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ABSTRACT

This thesis proposes an adaptive algorithm of a second-order adaptive IIR notch filter
with constrained poles and zeros for sinusoidal interference suppression. The proposed adaptive
algorithm is the unbiased algorithm based on plain gradient by appending a function in order to
remove a dominant parameter that produces inherent bias in the coefficient of the filter. By usiﬂg
this technique, the inherent bias will be eliminated with slight increase in computational
complexity. To confirm the proposed technique, theoretical analysis by using local linearization
for deriving steady state and transient state behaviors are presented in compact form. The
theoretical and simulation results are compared to corroborate the effectiveness of the proposed
algorithm that it is the unbiased adaptive algorithm. Moreover, this thesis presents the
performance of the proposed algorithm compared with those of the plain gradient (PG) and
modified plain gradient (MPG) algorithms under the same condition of the simulations. These
simulation results are found that the proposed algorithm provides the performance better than
those of the PG and MPG algorithms for all simulation cases. Finally, this thesis proposes applied
concepts of howling elimination in amplifier system and 50 Hz power-line interference
elimination in electrocardiogram (ECG) signal. These simulation results are shown that the
adaptive IIR notch filter with the proposed adaptive algorithm provides good performance, and it

can suppress the sinusoidal interferences.
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S

LY af Q2 A A v af . 2 g o as 4 N
VDIDRNDINY PG WNYDITONA100NDINY MPG (modified PG) gailusanoinun AIINTITY



1 Qs = QJ ] ) < s [ o. 1 a a
mﬂuﬂixﬁmqaﬂ'nua:mmmmucffauiumimmmmmmaﬂaiﬁn PG NPG (tag LMP

o

o @ 11 ] [~ [y as - [y 1 = LYY a g [ :: =2
fMuaANYy Llﬂﬂﬂ'l\illiﬂﬂ'lll MPG Lﬂili’)ﬁﬂﬂiﬂﬂ'ﬂﬂﬂ']‘l‘ljﬂﬁl‘ﬁulﬂEJ'Jﬂ‘U_ﬂﬁﬂE)'i‘ﬂﬂJ PG A3UUDY

v v W LY

MauunfadmiuitedtaienadanaTnuUSUA7 IR-ANF dudvaeny Tnatasd s

mlvrnnat ludauazlisnsinsgiusudanes iy MPG

[ d
1.2 anaajsrnauaz Tngilszasaveanmsfinm

o ¢ A

v
Ineriinusiiyayavuienaz Saglszasdiefny1iTeWaidanss il Suda

q Q

4

o' [ v @ Y] - v W = d' dq 9
'Nﬂﬁ'ﬂﬁ'ﬂ\‘l‘N'EW]‘Iful@Il't)?)'lﬁll‘l]‘l]"]_]i‘uﬂ’Jﬂuﬂ'UﬁiN'Vl‘IJQﬂ'l_lT‘WﬁLLﬁx“ﬁIiLW@ﬂTiﬂi$Qﬂﬂ1‘Hi1u

) @ @ o 4 @ = i o o 1 4
dmfuseiudyanaunsnaeauuy laywsesn Tnsdanasiuiminauoiinusguunugiums

o L " v

Uszanasunndouduuudiouazlasiaa ludaiiedanes il Fudrsugaudiganiug

U

UCY LY ar a { ] Qs T Q- a QJ s LY a
agdudl vaiAriusaneTnumiauslidnsimsgduilsz@nimiloufudanasnu MPG
= A a a{ a e
1.3 ngunseuIfanlilunsise
A a a s A o / a = 9 t A o 9
(lesnindanesiu MPG N uaueluunanui [19] idewuisesnnugugouluns

[P=-7)

- o o as "o a pron ¥ a @ ! o
Auaiuazlidnsmsgmdulsz@nvesnseinseeiia ualidedosisouant ludaiufy
= § o a v o 1 | UK o o a =3
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wannsiaui l) ludaudie q vesrsesnses uennimiuldnandguuumsldnuves
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199570V UAIGNEUTAN 9 FIIZUBNEITIHAIDIARIY

2.1 Tassaiasesnseaunulsud
1 v
2993059 9uu vl UM AU UURUFIUATINENN15UB I IUBS (Wiener) T
Tassad1ana ldszneudie 2 dau'ldun drulnseadianmsnseendud (filtering structure)

