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ABSTRACT

This thesis presents a study of speech enhancement using spectral subtraction technique.
An enhancement of speech signal algorithm is presented for reducing the spectral effects of
acoustically added noise in speech. The spectral subtraction technique is used to remove noise
components from noisy speech in order to improve the signal to noise ratio of the signal.
Suppression stationary noise from speech by subtracting the noise spectrum is obtained from the
signal measured during non-speech activity while the phase of noisy speech was kept. In this
algorithm, the implementation described is designed for an input sample rate of 8 kHz and the
background disturbance are modeled as additive white Gaussian noise. Speech, suitably low pass
filtered and digitized, is analyzed by windowing data from half-overlapped input data buffers.
The magnitude spectra of the windowed data are calculated using discrete Fourier transform and
the spectral noise bias is calculated during non-speech activity. Suppression noise by subtracting
the spectral noise from the spectral noisy. Resulting negative amplitudes are then zeroed out.
At last c-ompute the inverse discrete Fourier transform. Performance assessment based on the
time waveform plots, objective m?easures and informal subjective listening tests all indicate that

our method gives consistently good results.
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MInN22  msuduendoamiyrusuesrdy

Place of articulation

Manner of Bilabial Dental Alveolar Palatal Glottal

articulations  {U*Y (V* (UY (VY KUY (VY (US> (¥ U
Stop p b t d k g
Affricate ts dz tf d3
Fricative f s z § 3 h
Nasal m
Liquid w j
Flap T

2 Voiced.

® Unvoiced.

Manner Place of articulation
of pro-
duction Labial Dental Palatal
Voiced | gy, Bay 1
Stop ﬁ g
. ’ N , F g
. pa ta ka.. g‘
Unvoiced V! 3 s
 stop Ly :'-" :—-
ma na Da
Time —»
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. v v v
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1 o v o do - 4 o '
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14
U ) a ) Ll QU A ]
nNIssTyudaznilsiugivvesmdaady edruvu aszFu / nszowld FuSeadn
k4 §
AudnyasiaY [10} dredumsiadmunizsnugunyisnquanaudnyuziay uaasly
mand 2.3 meluguauii@ 9 § : 1Foaa (vocalic) / luflidosyn (Nonvocalic) Wigywus
ey o s . <3 9
(Consonantal) / "lnnwumﬂuz (nonconsonantal) NTEYY (compact) / NTLIWY (diffuse) (FYAVY

(grave) / 1ToauMaN (acute) 1HOUY (flat) / 1ToU5 01 (plane) YA (nasal) / 11N (oral) (AT oA
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(tense) / Ygou (lax) Aoiing (continuant) / UAY9IN I (interrupted) 4ag UIN I(strident) / 189

WAL (mellow)

4 o o dJdda [l @ 3 4 Y]
M3 23 ANUFUAUSAUANATUBINUANYUE MUIIAUIUTBUTIINIBIBINY

(Distinctivefeatures) o0 a_ ¢ v 2 i P o [ [ k55 gm f pvbdbas 0t 23ddh#
Vocalic/nonvocalic S T T
Consonantal/nonconsonantal - - - - - -~ + + + + ++ 4+ 4+ ++++++ 4+ E L+ - -
Compact/diffuse ++ k=== ++++FFE A== - - ==
Grave/acute ‘ + 4+ -+ + - ++++F - - - -
Flat/plain + - + -

Nasalforal : 4 L - = - - - U
Tenseflax e T e T T e
Continuant/interrupted + - -+ - - + - + - + + -4 + -
Strident/mellow + - + - 4+ - + -

* The prosodic opposition, stressed versus unstressed, splits each of the vowel phonemesinto two. Key to phonemic transcription: /o/-po_l. Ja-pat, Je/-pet, fu/-
put, fo/-putt, fif-pit, )f-lull, /n/Hung./ j/-ship, /_(/~chip, [kJ-Xip, /5/-azure, {§/-juice, g/-goose, fm/-mill, /i-fll [p/l-pill, fvf-vim, fb/-bill, faf-nil, /sf-sill, /O/-thill, fi/-
tilk, f2/-zip, /8)-this, d/dit, /n/-hl, /3 .
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WA 68% YpaAMIMIA NA1BNBtNAe 2 Tu 3 veshwanimuaszugiingadansn
A = ) =
n3o hilimsyalunsdivesInuanmsaunn
o 5 [ o g @ o o ] a
ABANNUIIVDIATTIUAAIDATUIMAANUTIA NN WaanTszyn anuldou
waslugrsmsyasziafivas 13-19% uagararamsngagansrudounilash 65-69%
' ] o 3 o 1
nuwanyIaNusvssmsyaumsisufsuimuaninmsdiuvesgiuiaimnga

¥IA517

MINT 24 Sannamsudsaumndmivszdvanuiiveimsyn

Change of
time rate (%)
Average
Syllables time rate Speech Pause
Speaking speed per second Vo) interval interval
Normmat 6.5 68 100 100
Rapid. 93 84 87 35

Slow 4.7 60 19 169
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1 4
a '8 1 ' '
N153INTITRYRITTEZIMVBIMIIEAU Y naasdsseznmveudisnsses T
= . = ' 2] [ o
nfaguann szeznaundelszuia 70 msee 9819 IsAmuszezaveaNdyyUzLlsAuIn 5
-5 Ky o Q’l‘ o 4 J o v P
19 130 msec YupgAusyAUFUIY Faszozna sl iuIN 75 3 200 msec H30 ANRGY

E){jﬁ 130 msec

22 msiaasfanasununendiamans

2.3.1 IUITUNIN

U g

a g 2
gasuna denldssyaiulidh Faowowszdh ldsunaumsdedyanaag

Toy
o . = P 2 v o, & @ 9
msﬁsxmaﬁtyfym (signal processing) Tuszuvdems e liaunsafminiusenunld
v o nvaz ¥ e oA 4 e’:
BUNAUYIN "lumaﬂgmuu%zwmwﬁtmmmmﬂﬁiyiymsnmumﬂuw Tuszuuieaisiu
. da 4 {a 4
'diyty1msumumm'flm]szmﬂmnﬁmmmauaﬂszuu wazdszinninavuniolussuuies
» ) 4
dygrausunuiiiannmousnssuuduldun  dQaNwsUNIUIINYSSEINIA  (atmospheric
. . - Qs a Jd 9 43’ . Vv
noise), galactic noise uazﬁfytymmmuwnqymﬁwu (man-made noise) Li‘lumu HININ
S o aw lo w & a 4 -
uuuauﬁq;tymmmuﬁmﬂmmqmﬂmﬂmmlaUmulaqTﬂUﬁsmmmmnszuﬁn?ahmm
o s q ¢ C 7o ¢
Tuaees I ﬂngnpmmmummuﬁa FONUDBUHA (shot noise) LALINDINAUBYY (thermal

. &£ 3 ) @ Y
noise) Avzna1INaTavdene 1l

4

2.3.1.1 Fenueyd

ﬂ ar A a 4?' da g a o A =

WHudyausuniuninatulugnseisiannsedindg 1eaNsIsumMAveINTSUT
& 4 o s va & )
#ilvalugunsal Sedaanaisumuiseimunlidedios wums navenszualulales

a ad o { ' g

(diode) MR 2.12 ezlsznoudaetianinsa 2 A2 fieglugamine nanfe TuAsise
(cathode) szgAIEIIUNIERO AR NAsoUINNSZIwRENN tazliueuTun (anode) W3e

