk,1) (13)

Conversely, when 5(k,1) is high, &pp(k,1) becomes a delay
version of the instantaneous SNR, i.e.

Eop (k1) = 5(k,1-1) (14)

115

When there is a change from speech pause to speech activity
duration, the a priori SNR in the previous frame is approximated

to beE(k,I -1)~ 0, the same expression of rEDD (k,1)as given in

Eq.(11) is obtained. This particular case will be called the
transition stage and will be mainly investigated in this paper.

Consequently, the expression of &pp(k,l) for this case will be
referred to as the transition equation. It was shown in [3] that
chD(k,I) can track the abrupt change of the speech spectrum in
the transition stage only if 5(k,1) >>1/1-app).

2.3 The TSNR algorithm

The estimated a priori SNR is obtained in two steps [6]. First,
the spectral gain, G, , exploits the a priori estimate, chD(k,I), in

[1]. Next, a refined version of the a priori SNR estimate is given
by

Eranm (k1) =G (k1) 7k, 1) (15)
To obtain the enhanced speech spectrum, the spectral gain

G, (k,1) in Eq.(10) can be chosen differently from G, (k,1) . The

authors claimed that this algorithm can further reduce the musical
noise, as compared to that in [1], while providing a better tracking
performance for sudden changes of the speech spectrum. The
transition equation using the TSNR algorithm, when using the
Wiener gain, is therefore given by

2
2 _[_@-app)ik1)
STSNR (kll)_[l+(l—aDD)6(k,l)] 7k, 1) (16)

2.4 The SAAF technique

It is suggested in [6] that the forgetting factor of the DD
approach, app, should be self-adaptive to deal with the sudden

changes of the speech spectrum, as given by

1

~ 2
[oten-Ewi-1 an
ok, )+1

aspar (k1) =

Therefore, the a priori SNR is estimated to be

Espar (K1) = asane (K DE (K1 =1) + (L- asane (k)OS 1) (18)
and the transition equation becomes
5k, 1)+1

2
1+[6(k,|)+1j (19)
5(k,1)

Eopnr (K1) =

3. The proposed a priori SNR estimation

The transition equations of the investigated a priori SNR
estimates will be compared in this section to observe their tracking
behavior for sudden changes of the speech spectrum. Since the SP
gain minimizes spectral power distortion, its transition equation is
also compared as a reference. By using SP gain in Eq.(8), the
estimated a priori SNR of the TSNR algorithm is given by



Bsspk]) = Eop(k )+ KK DK -Eop(kh)  (20)

where

Sop (k1) +1
The transition equation is therefore given by
Grssp (k1) = (L-app)d(k,l)+

2
_(-app)ok,l) 22
[(1—aDD)§(k,|) +1j (aDDé‘(kJ))

- 2
Kk, = (MJ (21)

For a speech-activity frame, i.e. there exists speech spectrum
components more frequently than the noise spectrum components
within that frame, the ideal a priori SNR estimate, rf(k,l) , should
converge to the instantaneous SNR, 5(k,|). The spectral gain
with the suggested choice of a priori SNR estimate will preserve
the speech spectrum components and thus, minimum speech
distortion is obtained. However, there is no perfect parameter to
indicate such a frame. From the literature, the instantaneous
SNR, 5(k,|), was inherently used for this purpose. On the other

hand, the a priori SNR estimate, é(k,l) , should be very small for a
non-speech activity frame in order to suppress the background
noise. For the transition stage from speech pause to speech activity
duration, the a priori SNR estimate, z,;(k, 1), should be able to track
the sudden change of the instantaneous SNR &(k, 1), i.e. rapidly
increasing.

The tracking behavior for those a priori SNR estimates can be
observed by plotting their transition equations, with numerous
values of 5(k,1). It can be seen in Fig. 1 that Egaar (k,1) of the
SAAF technique gives the fastest convergence performance
to &(k,1). However, the a priori SNR estimate with fast rate of

convergence should be obtained only at the transition stage, but
not elsewhere, as mentioned above. As a result, the enhanced
speech spectrum when using the SAAF technique will include the
musical noise.