1 as a LY . . = [ d‘
wazauoanes NuSUA (adaptive algorithm) FauaasAagli 2.1 (21, 22]

/

Input signal Filtering Output signal
S — =
structure
[ Updated coefficient
Adaptive
algorithm

1 2.1 Taseadnatasnso sl iud,

dmTassadunisnseseneziidnuns Inssad1efilinans uauesduiadussszuuuy
$1fiA (finite impulse response ¥50 FIR) H3onanovausaduiaduyy 114109 (infinite impulse
response H38 [IR) Famdriamisaaiieldiwdaolnssargiuuy Tnsasafaudasnugyld
2.2 uazgUf 2.3 Ay nieenazadiedas Taserduinafisdaglil 2.4
U7 2.2 fursesnsesgtunyTasasalnseadeaana (transversal structure) i
AUAU N— 1 (N — 1 order) w?amqm"ngm’%aﬂinwsnimﬁaﬂiﬁmmudmwﬂ (tapped delay
filter) [21] FaTasaadramsnsosfiafrcludnunsive nanouauesduiadiuuenlootd
ﬁ'\i‘lfudiluﬁlﬁaﬁ\igﬂL?EJﬂ'i1’JdiliﬂiﬂdLﬂv\ll1661§ wazanJda NI AR TUITUAITHNAA I

(different equation) ﬁmwﬁvgm‘lﬁ'ﬁmumiﬁ 2.1
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N-1
y(n) = Y a(m)x(n—i) 2.1)
i=0

=1

[ =Y o o 3 a Q/
VAT x(n) y(n) 14A2 aln) Aodyanudunn dyyIueIAnea tazdulseaniueeiens
[} o
ATOIATNEINY VaIZTi 1 ABAYHIIA1 (discrete time index) Ay N MN18D9s1uIUdulseaNnE
5 o T @ a QJ [ o
Fanngunisozitiv i@ ndutlse anfue viaesnisalsaiaunal Tunu1e991995nT0UDY

v o o $ 1 a o o v
Yfudutluszovivdsmaunal Srausdlvdyanalussuuiunszuiunsgy (random

ISRl =%

process) NAAINIADAN (stationary - statistic) AA12A® - ALaRsuazAIANLWlTUTIUYBS

[ =] t a g a ' w oA = o 1w @ w
atytymtﬂummwLmztﬂuaﬁszﬂawunm n YUSIAINUADAT VU AUWUT (autocorrelation)
¥

(Y ] . 1 3 [ [y = 14 [ aa e v o
w"ﬁuaﬂnuwamamqnmmmu mmmzuuw"luuﬂmaﬂymzmmnmanmnzn]u
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a a w =~ = 1
(optimum) uadaSeensaauualiawsnseddidnyasduszuui lulsananarld 20, 22]

L7 3 d‘ a & ] o
FUiNINEUNITA (2.1) Teenunsaiasemlandun1e Tou (transfer function) 1Aty

N-
H(z) = ‘:aiz”i 2.2)
i=0
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Wuesnsesle learsglunuTaonswuuiinils (direct form 1) Fauaasaumsnadian

1A I eaunsh (2.3)

x(n) ()

x(n)

+ y(n{

) ()

51 2.3 20vsnsesleleers InssadwgnuuTagnsa

U

N-1 N-1
y(n) = Y a(n)x(n—i)— Y. b(n)y(n—i) (2.3)
i=0 iy,

1ng# 2.3 @) Wuaasnseslelesszluunlasaswuuiaes (direct form II) Faaunsa

HAAIFEUMTHAA1IvoIT UL I

N-1 :
y(n) = Y a(mu(n—i) (2.4)
i=0
Las

u(n) = x(n)— Nz_:lb,. (Du(n—1i) (2.5)
=

= 9 3 - v 9 i v w v 3 ] g o o 1
ﬂ\il&il'l'l')\‘i‘ﬂiﬂiﬂ\'ﬁ’Nﬂ@\ﬁJﬁﬂHﬂ!gTﬂiﬂﬁiNﬂuGlﬂﬂNﬂ'Ll lLﬂVl\iﬂENﬂ'Nﬂll‘W\‘]ﬂ‘lf‘Nﬂ"lUIﬂu