4 a.
iwan (plate) Fadidnan Ifuduuan

Plate
Vacuum

Cathode

—ll)

i 212 laTen
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A o o § o a d d” oy T o o 1
dWosufuuas Isaenssiusauddnasou luvastlauudnnnuandndserg
[~ A A ga o ad o = < o u’:
UAS 150 Lazwangaun ez 198ilanAseuNT99N cathode /84 plate A5G AU
< 154 o A £ & o o A -
39 T1iA0eAlafa space charge effect uagnszuawanzgnimua lagdasnisinioud
a o o a 1 4 a
YBIDIANATOUIIN cathode 1AUDIABNITNIITUINIAILUATNMNAMIAATINNATINVDINTSULE
P o o & 4 4 4 ad ] ¥ [ ]
mfuuuwad FullesnnnisinioufivoisidnasouruYeIesENIN cathode LaE plate
(] . . v
{Wufing i1 mean-square ¥BINTTUMAUTULALAADIAWAIIAY (random) QARINUA

Wsugaaums 2.1
12, =2el Af @.1)

& ad S Vo > U
%3 e Wudiinasoumnsaiinviiy 1.59x107"7 @,aimﬂ 1, i{luf mean voINTZUR
' ¢ sa o 4 s ' &
Tumbsueunld uaz A7 Whiuvndiasusunseiiofalumion Hertz aums 2.1 fidlugas
o 4 4 ad as
¥Ba Scotty launa lUnisinAeuivesdianasousn cathode 18 plate 33 191a11)520702
y v ]

dusuues 107 Juril el lifiileds transit time effects dmSuamauiAnd fnves
< -2 Y Jd 1 =] . 2L o
Fonuevdnne Tuszdlumsusnnauummddion (Gaussian distributed) FafiA1 mean 1ilu
7

¢
HY

2.3.1.2 mesiausnd
d o o A s & a A o 1
inesTauesdiluFevesdygrasuniumeiiy Fufannmsndouiimumsgu
ad @ o a wa a 1 e a et
vosdianasouludnir lumalfiannnsdl M1 mean square veuneiVausudnlsing

’ o’: 3 aa S A o 1 da o o LY [
ICHINVIVNADIVDNT mmmaimmﬂiu‘vmuuumm Af Qﬂﬂ“muﬂll“rﬂﬂuﬂﬁﬁuﬂ’li 2.2
V,i, = 4kTRAf 2.2)

&1 K 1ilu Boltzamnn’s constant A uN 1A 1.38x10°2J/° K
o 'L ] =
T Wussnduysallumitvesriaaiu

R ShuSFamudluniielou

aa s Ao Vo Y o a N 2
TTAADITINTYLIUTUNIUBYUU DIIUAAIAIYNITAUYIWNIIUU (Thevenin) U4

' o A w 57 1 ] a I
Uszneudas unasduiladygrausuniu E=V2 sdesynsusgiuidamesnlsisnn

Qs ~ o L4 o o
doyasunIuaugli 2.13 (n) ﬂ?a‘lummauﬂummmmﬁ’amwsﬁugauuamu (Norton)
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é ' L] ) é \ T [} { hrd
Falszneudounasiuiianssuaddsvumegiuaishilsnndyanasuniu awgl

#2.13 (1)
f -
R
E(12 lQ) G
EIvZ,)
4 —0
(n) \ ()

Ui 213 ghwmesiSamesiinduyanusunau () 2Nesauyedmity (V) 2esanyad

o o
UBIAU
11 mean square YBUNIIAULANTZUAVDITYIUT VA AD

A

s RS (2.3)
= 4kTGAS

'ay o ' o o d y
luill G=1/R dluanminir uazgiadrlvinmesTauesdiidunisusnussuuy
da A A 4
AFouFaiing mean lugud
lumsfunumdygrasunivssfoidestunguvesmsvusoiiduie 19 1dm
T, & g ar a '
%9qA (maximum power transfer) i luntauuaddilvan R, wide &1 R, =R ud1 nwld
& a a ' a . dy Yo o o 2 P o & & a’:
Rouluiifonduusda (matching) 91 Inaase 185umduiisinTmilsvoshidefisonmianua
o w ai 9 qy < 1 n” o 4 . .
uazidenswldInoaluvasiignfond ez'laailiaussdwianes (available noise power)

2 3 Qy 4 4
Faznsud oz luadlananes P, 1ingilil 2.13 (n) Al

Vin

a = E (24)

o 3 g) Qy o @ 4 4 an o ] da o
muu%z"lﬂaz"hmwamasuauﬂuawnnawmwmﬁa's R 11«!‘513“‘1]1‘!@'395 Af

ae
b
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p = 3KIRA

5
 kTAf @3)

2.3.1.3 laniuesd (White Noise)

a < A @ 4 u’: o a LY
myunsevissvesdyanasunmlussuuomniu  TaeialussRnsandyanm
. a & a ' d ¢ & a ] ar a Y
sunwlugdvesgaund Fufonilniuesd Fevzlanumuunivedaasududassi
= . a &1 w - & o J P
Al “white” gaiinsanlunssruzitiudunasdunddiosmlsenouvsiynanualu
] ' 1 o & g o o ’
gamsunnszawvsaiman i iiinuld  Taealdsedmualdaunuiuyuves

&~ o o r's '4 r dy
mﬂﬂmnmawm"lmuaumﬂumu
Sy (f =1’2£ 2.6)

o Y] o’: o
udsuaes 12 uaaslasmtlaasy 2 A1y AsNanisulnuazniavasiaas 3l
3UM 2.14 (n)
= ) = dy z:; 9 ld'a d'
7 seiimihoily watts | Hz uazaudn@ 7 Hazineadosegidunnvesszuudeans

&£ o v
Faansonullden
M =KL, 2.7)

4
A k il Boltmann’s constant

T, iy equivalent noise temperature YBIAT DI

Swth

Ty Rylr)

Tosin

0 0
M Q)]

1 s d [ 4 ] & o & d  a
31 2.4 guantifsslnivesd  (n) aumuunivvesalaasumids (1) seldnesisiu

- fefdu



21

A gy o S a s s ¢ ¢ ,
LummﬂmﬂﬁﬂasLsmwﬂaﬂ‘nmﬁueunesm;l‘tsUs‘n51um«|03mmmmnmuuu
@ o0 W o Q’I’ o Qs dd'ﬂ I'd 4 A o LY 4 a o o
vaqmﬂﬂmnmm AIUUTINTUNTUNL u'l'J‘Vl'N'EJU?{ Lllﬂﬂ'Iu’Jm'E)ﬂTﬁﬂ‘ﬂiliLa%uWQﬂ‘]fu

R, (7) udaszld

R, (1) = 17225(1) 2.8)

-

M 9 o @ I s A LY S a ; ’
HUAD aaiﬂﬂ@ilila‘]fu‘uﬂ\ivl")“ﬂuallﬁﬂﬂﬂ Lﬂaﬂ’lﬁﬂﬂ%uﬂﬂ’)\‘iﬂajﬂﬂ 7]/2 LHasinNauy
$ 1 P [V < 1 4 3
ﬁ 7=0 ﬁ1n3ﬂﬁ 2.14 (ﬂJ) mquﬁ\uﬂﬂlﬁu'flé{j'] RW (T) =0 !ﬁﬂ 7720 AU meﬂﬁ‘vm
¢ ed 1w : 9 > o Hdq vo < d 14
“lj'ﬂ‘uaﬂﬂ'ﬂﬂ'mﬂu 2 ﬂ‘ﬂﬂ"‘] llil'nucﬁnlﬂa‘fl\jﬁ@\i%3Qﬂlﬂﬁ‘1ur3a’]w1ﬂaﬂuﬂﬂ'lu ﬂﬂzvhmﬂ’lm

Ad1uAdg (uncorrelated) AULAY

2.3.2 msuaasdasnasunululamuanug

A z or P 9 @ o ] 1Y ¢ &
luszupfomisiu dFygrasumuitudindudyanauziiuldisdanes

¥
3 I

S o o o 4 o 3 o ]
Hawmosnnanilasn ldezuansuauifuesiululamuanud  dsiulumsduanman

]
A @

»
1 =S o Vo wa [
a19q NlniwaduRamesmaiiuzazanuind idnuauifuesdygnasuniuluTamwu
i ' ] @ o & ar o 2 g e
anud nanfslFanunuininvssmaaduiidewesdyanusunauufiosa denesil
wa o e © Hq Yo ] ar J aY Y s Yy 9 kY
ﬂtufmmﬂunnmsmmmﬂ‘mugﬂsNatyiugm (waveform) N9 muw"lﬂnanmuawmmu
P z o L&Y ]
vnglA 2.15 (n) Yunsnasudenurlavesdyaiusumuindulurnamunm

1 s oo d”
T fodionnasewin £ = -T/2 83 47 /2 uazauuaninduiline 29 ()

T

3

~N
~
N

——— -
.._._%._.._..._.._._..
_T._}L_.____._..-_.