In order to further improve the tracking performance for
sudden changes of the speech spectrum, the a priori SNR estimate
is modified as follows. The parameter K(k,I) in Eq.(21) should

be replaced with

~ 4
_op(k.1) J )
Coo(k. )+ 4

for some constants, @ and g . Eq.(22) becomes

Kproposed(kvl) = (

é;proposed (k1) = @-app)ok)+

[ A-app)stl) )

(24)
(1—GDD)5(|(,|) +ﬁ] (aDDé(kJ))

The effect of increasing € makes f(k,l) converge to §(k,l)faster

with steeper slope. By reducing the values of 5, é(k, 1) approaches
to &k, 1)at lower level ofs(k,1). With the choices of
6 =8and g =0.027, it is demonstrated in Fig. 2 that the proposed a
priori SNR estimate yields faster tracking ability than that of the
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Figure 1: Tracking performance of various a priori SNR estimates.
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Figure 2: Comparison of the tracking performance of the
proposed a priori SNR estimate with the other estimators.
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Figure 3: Tracking performance of various a priori SNR estimates

against short-time frames, as compared to the instantaneous SNR.

TSNR algorithm, but slower than that of the SAAF one.

The tracking performance is also investigated when the pure
tone signal at 2 kHz is employed as a representative of speech
signal and is corrupted by additive white Gaussian noise at -18dB
global SNR. Fig. 3 shows that the parameters 8 and S have a great
impact on the tracking performance of the proposed method. Its
tracking speed is much faster than the modified version of the
TSNR algorithm (TSSP), and is approaching to that of the SAAF
technique. In addtion, the proposed method introduces less amount
of annoying musical noise due to less fluctuation of the

é(k,l) during speech-pause duration (frame 1 to frame 20) than
the SAAF technique.
4. Simulation Results

The NS techniques employing 4 other a priori SNR estimators;
the decision-directed method (DD), the two-step noise reduction



algorithm using the DD approach in its first step (TSNR), the two-
step noise reduction algorithm using the SP gain in its first step
(TSSP), and the self-adaptive averaging factor technique (SAAF),
were compared with the proposed a priori SNR estimator. The
input speech signals of 3 male speakers were used with sampling
rate of 8 kHz, at different input SNR levels. For speech analysis
(STFT), the frame size of 32 ms was used with 50% overlap for all
cases. The spectral gain, G, (k,1), was chosen to be the LSA gain

in Eq.(7). The performance of the investigated a priori SNR
estimators was evaluated in terms of speech distortion measures
via the Segmental SNR (SEGSNR) [7] and the Log Spectral
Distance (LSD) [7].

Table 1: SEGSNR improvement of various a priori SNR
estimators (in dB)

Input SNR
5dB 10 dB 15 dB 20 dB
DD 5.3116 3.5590 2.0350 0.8030
TSNR 6.0202 4.2342 2.7522 1.5582
TSSP 6.3524 4.6758 3.2823 2.1580
Proposed 6.7843 5.1916 3.8306 2.7010
SAAF 5.7310 4.5607 3.4902 2.5135

Table 2: LSD improvement of various a priori SNR estimators

(indB)

Input SNR
5dB 10 dB 15 dB 20 dB
DD 8.6301 6.7511 5.2949 4.4185
TSNR 8.4506 6.0074 4.2516 3.3974
TSSP 8.8465 7.1159 5.7848 4.9947
Proposed 8.9676 7.4565 6.2510 5.4553
SAAF 6.5739 5.5521 4.6820 4.0264

From Table 1 and 2, it shows that the proposed algorithm
gives the best performance in terms of speech distortion. This is
also clearly seen from the spectrogram of the enhanced speech
spectrum, as depicted in Fig. 4, that the proposed methods can
preserve the low-level speech spectral components especially at
high frequencies. Moreover, from informal listening tests, the
proposed algorithm gives satisfied speech naturalness. It is,
however, suggested here that the proposed a priori SNR estimate
should be further improved in such a way that the parameters
6 and g should be adaptive.

4. Conclusions

An improved NS technique has been presented in this paper,
based upon a modified a priori SNR estimator. It has been
demonstrated that the proposed a priori SNR estimator allows for
fast tracking of the rise and fall of the speech spectrum. In
addition, the musical noise effect can be reduced, while enhancing
the perceptual quality of the speech spectrum, particularly for the
low-level speech spectrum.
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