=] Y 1 =)
MUBUNUNRNTIND

H(z) = —=0 (2.6)
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P 4 o a
71l 2.4 (n) waz gl 2.4 () dlulassadunsnsewvued leorsuania uazlole
s a @ o o & = o Yy &gy a o
p1suanfwmames AudIny 399nin 2.4 (n) Wulassad it vaneuaueduiaduuy
d 9 9/ a v ow ' (=] @ o
wloe1d aelulszasudloyalnssadrunuaniydudy 1 udazyaneFeanuiuIu

4
Mya Tavaunsouaasnuduiusvedazsya 18l [22, 23]

£ = f(m) kg -1 diei=1,2,.., M @)
g = k() fi_(n)+g;_(n=1) (2.8)

Tae
y(n) = fu(n) 2.9)

Has
x(n) = fo(n) = go(n) (2.10)

a s o

VAT x(n) p(n) LAz k(x) Aodaanuduye dyisueIana uasimdulszand

q (77

m3erzReu (reflection coefficient) Y942935n503A WA 1A Taedl An) AedyIMMIuIe



lafthanti (forward prediction) tag g(r) Avdayaainsviuiodounay (backward prediction)

Y0952 Hor1MIuLlad z ( transform) aumsh (2.7) uaz (2.8) Tieglugy
F(z) = F(9)+kz7'G4(2) ' @.11)
G,(2) = kF_(2)+27'G,1(2) (2.12)

A 1 Jao 1 a = .
wionvsaeg lugdandua o Touvesgauaniiyynd i 1a o

F,

A4(2) = T A (2)+kz7'Q(2) (2.13)
0/(2) = % = kA (4270, (2) (2.14)
JEE
A(z) = 1+,Zi;ajz—j o a,=1 (2.15)
=
Ia
0.(2) = Zoaf = 274(7) 2.16)
51

v o = 4 a =
MAANUAURUTVRIANNTTT (2.13) D3 (2.16) Lﬁewmmﬂﬂﬂimmﬂauwﬁ x(n) 53;@15‘1@@

a a1 [
3(n) VB43EUY e nsadinsanmilenduais Teusiuvesiasases iaiu

Y@ N
H(z) = X " 1+’Z=1:a,.z (2.17)

= o = 4 4
nauasi 2.17) wtuldiuduaumsveserleersyluuulasnsalas a, = 1 Feamnse
a ¥ o ' 1o o { VR . a
Ansamanuduiuissniemdulse@ndluaumsi 217) fuamdudszdninsazieu

a v w ~
i]'lﬂIﬂi\‘]ﬁ%INLL‘U‘ULLﬁﬂ‘VI“H ‘15%1ﬂﬂ31ﬂﬁuwuﬁﬂ1uﬁﬂﬂ1ﬁ’l (2.18)



1 o j=0
a) =1 a4 ka®P e i=12,..,M uaz j=12,..,i-1 (2.18)
ko e j=i

o/ LY

LA ad o v g A ) o
vinaunisd (2.18) i Adludlensd lurudufedriiisuduvesissnssslaseadegluuy

14
& o o

() s ] o
Tasase uadmsy i mdusadosdegyisasudulsedninisar fouunane9snso
9 o A o ddyo o W ‘ a 3/
Tassadaaniis uaz j Aedrladrdudullsz@nsvednnssnsedlaseaieguvulagass
4

o w g < o/ a a LYY R
ARy “?G%Tﬂﬁllﬂ'lii] mu"l '1 'lﬁﬁJ‘iJizﬁVl‘ﬁeUi’N'NiliﬂiﬂQEﬂLL‘U‘UTﬂﬂﬂiﬂ'ﬂuﬂ‘Uialﬂ”]

Y

4 [ E4
sAvegnumdulseansouauin i— 1 uazmﬁuﬂnﬁmmsﬁ:ﬁauqgﬂ“ﬁ I ANUUNTTATUIM

Je

mdulszansraiuanyazuuuSine & (recursive) [22, 23]

a1 2.4 () W Tnssadramsnsesiilinanenauesduiaduuyloloo1sd
Uszneudoaniain 1dus g lassadramnuaniis Sudlugafimua Tna (pole) voaszuy
wazduTaseadiuannes (adde) Fuiufatmua®ls (zero) voIsTULAWAIRNY [23]