(1)

i

?

i '
4 \j | — \l ww [

s 215 (M) vvewpudladagnasuniy @) jdindygradnunmilden o) tu

9439 ~T/2 83 +T/2
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' o o IS = 4
aelUsmualdfsisuvssaredudimunm Ty #0@¢) awgdn 215 @) &

¢ & a dq F A
e fuiimsauaasluglveseynsuylisosugaenn —7/2 S +7/2 18 vistmuald
a a a ay ta '3
A =1/T Wuamudisudu uazauuddwimdeiuil lifiesdisznouvesnszsuanss

4
@ o 2

L d
Faiudadondueynsuif e 1adail

nO () = i{ak cos(2kAfR) + b, sin(2kAfl)} 2.9)
k=1

A d a . = 9
Y5 auﬂﬂg“lumawaﬂﬂmwummamamzm:"lﬂ

() = ic,;cos(iZﬂkAft -6,) (2.10)

k=1

a4 o s o a2 2
Wil a,, b, uaz ¢, WudmlszdnsoynsuiSes 6, Wunuveuna (phase angle) ol

b4
@

anuduRuTsEnauAel

ci=ai +b; (.11)

v ¥
wazlunil

(2.12)

o o [ a v dy d o o
nsienmardmiudulsenimariise ldnnusuldadinfummisvesdygu
A -] a 3 @ 9 S A ar
5‘1Jﬂ'J1J°INIJﬂTUL'3ﬁ'lﬂ'lilﬁﬂﬂﬂltﬂﬂﬂ"lx‘lﬂuviﬂ‘U:‘,hlﬂll"ﬁillﬂﬁﬁs‘lﬂ‘]fu'ﬂﬂ'lﬂﬂu
& o o = o o A 2 P
iesnAdunisveennesdtlsensuvesadaain ¢, A8 ¢ /2 diouanuilu

anlansuassduazivinadiu ¢ /4 muiinaas13lugln 2.16

L4 v v [ 4
saziivzsmualianumuunivvssslaniumdainaud kaf WS dadl

2
= —_ E—&——
S, (kAf) =S, (-kAf) a7
(2.13)
_ a: +b}

4Af
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Power, Px
ci ¢z
¢ 7 4 &
Y ok c? 4 '
c2 ) T ¢l
i l [ l |
~4af T-3af [~2a1] -ar ] | of | 281 3ar | 4ar f
I b e e} |
| 1 ) ) } ! | t
Af
Jin 2.16 anlansuiideves (n(@))
v ¥ e w o A ' a o -_i A
U Maisnua P, ninoadeslugianud AF o hnnud kAf a0
B, =28 (kANAS (2.14)

1ineein B ifvadestumdanfuiininud kAf Hemesdiu dau
S, (kAf) =S, (—kAf) fmfluf'iﬁmw’humﬂn?aamﬁ'agﬂuﬁﬂﬂwmmm Af azifu
S (kAf) willuarumuivvesanlanduisunie (@oedn) mmnn‘hammﬁ

St mualimunm T - o(df —0) Sufunvivesufdmualdiaunatess
anmumilounsdadyanasuniuniiesueie dufeannsofiosanldh 7 (1) = n(t)

=2 Y dy
HazauIDIveUaAUNIS 2.9 111111@]?1\11‘!

n(t) = }}mo > {a, cos(2zkAf) + b, sin(2zkAf)} (2.15)
=
A a 4
NIDDALUUUNUIAD
n(t) = gr_g ;ck cos(2zkAft +6,) (2.16)

MNAUMS 2.13 unum ¢ wao ¢ TaoRnsadudunundsvesideaesvesdauls

o’;‘ i a ' o < 14 o
usuAdY ¢, wazuenMIMiu Wehnsan A hilndguiudine A AezegFaduuin
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e 4 é 1 4 o Q’: 1 ~
sunmodiudunlsnand Sdeidies £ dafu M kAf :Indums 2.13 Seeansa@ounny

a t 4 [ P W Yo ;
Aaodusaoiiies £ 18 uazAmunso@ousuns 2.11 Ins'lddadl

¢ =a +b} (2.17)

EY « M Yo -::’
HagaMwIzonaums 2.13 Ina'lddedl

) 2. 52
S (f) = lim ~5 = Jim %% (2.18)
N-04Af N0 4Af
wogiadunanidsluguenauden £ 8 7, fe
-4 A
P(fi = f)= [ S, + [S.(Hdf
B 4 (2.19)
=2 [S,(Ndr
12
4 .04 E ™y p-
FaluvNiaammua P, aziininel
B = [s,(Ndf =2[s,(Ndf (220)
- 0

2.3.3 WaveamInIaenNaaeaNhaziuveIa NI M TIT UMD
o P Y a od 4 Qs o
NOITUININUIUN 2.17 (D) mﬂuvgm‘flmmmwuuatm n(f) AYVIUIVNIUN

MM 7,(1) MrzdumdiFouds muuahsunadisaloudvesiamesidu a@) wld

ny(t) = Tn,. (Dh(t-7)dr= ’fn,(r)h(t -7)dr (2:21)

- -0

¥ . v

aums 221 Wu lasnalfdfiaduuuendedds r=r ilesnindumt)slunis

s o -~ & c,: dy 9y a o Jd
DUNINTAND 7 LT W8 7>¢ UW h(@-7)=0 TUMIULTAINMIINTBUVDIDUNAT

] L4
n,(z) dr fflouldnudunnvesiames ludszduiles@ouauns 221 mildlugilves
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k=t/At
no(t) = lim D" n(kAT)A(t -kAT)AT (2.22)

& - 1 1q a A aa & o
¥ k sxflvoumagenianluduiinia lunssauzmediiaiu &6z szamuiiiuda
wls = uazwasmiznmodudufinda ninaums 2.22 n(kAr) widlududsuuniusuaey
dufe dyanasuniuszgnuaaslasfledsuianll uasdwes n (kA7) ﬁﬂzﬁuagﬁu
usuilafeisufiosRosen lumeasesfudulSune At —kAz) szdiusasilasiisaan

o T ° o o
nfmuauiueu wazgnimua lasaiNawes

n; (1) ;m(;; a,{t)
P |
(n)
[ e — ®- P .
n; () . Filter 1 X Fitter 2 °
Hy(f) ¥ X Hoth) 35}
A . po—ee—O
(9)

% =1 é r Lo L)
217 () imdFouuesd #, (1) RdeuldfudiiviRamesududawine (n,())

(@) Hawasan () Wousnisuaosdu

aundnflawesiinsmdmeslendu H(/) uazusnvemil 2 daumugilii 2.17 (v)
v L 4 ¥
Tavh H(f) = H,()H,(f) faiu 1 n() iy lniussfuvumdGoundaia #,(r) uaz
4 v
7 (1) sedhumdFoudanlaveromsfinnsanandiedu uennmiudle () uaz n, ()
o a1 9 a v Y1 a 1 s e o = o A
FumdGoundmailéffe ufhvuwne bidulviuesduvumdFouian uddlorm
WhlddRameSunudadu udngi difadyanasunuienimnidunuumddousn
awsosz ldaums 2.22 1R laoassduflames 2 Tugdh 2.17 (@) edreden Taounu
fduad (kA7) AwBuRad n (KAT)