9
v o d r a
gariuantuoe Tousrnaesssuuamnsonsanldain

M
IR
H(z) = 28 = =0 (2.19)
1+ Zbiz_i

4 2 0
Tagdunlszdns o, lunnidauannsosiraidnn

1 e j=0
BO = {60 kplD gD i=1,2,...,M uag j=12,...,i-1 (2.20)
k, o j=i
PNAUMIR (2.20) asiu ldhmsdnamdulssansidnvasduuuiine fSvmieudy

aumsh (2.18) wazdurlszans a Tunvilisyvesaunisii 2.19) mmmmmm“lﬁ'mﬂﬁumi

1f| 2.21)
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M '
ad = M+ 3D fiei=1,2,..,M 221)
i=j+1

wazj=1,2,..,i-1

v w A W LY LY o_ W s 3

& . ad Y , &4 ad ' a 4
NTAUNTT M ADDUAD I ADAYUTDUAVUDINITNTD tAT j ADAYUDIALA wilszanFuoq

WITNTBIAIYAIAU

-] L 1 Q @ s e 3 o d. o s 1 / o Q’ LY
ﬁ'l'ﬁi‘Uﬁ’JuE)aﬂﬂiﬁﬂﬂiﬂﬂ'}lf]};\‘i‘ﬂ'lﬂﬁ'l‘ﬂﬂ'lu'JiullﬂSﬂ'i‘ljﬂ'lﬂilﬂizﬁﬂﬁslﬁlﬂﬂﬁﬂu

Taseadunmisnses Tnedulngjeziigifuuuvesdanasfudeaunis [21, 22]

Newcoefficient = Old coefficient + (Step size)(Error function) (2.22)

s a a" [} Y { o uA 1 lg 4 (Y] as a a:
duilszansvesdiulnseadumsnsesiazdinsdsua iy ssduegduduilszdnsen
J o a o g i o P Y & @
iz Handuianain (error function) Taediuuiadu (step size) tiluunnmesnguduilafdy

a 4 1 :’ a [} o & 3 o o o o 1
Nﬂ‘wmmﬁamdmﬁuﬂmmmﬁqﬂ%u ﬁﬂﬂ'l‘ll“']ﬂﬂ!ﬂ%&’lﬂﬂﬂ')ﬂ'l'ﬂﬂﬂE)ﬂi'lﬂ’liij‘ (convergent

[l
r =3

1 a a s a 4 fto o
rate) MdvlszAnsdgaunmsiiga tazilanduianaasziuediudnyasvelnsaad

£ U

o Ao | oy o v )
AINTBUALANYULVDUNYN (criterion) N IdnTlulansn

2.2 stuuumislinulsesnseauudiuaa

ffsanmasnseumfudiaunsaiman ldfianzina deuiiigudnyazna
aaatauaz s Sehldsasnssanuifudagnirilszgndlfanludimes 4 18ud T
sruudems sruuAIUgL STUBTIMAes srunTesdo Iamamsuwnd uazszuuans
Sudy Fundriiannsedaniigluuumsidimuesisesnsesudiuda1@if 4 sluuy
18un uununsnuendnyelszuY (system identification) JUUVUNISHARUVBITTUL (system
inversion) fauaasA Uil 2.5 sluuuMIHuedamas (signal prediction) Hazgrluuufida

ASUNINADAVDIT QYR (interference cancellation) AAAININFUN 2.6 snudra [21, 22]

1
[ =

Qr 4 o d' o [ 9
A1SMUBNANEYDITTUUAFUN 2.5 (n) 2995nIBvzinITlTudniteln

naneUduesdNNadmilouiuvesszuuR hins1wguauia (unknown system) Tnelidayg o

v g

AanainnAMsauiussnINdyanaAyaTeInInTsIfdyRNuKanaUdUBINABINS

@ o

3 o 4 1 wa
YoaszUUFsTneuAe Ty nae1anavess U lunsuguauianInA Uy uTYAIY

Y

a 9 s a ) [~ ¢ o o a s LY
unsaaeadunluszuy dygradanaiaszgmillithunaadiviusaneTnul iy

a 4 v @ t a o @ { o
duilszAnFueeeasnsed ierwesnselfudrsulddidanaranideasuniediga
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(minimum mean square error 38 MMSE) 132 v lddulsz@nivesasesnsesgidigan
mngdiga uazaesnsessy nanouaueduiadimilousunansuaueduiadvesssuy
Tinswgued Segtuvudenaniiausaih iy o ldrarednuans I6un msdiass
¥odeyey 101 (channel modeling) MIAIAITBIAZROU (echo cancellation) TuszunInsdnsd

o
uazizuuﬂiwumﬂﬂa (teleconference) Audu

Input | Unknown

system Desired
response

d(n)

x(n) Adaptive

filter Output
¥
(M
@ Desired response  d{(n)
+
Error
Noise
: +
Unknown | + ~~X®)| Adaptive Y(”l
system At '(ﬁlter Output
(V)

H ar a Y
‘iljﬁ 2.5 gﬂxm‘umﬁ‘mmnaﬂym‘umizumm:miwﬂwumm'i::‘uu

G4

a

~ o ) o & o
319 2.5 () 1TugUuuumM IR ANYDITEUY HIAYRIUBUNAVDINITATOINUY

v o q

H
ar o I

[Y% o o [} wa
Ysudnlszneudedagnanineidyavesssuy hinswguautiadudygissuniuiunsn
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o o
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]
= o a
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ud e 1A NAv1e419InTes FeFyyraAanarad laszgniir liflunasidim iy

U v q ar
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v a

~ = Q’ 4 o/ </ Qe ~ (] ar
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D)E

]
o as s a

o a 9 Y a o da v
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q

v
< []

] wa & o [ 9 7 1
seuvlinmuguautid Fegduuunishinudnsasiigniillldaulunarednsusian
299505 UM U UL UR (adaptive  equalizer) luszuudods uaz9asanou 1gFuuLY

[T [
151" (adaptive deconvolution) luszuunaInAY Hndy
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Desired response d(n)

Error

x(n-d) ti
— - Adaptive
x(n) Input filter Output
v
W)
Noise 1
+ vi(n)
s(n) 4 d(n) = s(n) +vi(n) Output
. + R l += + —>
Signal Desired response Error
y(n) e(n)
Noise 2 f
x(n) = va(n) Adaptive
— >
Input filter
L
®

517 2.6 Jluuumsinnedy ez ivensunInaeATYY IV

Y

1% 2.6 (n) dugdunuaisinedygin Freesnsesuudiudagni T 19
¥
2 Y

] ¥ v
| dwSumsihuedygiaiinedu o narilgiiulasedodygui ldinadundi lueda
o 2 ° w w4 Y o a o w s a Y 1
NTUIUNUN TﬂEJ’Ni]iﬂ’i’éN’i]‘é,’ﬂWﬂ?iﬂiUﬂ’JLWﬂiﬂﬂﬂJﬂﬁmNﬂWﬁ'lﬂﬂWﬁ\iﬁﬂ\iﬁJﬂ'lmam‘U'IQﬂ’l

2 L o q Vo s Ao Y & o o
AR GIN'VYISI‘Hﬁﬂlﬂ]u'lﬂlL’t‘)'lﬂ‘V!Gl‘Vl‘Vl'lHWEJllﬂ‘U’EN')\‘]‘l]iﬂiﬂ\‘mﬁﬂ‘klmzﬂ']llﬂﬂﬂﬁﬂﬁ Z'IJLL‘UUﬂﬁ

Q o

¥
=1 9

wamdneaeigmii il iFauiedumsdisdadyanaiuy LPC (linear predictive coding)

U

v o

M331a09T YR 10ILFE (speech modeling) UALA1TILIVAYAIUTUAIU (noise suppression)

o

Ciludu
g 4

dsugiuuumianisunsnaena AagUi 2.6 (V) %9 s(n) dhudyanuiidonts v ()

o

o o Ao w v do aa @ w A o EY
oz v(n) Wudyanasunuilisarduiusiunieadd Tnsaesnsesesdivduieilv
@ a o] as 1 o a { . o [ P
FuauAanaia (Dudyaaierdyavesszuy) fadidideundeiiga Milddyanui

(4 = [y aa & o oo A [ LY
1D1AYAYDINIINTO () Dudnvaznaddmieutudyaiu v o laufy
@ a2 o Sld' o a '3 o A Y 1 &’
faana din) 3eihldReianevesszuvlimnizesndsznevvesdygiaiinenismuiy

sdupudananansath ldFaudumsidadyyiusuniuniudod acoustic  noise

cancellation) MIATALReIazNoulUTZVUIEYY (acoustic echo cancellation) UATTLUY

#1891 ALUVUSUAD (adaptive antenna) Hudu
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2.3 ajzu