</

d [}
234 sanlsznevailanduvesdyanasuniu

o o i ar ] 34 4 o 4
sentlszneuamlaniufifoidestudennudn & ddmualiidu () e

L4
Af =0 widoulddsil

n, (1) = a, cos2rkAft) + b, sin(2wkAft) (2.23)
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n,(t) =c, cos(2rkAft —6,) (2.24)

(3 o dy o a ' :sy
sarsznevanlaniuluvasiiszdssnoudlodannusuniuuasFandrfleniy
b4
random process AU a,, b, uaz 6, MWAUMS 2.23 LAz 2.24 92J1 random variable
o o a d o 2 o o ' ¥ o 4
dmiu n(6) =iy ensemble vomnlsileiiu FmnflanFumariisniudnuusady
HUY deterministic 91NAYNITINNAAUSANUTIOIALR T wAnzATuIzTeuNAYAIaL
= ' o & 4?’ var ot {l . o A
NaNUANANAUYFIRIUBYAVAIYBL ¢, AL 6, random process 1, (7) LU stationary UUAD
aren an 1 = [Y 1 < J P ’
auaudansadass binJfoundadldfsnm udedielsfay sundsaunaivewday
o o 1 P
uaaflasFuues ensemble 93uAnA19 ) nmeNduq
dy o o o 4
mmzuﬂzam@ﬂmaummaﬂszms‘uaa random variables a, Uag b, uesua lag

o o c v a o 2 4
Ade P, 984 7, (7) gnivunlaoaunfena ensemble 104 [n, (1] #aldvnauns 2.23 s

B, =[n, (t)]2 = a’ cos? 2k Aft +b? sin? 2k Aft + (2.25)

2a,b, sin 27k Aft cos 2k Aft
a v 3 . S5 2 4 ' o o o
Nadrlen n, (1) i stationary process AU [nk(t)] ﬂ:"ln‘uuagﬂunm AIUU
L4
o Ld -4 A 04 .
Tumsna P, v ssdmuald £ =1, uaz cos2zkAft, =1 Faeinld sin27kAff, =0

1
Fadu ozl

Poma, (2.26)

al =b; (2.27)

AU 2.14, 2.17, 2.26 uag 2.27 w1

ol

a C;

P, =28, (KAF)AS =28, (~kAf)Af =af =B} = =X 2.28)

N |,,N|
]
0 %]
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finenin a2 =5} Sadouaums 2.25 Imildiiu

P = sz(cos2 2k Aft +sin® 2wk Aft) +
22,:5; sin 2wk Aft cos 2wk Aft

(2.29)
P = E + 2;55 sin 2wk Aft cos 2wk Aft (2.30)

v o o =y 2 ' o A A ° 9
uasd e lsfimu vinauns 226 W P, =a? sehiduegiunm weniwsinliaunis

2.30 A AefufuaIgIna1d 3adearly

ab, =0 (2.31)

¥
[ o

fou dudsednd a, uag b, 92 liNUINUY (uncorrelate)

ddd 1 ¥

234 savesilamesniineanumuuniusesmlaauiidwesdyaasun
o ¥ d o o Ao v
fmualdesnlsenovanlaniuvesduanusuniu  n, () Admualiawauns
a /Ao o 4 d o a ar ¥

2.23 {fuBuwnvediames Fainsmdidesiaddu a anwd kaf Wudail

H(kA)=|H (kAN e™ =|HEAN| Lo, (2.32)

o o o “ [ = 4 a
palssnovanlaniuvesdyanasunid () aeandesiu u NieMuneziia

¢

n ()= |H(kAf.)| a, cos(2kAft +¢,) +

. (233)
|H (kA )| b, sin27kAf +0,)
PInaNNs 2.28 dafiaonndesfiu n,(r) Ao
~=. 5
p, =%th (2.24)

! 2



28

vﬁ"mmn |H (kAf )I (% deterministic function [|H (kA )a, ['2 = IH (kAf )lz a_,f uae
[|H# (kAf )b, D =|H@&AN| b2 aziu WenlSoufouaums 232 fumums 223 wld

B () fiaeandoefiy n,, (1) mu

2ak+b

=|H(kAf)| (2.35)

wagate Bnaums 2.5 uag 2.6 uazlaomsldaums 2.26 szldnnuduiuives

amumuninveadianiumdefiBuymiazioWnAd
S, (k&) =|H(KAP)|' S, (kDf) (2.36)

aa = o 4 A o
Tunsseuzmaeananiu luvasf Af — 0, kaf szamodudunls £ Freiios Aq

b 4
<&

b3
TuduVouauns 2.36 Inuldasil

S, (H=HA S, () 237)
2.4 MIHeUNULATIVR

s v ¥ ¥y
Tunsdeindganalusspufemsiu drszvuindsznoudlsdudiuuwaiv

1 .4 o @ o w '
i’i'a'uq YU 'N%sﬂamas w?amumﬁiyqnm Lf]ufé’fu ﬁiUiU'lﬂHﬂE]ﬂﬂ!JﬂilSiJﬂ'las’]ﬁﬂﬁdﬂ’)'l

o

A o’: o o L1
Fyanavudlunsdinszuuindulsvoe sedudyginesnseinanidyansunin

o

t 4
o v 1 o & o’ v o & o < s 3 d
ﬂﬂi'l’d')u5°"M'J'Nﬂ']ﬁ\‘i‘llﬂ\iﬂmﬂniuinﬂﬂﬂﬂﬂﬂ'mQﬂlf’)ﬁﬁi\]ﬂ]ﬂﬂﬁﬂl‘ff’lu f’l"liJﬂ'lﬁ"i]Uﬂ']'l 1 N9
l'ﬂUﬂ'liﬂ’ﬂlLﬁUﬂ'lﬁ’Qmeimm llﬁwﬂ‘lllﬂ'm'lﬂf’l')’l 1 nﬂ.,tflumswwmmammm ﬂﬂ'ﬂ I.Lﬂ“
L"Jd.ILIﬂ’m\'i’diyiy'lm‘ll'IL‘U111"18ﬂ’lﬁﬁ]ﬁ)dﬁiyfy'lﬂnl'lﬁ)ﬂﬂﬂ1nﬁ'lﬂﬁ t51%zuu1nﬂ1sqayﬁuma

14
msvnehdsvesdaannladedl

(2.38)
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[ y
MIgasmaNdyann L uazduasiwesy G Nilouayaunsdneuus gl
v »
oS mauwh mizendusaumise bildanuazanlumsdnaunin mse
y
gasohmsqumisduaviiozinng Saldlimsiowmdndniungimdsdynalugl
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3.2.2 m3uilad FFT (Fast Fourier Transform)
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X(0) = x(0) + x(1)