1995050l uda lassadiena lldsznoudae 2 dauldun daulaseade

o o 1

nsNTeIRIA tazdiudanesiunlSuda dauvesTassadumsnsesanuiaunsaadadae
TasartagunyTasaswas Inssadrauuianiy Taoweaesgluuuaiutsandaldi
waneuuosBuaduuuenloofuas lolenr1d dmvinerinusioweTaseadiees
nseelelearfsunylasasepuuuiniuinnatuiludiuvesTaseadumsnsosnand
Fersnseawnudiudramsati llrzgadldanld 4 gluvuldud guuuunim
endnyelsz Iy gﬂuuumiwﬂﬁummszuu slnumsinedyyis wazgluuuivans

UNINABAVBITYRIY AINAIAY



uni 3
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unfina1nfesvazidend1e q ¥83995nTIuEAT 1o loorsunullSudiduduaeai
U =) 5 o o v a =3 4 y 1 @ J
Wasy Inauazd Isgagminnlfaudmivinninusi TasndndegluuuilnduaisTou
a {0 o
HAABUAUDIN N YU ARV AUD42995ATDY WS IABS AN UANTUAIANVDII9TNT 0

v A =t [ l:ly
Ll'ﬁzzﬂlﬂ]‘uTﬂi\iﬁi'l\‘i‘llﬂ\n\ﬁ]iﬂiﬂq PYIUTYALIDYAAIU

3.1 Hendueelou

d

o v o v W & v @ = 3y o
299505 09UenY 19 leo1fuuulSudiduduaasiteny Inanazd lsau Iaseasn

vudue Tagunanud [13] @l usuminy &) Tanvaeladduaie Tounldsuiu Inanay

= o 1w y . v & o o a vy
#15lundaen (conjugate pair) 981902 HINABE IUTL U 2 (z-plane) TABMIYVAVUNUITIAEY

9 Q J U

T & o Aaa a o da = 1 [
i1 o, FuilunrudatmeaFayuvesdyan lyywesasunaiintiteiu rad/sample [24, 25]

1 = :/I 1 tH‘Q o af o T a l:;
@o lvaFendu q Nanuddune) Awudasdnyazd e Iwalayd lsawgli 3.1

T T T T
1F LT T T~ O zero |7
P i 53 X pole
08 I > Ve | N M R
(4
o6 | Unit circle 7 | 0\ e i
' ¢ I ,.’/‘oefw}\
04T ’ / : . . \ N
/ \
§ o2r ! -8 \ 4
g I l Dy \
.g’ 0__—_| _________ IT'—— _———_’_——_
E | ~—,
- 02F ‘ I I -
\ | !
\ e
04 F - Jw, / :
0.4 \ 1 pe 0/
\ % /
06 = i
AN | Q/ i
1@,
N )
0 b N 1 Plas e 1
. ! -7
Al ~—_dl_—- ]
1 1 | 1 1
1 0.5 o 0.5 1

Real part

w o

d‘ 1 P s w
U1 3.1 dnuaizdumiaTnauasdTsvessesnsesuead o lesisuduans
Iy o o Y 1 v @ . LY a o o
gt Twauazd TagmiaduIdeglunuasali@erfunazassfuanuddygne leywoesa
a a4 @ W Y P 1 1 &
Sunavesszuy TaefldTsgniadulfeguuienauniiaonite uaz Twasgnislutanauvii

migrnngaduiiavesszuudavsses pdalivelFeniieil Ina (pole radius) [13, 24, 25]
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g a o v W 4 o ]
AMSUNTNToIUDATLLULT VA2 Twauazd Isamsoasundasdunusldlae
d' d‘ VY s d' " ga =2
wdaoudt lnfeuduluseun 2 muaruddygialaysosdduna (910 084 7 rad/sample)
AWM HIUD INauasd 1592 0NTHanaNand LA UDINMNDUDII99TAT O Nadfed 15H11H
a o H [} 1 Y] ! a 4
AMIuBATYRINaRB YA UBINVMIATIAT iR ATy e leyaroeaduna vasdi wa
o @ o da 4 o a v wooA [~/ o o o ] & a
Wluddmuatuaianvosuead lasliadail ina piludidmusduniaves Tnadaiia
' ' A o Y [ | 2 o ' Y] 9oy '
28 1u%24 0< p < 1 il p gndmualidnindnils vuedsd s Inatn 1ndd Isuazdawna
o’ g o i o 1 o o v []
Tuunalanvesueadanas vaiziidmualda pdlndgudhildmumisvesInarienn

1 a L4 § [ o 1 4
15 dawalduuudinivesuendndadiv [24, 251 vingudnyazdenadiesdunazs Ui 3.1