(3.19)
X (1) =x(0)—-x(1)
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Y(f)=X(1)+N(S) (3.27)
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= X()+N.(/)
Tay  * fio msneuTagu

o o U3

LY o a d 9
w fio dyananyalvesdyaanmunsiuladuda

D

6.‘”}‘ < *

19

[F]
r

o

=
=y

——— s ‘

=
s
= '
=

=

¢

= 12
===

-6
0 20 400 600 SO0 1000 1200 0 200 W0 6 2001000 12007

0 50 100 150 200 250 0 50 10 150 200 250

a

si 312, dyanasunmlulawamazanud

y(m) ~ [Post ()] T im)
O——P1 DFT subtraction |—9| IDFT 9

processing

Noise estimate

i 2 @ o
3N 313 vdenleszunsuveenszuaumsindnuamlaady

& a & " ac o Y Y = ~ ]
FagU7 3.13 uaasdelasesnvedimsvndunnaaasy Tassvazidoannainn

udresesivienszuaumsyindnualaasu149n dsauns 3.30



54

x| =) -av ) 630

b

~ b
Tav X () fodaasufvsduuuuvesdyyin 'X (f)

v

fio AundvyssmunadlansuvssFyR T UNIU

o

Fusraunilidyanasumuie duanausuaeylugaliians Tasvnavesms
Wndramaailaasudimuald v=1 tarmdwesnindunaaasy fmuald b=2
duwsiees o assﬁuﬁamugnmiﬁﬂﬁ’nffﬂujmummmuaammﬁmumgmmﬁmﬁﬁmﬁ”uu
i o wlinuidy 1 faadenisindradiunuy Full nise wazm a sedannnndi 1 Adeidle
mstingaiiuuuy over-subtraction uazAusAumansuvesdamnasunum idnnana

o/ ]

AU INoUATYYINTUNIU AITuNTS 3.31

WP =2 () 631

nindunsdeuuies [N(f)] Aemlaasuvesdugpusunauluddumsui
P &~ o [V o A s ' a
Fagnduiivgmld Teolidwaulsy K wlsy umuvesdganasuniu Ausdoves

.Y o o o/ d‘ A o
anansuvesdyanusununm ldend1auiiniiawesAansoe Low -pass filter

N, (N = oV (A + (=) N () (3.32)

é v o a a“ o 3 9 [
Fe p AedulszAniues Low pass filker azgnimuanl 1352191 0.85 uag 0.9

daunsfnduiuvesdyanalulamusewion vinavesalaady (X ()| ssgminnsauiy

o PN dy 4 o o ]
avesdyanafiramounazaunsonsudresundud lutu Tamuvewim Tasiums

11Ua9ndVUB3 Discrete Fourier transform AIUANS 3.33

~ Noloa . s m
x(m) =2 |X (k)leja"(k)e & (3.33)
k=0

o

Taoii 6, (k) fenlavesdynnudinadioy ¥ (k)

v o
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e nmdaaiuvssdaanusuniulianuiuniuiild mavosnisindrania

ar 1 ] L. L A d' ‘:yo 4
'chﬂﬂsnam‘lﬁ'ﬂwaamam?m_mmmmﬂﬂmmi'fluan Fawan laiiirldea) SNR asas 39
=) P P a ag 9 add o 9 s T e 9
imsnaniasafeeil Imvessninaludsmsndamsadnadutusdaavee 1nseuiums

mapping Function 7[-] ASaNA1S 3.34

d

¥
dmuareniuneivszidenngiifinislssununives

)A((f)' ifl)?<f>>ﬂ|Y(f>|
Jn I:IY f )U otherwise

X )H - (3.34)

5{( f)l)0.0lIY( Nl Quvna

X()| sssetmualfifiuiledFuvesdyanunia

veaalnmniy 0.01 MINY -40 dB) Aa1TY

b d v . - 4 ]
tWou(noisy signal) Tavfwes m[Y(f)] sreyludesuiiiwngadio MY (NH]= Aunves
o 4 3 o g i dd a
o IusunIY (noise floor) Fewosiuvesdannasunuiisziludnsnntiuun Sama

donwilsie [[rN[]=Blr ) Tumadeniioz 8aums 3.35

{

TWnsvnduneaaesuoisszgniululamuvssddmSevinavesanlandn 1y

3f(f>| if )?(f)lwll’(f)l
B |Y § A )| otherwise

(3.35)
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- LY 3

ai T inisuiuudmunannsudanaans ueaius1uana 1Y

3.4.1 fMasveanisinaansanlansy

f1dwsInszuIUMsHNANNNalaasy uisvuiavssmlansy aunsontlden

TUNIT 3.36

(- O 530

1NAUATS 3.30 WAUNAAWAT a 1519zFUnA lANMsiummasvesmlaasy

o ’ 2 (] o o ar [ .
¢ 1Rnniladduves E[lX (f )I ] daumasvesalansuiugis Time-averaged w1ldnn
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2 L-d e o D'I 2 s o o [

lx (/) uazAdsvssaaafuludraemidnn X ()] mswsdwssanlaaindrds
o < aa dy c; o dy (] n’: A 2 o 1 v

vosdaanaudosiAamounnavuluwmdugfe |Y f )| HAZNTIANYUUBUNBUANY

wilfaums 3.36 ovansodouldfaauns 3.37

A 2 2 l2 2 . .
x| =] + W] -] X OV XN ) 69
' Cross products
) Noiscv:rialions ]
) 2 2
Taon lN( N =INO| | dhumeuvessnisulsiuvesdygiusuniu (Noise variations)

X (HN)+ XN (f) dhumenvesms cross products

2 2
}zEUX( 3 } (3.38)

g 1 U a 1 o o o o
vinaums 3.38 sziuldn Aundvvesmisyszmnumueimasvesdaanudivue

E[lﬁr(ﬁ

@ @

T o W o 4 {1 o o .
LIIWAINVAAIUDIAYNYIN  noise-free mxﬂuﬁmmmmmmnammm non-stationary
wwRnfuduancuioaya TugisFivaiznde short-time spectrum o Ao LAYy

i g ' P Py | M) 4
sgwinamaofannimihwnlszgaa 18 Taeia lumsmasielimsiafionvesdyginuas

» 1
U'lﬂuﬂﬂ'lil‘fl’ﬁ% ﬁ’ﬁﬁ’u’L'{'lﬂJ’liﬂﬂﬁ'U']U'lfr;l’ﬁnJﬁilﬂ'IS 3.38 m‘nnm’:mué”s

3.4.2 ‘umm!aamsﬁ’né’nmamﬂm%’u

navesmsindnemiansy aunsofiuan ldanaums (3.39)
()=l (s )HN (f )l (3.39)

Tnufi lN (f )| fio vuravesmlansuvosdyausunaulug9 Time -averaged
el [k (|-l ())-£[F (AT

- EBX (f)+N (7] —E[W(T)[] (3.40)
=E[Jx(1)]
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nisdndvvesdyanuiildlasevunan ldinsutumavesdyanaifamounds
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Mims nawdresud Uy Tanmasnat

343 dAnsesmsrndiannmlaniy
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(-
=H(/r (NN

x(f)

(3.41)

4 - J S v &
laoh H(f) fie anudesvdusvesninsesindrsvesmidaasuduianin

auNg 3.42
V()
H(f)=1- ot
o
=V )
(N

lumsvndremsanlansudinses H(f) fis #0389 Zero phase iazlivuiasening
¥ 0> H(f)>1

344 mmﬁmﬁﬂu"lumsﬂszmawa

o

L4 'Q /Q o s
Tgnmannifalidinmsdndnumdaniy fe msidszuanavesdaaasuniu

v v

o

fliduFudy (non-linear) c?ammguﬁﬂmﬂmsusuﬂemmmﬂﬂﬂé"mmmﬂgmows‘umu
Fuies mnaums 337 51ee idrwesmnavesanasusded sy Susiaunse
w1 lden msdszuamdyanasuniu viedmdwesdyausuniu fie (1) msulsdu
vosmnafuiidivesdggavessuniuausodssnuninaunie, @) dugiuiae
dyausuniueglumenyes Cross Product , (1) M3 mapping 801 WiThuFuduveins

dszinumanlnasy 912Ap90gA1nI1A1 threshold
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wWwirvtudygrasuniuluiimeuvesainaiuamanaziideluitnsvndas
nualaasy nndeyavesdygnusuniu 3 gy euu dudsznoudiiguesdyniusy
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AUAIRATULDEY 1Hp99InA198Y M5 mapping Uy liithuFudubuaunielinnisouing
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o o a o o J 1o o @
Haduiaodimsvindemealansy  Jusgiuanuamnsalunmsiiadysiusuniuves
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sUNUNANANeY 2 ANyl Ao
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) sUeudusomselisziugegaludayg spectra
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Distortion in the form of a Distortions in the form of
sharp trough in signal spectra.  Isolated “musical” noise.
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i - N4 4 a & . A
gﬂﬁ 3.14 anuRAREuNo19zfavu ldnnssurumsindaneaansy

TuuSnuseuq vesdyanaunnudnluunags sslidgausuniuihidifasemie
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szaanldhdwszasunnudeglusedud Jumsfndufuvesdymisudelaedsvnd s
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nUansy (spectral subtraction) Waawin lddwnTemueilFlumsdadunanimues

S

s @ y o d ° & o a Y
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Noise-free signal space Noisy signal space After subtraction of

A fh A fh ‘ fh the noise mean

™ fi 2 fi

Noise induced
change in the mean
A:i Py dy :; a ‘g 9 o 9 o
gﬂ‘n 3.15 mmwmwaumwwmﬂw"lﬂmﬂﬂszmumsnﬂmamqfmlfmsn 11‘!21]‘1]141?!
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o P 2 4 '
AITNUVDINTUITUABNT YNIUTUNIU e lug i 3.15 (1) 9zlmsnuuIuTI9 mean 1az
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Foyausuniui lawseviald daumsmuinlugie mean vorvnaailansy swwamnsn
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vin lddaeaEmsvindremeanlandy 3UR 315 (A) uaawwavesFuIUITUNIMYBIITMS
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wudulurnmsudsivvosmilaniudyaia vdsnndumsindem SNR  selinnion
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wnsunatoduay vinamuaasldiiudensniznedivess SVNR fidvesdaga
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3.4.6 MyaadyanaTUNIUIDL]HY
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dygnausunuiduradninnmaindunanaady disenmdyanusuniu
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. . A J Y 4 N & d‘ 1]
white noise maﬁmuﬂmmﬁu nsaugasmulsiuvesadansundunszUUMS DFT

anlaasy Taoll N(F) Wudaana ddeaums 3.43
VAR[NC | = PN = o 643

fe1 K Wudulsdaszez ldauns

K

] & 2 1
VAR| —S'IN. ~— P2 ~—ot 3.44
K;' :(f)l X v () Ko'n (3.44)

) ¥
114’Jﬁﬂ‘l§ﬁﬂ5"l\m‘mﬂ’lﬂﬂﬂ§'n (spectral subtraction) AUUVIULTUINHANDU (noisy
signal) w30 luaumsfie y(m) wwgauduilungulasaquas N daetn dyanausnzngu
o o o o e.’: o o ¥
spnnsudesy dau DFT e lddyenauily Y(/) wdsniumdaasuildzegluzdves
a a aa 9/ 4 o A o dy Va ]
WA nFUoNNNDLaZIMIADILA unudae Y(£,1) Faauls ¢ Avaidvesnguiigaus uaz
Iunuiidveanandas dyana Y(f,1) sansofnsan Idisu@edf band-pass ¥03909 f
A 4 ‘!' N o @ '
Fulsznoudamnaidonlilifosy (tme-varying) vosduana X(f,1) wafuduos
A a 1 aa 4 a2 Y o o o o
UMY N(f,1) NIAAINAISIIUABY 'cn'u'Jﬁms14u»‘1w‘lwmsnaﬂﬁmijmmﬂmuﬂsNu
o ° ] 3 ] o [ P 4 a o
Afe MINVUIAYDUARBTANUANIAIU low-pass filter HI08NTONTUINA NS Tou1Ad

qUNI3 3.45

|YLP(f3t)l:p|YLP(f’t_l)|+(l—p)ly(fﬁt)l (3.45)
Tao LP unusmadwivesdaya s low-pass filer tasmdulsednt o fudaniugu

9 a a
wounAs laslinannehi

3.4.7 MInsesdyanannaNey
Fygradvayanazidosauns 929n1Suuaalusia non-stationary 1azezll lifetime
3 ) } 4 l
wWasuldises q szarduldivegiuaruduvesmlaniufigniiuuds Tasyund time
varying vesdganaudvaiiedazoioneadeyn anuidn uazqunmvsudoeonut uada
— 5y g .. .. & : ; H 1
51 11idoan137AD misical tone noise MIUHANISVDS spectral subtraction Tuge time-varying
3 U g a 4 ’ ' ' [ ar P
Arwriuesedns IshmuezlinTsaminouansinnuunnd1esenin. dnyazvesdygandos

. . o . . 4 ao a ' é’ < o
(audio signal) 1) musical noise Fallanusizhuana1siionnszuansldimudau w?amwzgﬂ
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y3aven lUtaluuediy msuaasdiived musical noise 19919714 Iugenwaou i lumey
YDINNUIULIAT ANUULHANUDY musical noise Nnvzlinymduwusiuduana narrow

1 H 4 ' a ]
band ¥120u¢ Nusnnguesni lavlinsusuasy uazlueudgavuiabn

- A Speciral magnitude .
T ' Threshold level

0 e e 2 4 e o e e D e s o s 2P 0 e T Ao B N

l““ 1

lJ\/J\/J VAN, xx!: Tir;
X . Deleted
v : Survive

53 o ' = o a 4
MslY DFT lagvinaussudenfie 128 f79019 Hdas1susulds (sampling) #
< 1= ' ' o ' P
20 kHz lumsnaaesazifiuindl musical noise 1vioondn 3 sy dvedialugifl 3.16 uaas

v EY v
8995 mM3N92195182 1Al u musical noise TaoluuAaz o9 DFT 9531015059900U%09A 100

S

. . d 3 v H Q’Il v s
Lﬁu short-lived ﬁﬂﬂﬁﬂﬂigﬂ'ﬁ)'ﬂﬂ?'ﬁl lli3031361ﬁuﬂ'}']‘If'Nl'Jﬁ']ﬁLﬁfJﬂﬂﬁQﬂﬂu Uazy

]
o =t ' o 1

a g vy (Y 1a o P da wa
ueulagaNidnndinT threshold itz Witidyanuiegdniu wiehdygnusnhlauauta

UG

danarauiludyanasuniu tozgnduwy

34.8 msvndamsmaaduuliiusadu
msl5Emindrmeanlaafuluglvesledufugin feaunis 330 eweeld
aunmuazdeyavesdyana hifuhiinas wu lugduesnsdnduievesdysnu audio, ms
fidyanes musical noise Miumumglinaunmiluneivandounzmsisnveudoama e
1¥nsrndrane aulaafunuumdnezildinadennuuiudrlunsidr Tumsidvesd
Wmu‘i%iumsﬁmammﬁuﬁﬂﬁ"’lé’uﬁqmsﬂszmmmmﬂﬂﬁmmf’fﬂgﬂpmsumu (noise
spectrum) mimfhm?;uz‘fq;qnmﬁﬁmﬁ‘ﬂu (noise signal spectrum) UREMINIVATYYINTY
nu dmsuizmadednvemnlaafunuy lidudadu AduisidudssTomitums
Uszamar SNR Lﬁﬂﬁﬂﬁ'ﬁ'ﬂujmumﬁﬂmmwﬁi‘j’u Tavaumsszaylugduuy over-subtraction

AITUNT 3.46
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5{(f>‘=|Y(f)|—|N(f)|

= X(N|+NUO| =N (3.46)
=[X(N|+Vu ()

Tavsin Vy(f) A9A1 Zero-mean fiasnnisusuasuvemansuvesdy gy o
3UNIU (noise spectrum)