¥
=f

=] o 1 a < w ' ’ L TAY) Vo
veannsash hlgnsiasanmilaidudisTourasnseuoad lo loorssuduaesldde

N (- el )z —e /™)
D(z) — (z- pe’®)z—pe’®)

L= (% 4 e7/%)z et 2

T~ plel® + %)z e’z

1-2cosw,z™" + 272

= 3.1
1-2pcosm,z”" + p’z7* G.1)
Y o
a1n1rualv
a, = —2¢o0sa, (3.2)
b %
AatY
- \&=2
H(z) = l+aq,z +z (3.3)

1+pa,z' + piz?

s 0t Q/

A 4 [ Y a & 1 9/ a o
L‘N‘ENi)'lﬂ’Ni]‘iﬂii]\‘lu‘i]ﬁ‘lﬂl‘ll'ﬂ"lJi'lJﬂ'JﬂJﬂ'lﬁlJ‘lJizﬁ'ﬂ‘ﬁu‘]JiﬂTulﬂﬁ1Nﬂ313JO‘ll?)\1ﬁi!J‘ﬂJ1m

Tayaeosouna (0 < o, < 2 Jwaasaumsgluuui &l

l+az'+z7

H(z) = (3.4)

1+ ,oaz_1 + pzz_2

e Y t o ' @ W oW W
aumsi (3.4) WuguuuilsdfudreTouvesisesnsesnead lo loorsunulsudaduduaes

L

ffefu Tnauazdls Tay a fodulszdnsarla q vernesnseunlsmldeglugia—2<a<2
14

; o <
Fuegfunnuivesdyanaleyresdounanas o, Aodulsz@niauvuieiiqgaveenasnses

v o Jdo = A w a g
AMUANTUTUWUTAITUNTIN (3.2) AL z fadulsaatou
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= da  d
3.2 HAADUAHBIANNUASZUVHAIAN

NARDUEUBIANRYDI9TATELEINTaN TAd1ensunud z = ¢ W1 1 Tuf e au

aglouvesssuuieuaasauntseglugihBai (polar form) na1afie
H(e™®) = |H(ej‘”)|LH(eff”) (3.5)

1ilo IH(ef“’)l ADHANDUAUDINIVUIA (magnitude response) 1Ay ZH(e’®) ApHanauauos

. ; s, .
MU (phase response) VBINITNTOIUONG UAZINANNITN (3.4) edimsiagluuuues

aums vy
H(Z) SN\ 72 (3-6)
14 4 1 b4 3
viniuunua z = ¢ il luaunsh G.6) n¥euiedagdaunsiv fude

Jjo S [
i e’ +e +a
H('?) =

e’ + pa+p2e—j“’

2cosw+a

= 3.7)
pa+ 1+ pHcosw+ j(1- p*)sinw (
TﬂﬂWﬁﬂﬂ‘Uﬁu@QTIT\?‘IIHTﬂﬂTllgl’il'Iﬂ
|H( jo )| |2 cosw + a| (3.8)
e = .
\/(pa+ 1+ pz)cosa))2 +(1—p2)2 sin®
LaZNARDLAUBINIUNENIITYIDIN
ZH(e’) = —tan™’ (l—pz)iina) (3.9)
pa+(l+p-)cosw

[] E4 ] v
1INAUMIN (3.8) taz (3.9) Mmuald a=a = - 2cosw, A1 AT 0= o, HOADUTUBDY

" w o 1
NNUVAMNUFUY ﬂﬁ'l')ﬁf‘)



duinnomyanan nisvomndimansek ;

|H ')

=0 (3.10)

W=,

d o

d 1 a "o -
UAZWIUFIUUDIFAUNITN (3.9) Hmanszanaumnuaud Tl'lalﬁWﬂﬁﬂUﬁuﬂQ‘VlNM’(’HJEN’Nﬁi

R

d' 1 o
NIOIN w= @, NNV [25]