Arondnmsiinsasenundim V,(f) fadnh duae X(f) ud ot
p19szAnsan ldiufams gaydovesdyniasuniy udnuaiziife over-subtraction #9673
mstsznamluGaunn bifuSedy wadninldde Sduanasuniudesas uazas

o

wndenmealaasuuuy idud adu e1eesing ldduauns 3.47

)A{(f)’=IY(f)I—a(SNR(f))IN(f)INL (47

] v ¥
Taufi  a(SNR(f)) fie fi1SNR Huegfiuunnmesvesiimsvind

A 1

IN(),, He anlszinavesaiaasussdaanasunaunuy idwFadu

aszuIumsveemstssnanimaasussnanfoune luldnsdszanaauivay

>

1Aderunts 3.48

5r<f>| 7 l)?(f) Aprn)
I BY(f )I otherwise

%(f)]=

] 4:'3 1@ o a a
A1 SNR Muegiuudminesveeiinmsindrs snaunis 3.47 midvineums 3.49

sd ([N ()

SNR =1 ~
a(SNRD) =15

(3.49)



63

winaumsilandu sd(IN( f)l) fosufeuuiinasguvesdygusuniuiaaud

S dm3 white noise A1 sd ( 'N (f )I) =, Tauhn o2 AeaunlsAuvesdyanusuniu

n

v L4 Y o
TIUNTUNANVOIAUNIT 3.49 11!21]“‘U1Jﬂ1“’d1lﬂ15 3.47 ﬂxvlﬂﬂx‘lﬁﬂﬂ'ﬁ 3.50

v AV |
XN =Y(NH-|1 N .
(f )’ Y (N)|-11+ INGT) INOH) (3.50)

' o as J to 1 'Y
‘I‘NfﬁJﬂ'ﬁ 3.50 %ZWU'JTLL‘Nﬂlﬂi’)iﬂlf]@ﬂ'ﬁﬂﬂé"lﬂﬂz‘\luﬂgﬂﬂﬂ'l mean pazanuls YD

o [

1 a g =4 A
Soanasuni Funaldiinmsiiuliuues over-subtracted AABANTIUVUNIATIIUYDI

s adg - ¥ 9 slcay [ U A 1 P 1 o
Fonusuniu Imsnduni1dl dhauludhiesianniessn mgeganiisvessiusiu

Qs a0 o ° a o 5 <&
vosdgyrusunluiinivualdifugud seiififadygin Sine wave ufie

a(SNR(f))=1 uazdmiumgegauesdayanasunIaunuy whit noise a(SNR(f))=2

o

L o 79 9 o L o Yo = (P St
Fadmiumsiszynaladumsindimeaansulumsiiudoma swnuhmudameing
a - o 9 A -
nganinezldne 1 uaz 2

T3 maindrameaaasuiuy liithudaduues Lockwood tiaz Boudy w14

danseanmsindunmiansunv lden

T (Of NG| e
(el

H(f)=

(3.51)

[

bt
o o 1 o LY
ll'ﬁZWQﬂﬁuﬂ'ﬁﬂiz}ﬂmﬂT‘Uﬂﬂfﬂ‘ljﬂﬂill YYIUIVNIUUU Lockwood (182 Boudy 1%

T uguUaRIaUnIs 3.52

IN(f)|2~L=<p( max_(INOOP ). SNR(IVINC f)|2) (3.52)

over M frames

1 o . Y] o o v o

alszinavesmyansudesdaanasuniu As Handuvesmgegavesailaniuves
g d‘ ) 1 . - é
dyanusunuidunn M sy uaz SNR (Signal -to-noise ratio) FIAUMIVDI O(7)

wuv Tudhugadutiuldaeauns 3.53
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NI
(D(ove,%af’fm(w f )F)’SNR(f )) B M?%;E/IR( ) | ) (353

Taws ¥ fie Aulshesauuueinauns 3.53 wuduiiear SNR asasi ldnadng
ar 1 ' a o 1 2 S
vosiaszinmi () wwylidududuiidudlnde max(]N( f)|) uazlioan SNR

a 3 o & ' o o o . 1w
iwudunadniszaud lndguddmsy over-subtraction ArdyanusunIulavlsyumezgn

b4
o

o o 9 . . 9/ da Ao o o
Hanu iy over-estimation TnoldHenFunTivasfagedl

[N(f)|25(D( max (N[ ), SNR(), N(f)|2)s3|N(f)|2 (3.54)

over M frames

o = L4 o4 d‘ 4 o Q 1 { A =
AIns0ealtMsindmemaasuiniiqagniinaegn H(f) = 8 Filavind

<1 o

Fadrtacreezld  £20.01 Taegii 3.17 uaadd¥iiiudwansznuvesnisindianie

@ ] a b @ A Y o P
anlanSuuuy lidhigudu wezmsdnduAuvesalnasuvesdyaauivaya

Q)] @)

™ ©

311317 wansgnuvesnsindeneanlasfuyiduiadn ) dugraudoama
» L d
Auuuy () dyanaudosyaiifiaiiou 12dB (1) msvindrameaaasunuy

WHuFudu @) mandememaasunyy TiifhuFadudao smoothing
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4.1.1 NuaavesmsUSudyanasuniu

o

o
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Tumamsﬂiumyqlnmmﬂ’mu maawm‘wa‘lmimi‘lnmma’iyqnmmmmwaﬂ

vzl 1dnsuadansiiunsdiiadyainsuniuveusiiguamuinisuiiola

v o

dauves lumanisilSudyapusuniusyluiiwesnsms sudoyn  Aswhmsdiadya o

o

] 1Y o A o [ A a
FUNIU TN NARYAllAOT U NeIn 11aNNA A dyanauniufannkas Yo dyIn

aosdanunTudhdloiu muaums 4.1
(k) = s(k)+n(k) @.1)

Taoh  s(k) AedamnandosAunyy

4
o

= da o
DUYYIVTUINANNAINIU

- Qs

fadey
n(k) fsdynnmusuniu
x(k) fody

9 <1 7
aums 4.1 diedumsuasyis sinswdveiues IRaums 4.2

X () = S(e*)+ N(&™) (42)
Tag
x(k) <> X(e’”)
X&) =S x(kyero* (4.3)
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1 .
x(k)=— | X(e*)*dow
()= [ Xy
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412 msaulaideya

Faygnudveiidumsulaseuosniufinea wgnuiiasug agz 256 g9
Taodaygnanziinsden (overlap) iy 128 ga wadnia IRz Bludwes udausas
nirlesvzgmiriguiy Hamming window §9M3 Hamming window # Hudnwnoues

Hanning window =§\1§§,ﬂxmuﬁ'saums 44
27
h(n)=a+(1.0—a)cos K——ﬁ) n] (4.4)

TUNT 4.4 i)3ﬁﬂﬂﬂ%ﬂﬁﬁ’ﬁﬁtﬂﬂﬂgﬂﬂlﬂﬂﬂUﬂﬁ 4.5

_' (1.0-a) 2z 2z
H(6?)—czD(a))+——2 [D(a) N)+D(a>+N)] 4.5)

Taof1 o fomilseunal 0.54 A9TUISIVSAINNTOUNUAT LA ASTUNS 4.6
2
H(0)=0.54+0.46¢os W— n (4.6)

4.1.3 msdszanamayeInsunId
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o _ o St o 9 [ ° b4 o 9
msddadagiasuaiu Tagismsinanemnlaai s 14 Taonsvindie
Ry

(7

(.3

alansuvesdey

<

[] 14
JusUAIuBeneIn  ditaasuvesduanoufesiiaion  Taosainse
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ABSTRACT

An enhancement of speech signal algorithm is
presented for reducing the spectral effects of
acoustically added noise in speech. The spectral
subtraction technique is used to remove noise
components from noisy speech in order to improve
the signal to noise ratio of the signal. Suppression
stationary noise from speech by subtracting the noise
spectrum is obtained from the signal measured during
non-speech activity while the phase of noisy speech
was kept. Performance assessment based on the time
waveform and spectrogram plots, objective measures
and informal subjective listening tests all indicate that
our method gives consistently good results.

1. INTRODUCTION

Degradation of the quality of speech caused by the
acoustic background noise is common in most of
speech processing applications such as mobile
communication. One way to reduce this problem is
removing noise components from the noisy speech.
Speech enhancement has been widely studying since
the past because it is an important issue in the field of
speech research [1]. The spectral subtraction
technique [2] is used to remove noise components
from noisy speech in order to improve the signal to
noise ratio of the signal.

In this paper, we discuss some developments in
speech enhancement. Our focus is on suppression
noise from speech signal. We start by reviewing, in
the first section, the spectral subtraction technique.
This section includes noise model, windowing data,
spectral subtraction estimator, noise estimator; half-
wave rectification and system block diagram.
Experimental results are provided in the second
section. A conclusion is given in the last section.

2. SPECTRAL SUBTRACTION TECHNIQUE

The proposed speech enhancement is show in Figure
1, and is summarized as follows.

- Input data is the noisy speech signal.

- Data are segmented and windowed that if
a sequence is separated into half-overlapped
data buffers and each buffer is multiplied by
Hamming window.

- Compute the discrete Fourier transform and
keep the phase information of noisy speech.
Since real data are being transformed, two data
windows can be transformed using one FFT.
The FFT size is set equal to the window size of
256. Augmentation with zero was not
incorporated.

[ Noisy speech ]

A 4
[ Hamming Window ]

F FFT ]

A
[ Noise estimator ]

y A
Spectral Subtraction

$em= [\r(, ")“ﬂ(‘ 1-)] )

A 4
[ Half-Wave rectification ]

<
w
y

[ n:rr ]

A

r Output Speech ]

Figure 1 Block diagram of the spectral subtraction’
method.




- Compute the noisy speech magnitude, the
averaging of noise magnitude and the noise
estimator. :

- Spectral subtraction analysis.

- Half-wave rectification analysis and additive by
phase of noisy speech.

- Compute the inverse discrete Fourier transform.

This section describes the theory of enhancement
system. The details include noise model, windowing
data, spectral subtraction estimator, noise estimator
and half-wave rectification.

2.1 Noise model

Additive noise model is an ingredient of an algorithm.
Assume that a noise signal has been added to a speech
signal, with their sum is the noisy speech:

x(k) = s(k)+ n(k)
where s(k) is an origi;lal clean speech signal, n(k) is a
noise signal, and x(k) is a noisy speech.

Taking the Fourier transform gives
X(e/®)=S(’?)+ N(e/?)
where  x(k) & X(e/?),

L-1
X(?)=Y x(k)eI*
k=0

and  x(k)=—— [’ X(eI®)/ P dgp
2~

2.2 Windowing data

The speech signal from the A-D converter is
segmented and windowed such that in the absence of
spectral modifications, if the speech segments are
added together, the resulting overall system reduces
to an identity. The data are segmented and windowed
using the result that if a sequence is separated .into
half-overlapped data buffers and each buffer is
multiplied by Hamming window. ’

The Hamming window is an extension of Hann

window [3] in the sense that it is a raise cosine
window of the form

hn)y=a+(1.0-a) cos[(%%)n]
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with a corresponding spectrum of the form

H(0) = aD(w) + 4.0-a) '0; @) [D(a) - 27”] + D((o + 2—]::-)]

The parameter « permits the optimization of the
destructive sidelobe cancellation mentioned in the
description of the Hann window. In particular, when
a is adjusted to 25/46 (0.543478261...), the first
sidelobe is canceled. The common approximation to

this value of a is 0.54, for which the window is called
the Hamming window and is of the form

H(6)=0.54+0.46 cos[(%}n]

2.3 Spectral subtraction estimator

The spectral subtraction filter H (ej 2y is calculated
by replacing the noise spectrum N (ej ®) with spectra
which can be readily measured [4]. The magnitude
‘ N(e/? )l of N(e/?) is replaced by its average value
u(e/®) taken during non-speech activity, and the
phase 8y (e/?) of N(e/®) is replaced by the phase
Oy (€’®) of X(e/”). These substitutions result in

the spectral subtraction estimator S(e/?):
Se/) =[P (e - e e
85(e?®)= HE')X(e’?)

_He?)

where H(e/?)=1 -
e’

and  p(!?)= E{|N(ef‘”)| }

2.4 Noise estimator

The noise-suppressed estimator is obtained by
subtracting an estimate of the noise spectrum from the
noisy speech spectrum. The background noise
environment remains locally stationary to the degree

:



that the noise spectrum is obtained from the signal
measured during non-speech activity:

. 1 A=) .
ey =~ glxi Cao

where u(e/?) is an averaging of noise magnitude,

X; (e/?) is a'noisy speech, and N is the number of
data in the first frame.

In stationary state, there exists enough time (about
300 ms) to estimating a background noise spectral
magnitude and we choose the first frame of data

(256 points).

2.5 Half-wave Rectification

For each frequency @ where the noisy signal
spectrum magnitude X (e/?) is less than the average
noise spectrum magnitude z(e/?), the output is set
to-zero. This modification can be simply implemented
by half-wave rectifying H(e/®). The estimator then
becomes:

S(e/®) = Hp(e!®)X (e/?)

where

o HEOYElHE™)

Hp(e!?)= ]
r(E™) :

The spectral subtraction spectral estimate S -is

_obtained subtracting the noise magnitude u from

noisy speech magnitude || :

|§(k)| =X (k)| - k=0,1, .., L
or

S(k) = H(k)- X (k),

H(ky =14 k=0,1,.., L1

X

where L is discrete Fourier transform buffer length.

After subtracting, the difference values S having
negative magnitudes are set to zero.
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3. EXPERIMENTAL RESULTS

The proposed speech enhancement algorithm has
been tested on the spoken English passages “M-I-T”.
The speech signals corrupted by additive white
Gaussian noise with various global signal to noise
ratio from 0 dB to 20 dB. Speech signal has the 8 kHz
sampling rate. A window length of 256 points shifted
in steps of 128 points was used. The discrete Fourier
transform of each data window is taken while the
phase of data was kept and the magnitude is
computed. The suppression stationary noise from
noisy speech by subtracting the noise spectrum is
obtained from the signal measured during non-speech
activity. The result from subtracting is less than the
average noise spectrum magnitude, the output is set to
zero (half-wave rectification).

Table 1 Comparison of signal to noise ratio.

Signal to noise ratio (dB)
Noisy speech Enhanced
20.00 21.74
15.00 19.69
10.00 16.32
5.00 11.26
0.00 0.20

The phase of data is combined in this section. We
compute the inverse discrete Fourier transform of
each data window. Experimental result is measured
by the signal to noise ratio of the signal and showed
in Table 1.

Figure 2 shows the waveform of clean speech “M-I-
T”. The noisy speech of 10 dB SNR and the enhanced
speech signal. We can be seen that the enhance
speech signal (c) becomes very close to the original
clean speech (a). Likewise Figure 3 shows the
spectrogram of speech in the same sentence. The
most popular representation of this type is the sound
spectrogram [5] in which a three-dimensional
representation of the speech intensity, in different
frequency bands, over time is portrayed. From this
figure, the enhanced speech signal (c) is similar to the
original clean speech (a).
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(a

(c

Figure 2 Time waveform of English speech “M-I-T".
(a) Original clean speech. (b) Noisy speech
SNR 10 dB. (c) Enhanced speech

4. CONCLUSION

This paper proposed the speech enhancement
algorithm using spectral subtraction technique.
Results presented for additive stationary white
Gaussian noise show the algorithm to be effective.
The experimental results show that the suggested
method gives the improvement in -signal to noise
ratio. The algorithm is potentially extendible to non-
stationary noise and this will be the subject of future
investigations. Considering the simplicity of the
proposed algorithm, the results hzve proven to be
very promising.
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