ZH(@EE™)  ~ J_r% (3.11)

w=0,

110317 3.2 (n) iWunsuaadiisdnvewanouaueIN1IvLIAINANMSTA (3.8) LAz

1 3.2 (v) Wuranevaussmaaninaunisi 3.9) Taosuualdaiud o, = /4

Y

c; L4 1w oA & = <
rad/sample (ANUDUDAFUDINIITNTDY) uazmsﬂuiwa p =098 “]N%"Iﬂzﬂ‘ﬂ 3.2 (D) MY
4 ' (Y 4
13 1An10R @ = @, HEADYAUBINNYMIAYDINITNTOIMDATYTZIIUMIAEUD 1AZIIN
Py ' oW & < 9 a a L=
51.'71 3.2() W‘U’ﬂN’ﬁﬁG‘U’dNENVlNW\IﬁWI']ﬂU + 7/2 rad Gmiwmu"lmmmmauamuanum:

v

APANADINUAUNITN (3.10) HazauMIsN (3.11)

Magnitude

1 4 1 1 ik 1 1 1 1

0 0ar 027 037 047 057w 067 07w 08w o9mr V4

Frequency (rad/sample)

("

057 T T T T T T T T T

Phase (rad)
o

057 1 1 1 1 1 1 1 1 1
0 0.1r 02w 03r 04rm 057 067 077w 087 09 T

Frequency (rad/sample)

(V)

d’ v W A v o =
31‘7] 3.2 Nﬁﬂﬂuauﬂ\iﬂ'lﬂ‘llu'lﬂlmztﬂﬁ’N‘\]iﬂﬁ'EN‘HﬂﬂﬂﬂllﬂﬂWi'ﬂuﬂUﬁﬂQﬂUQﬂUTWﬁ“ﬁT?

118031
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' Imaginary part
Imaginary part Unit circle
Unit circle ;
ejwz
q
€
p e/
" r
@,
@) P
o Real part
) (v)

51U 3.3 msfinsanuuuaIaidaons @i Tnad s

dmSunnndiaiueeinninseaentle lorisusudes Tavfinsaniinaneuaies
nevaveilafdunisTouasas /42 i Frauiseiinisenldiedroniserdons
SumiaTnanaz s fa30fi 3.3 (257 Fe310 3.3 (1) iWumanansd s Tnad1sTas
a3y uazgUli 3.3 () naasd il Inad Tammzansaadinuan 103§ Tseguu
naunilsnibhuiiye z uag Tnaegnulusnaunilamizeiin p vsngamidia (3a o) #2
320% pFUINADS Op waz 0z ofunSAinaziiamiaie Ty AUIANT VD aEIIY 2
SwnnuiiFay o, (Muddaae layesdduyaoiszu) wenvnia@lidunnia

yoIwad1ndnila (p— 1) aih Ik gas e uuns W l8un 90 p q ritaz z idwmiseglng
o v

o v o 4 ' — - @
NUHUIN ﬂquul%uﬁﬁ1ﬂ55"7~|\3ﬂqﬂ rilae q (INKNDT zq LAYy zr) l'ﬂukﬁu‘ﬂﬁﬂﬂUﬂUlﬁUQ\lﬂan

4 [ :Jl 1Y - { L~ g @ a !
“ﬁQﬁujﬂllagﬂ\‘]ﬂ]ﬂﬂﬂlﬁﬂlﬂﬂ; 0z ‘umzﬁnnmai or Loz oq mgunmmumaﬁ’wmmﬁ
14 t 4

a o w { { o [ 1 ) Jd o ' a
Fagy o, 1ar o, Aud1Hy nnudnidesdinanileziiilanduaisTouvesraesnseadl

nnafy 1/42 1iufie

1

‘\/—5 (3.12)

IH(e"‘" )] = lH(e”‘”)

‘Z; ‘ZE‘ (.13)

Hae

Il

Ipa = pr (3.14)
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H 4 o o o ] 4 $ t i
NAAUNMITN (3.1) dlennsaniladduats Teuvesszuunanud o, Taginua z = ¢/

(efa’l _ eja’a )(eja-’l _ e‘j‘"n )

joyy _
H(e™) = — o e
(e’ — pe’™ )(e™™ — pe™™)

(3.15)

910319 3.3 () 1ilpanind ¢/ —e/* fonnaes zr uay e/ - pe/™ Honnes pr vaizh

_jw

= 4 o
> ABIINADI 91N INadagn

o’ v 4 =

aaq 9 1 o 1 Yo 2 aq 3 4
18930 r MIndeaNNAN 19 Inasgludwvuanlnanud Tsuin i lduinaveanmesan

=

(3K a1 v A

i -7, ( a/ s 1 i
r e/~ fonnaasnnd Tsdegaudige ruazal e — pe
| ddgaiismifiniudo

|efwl _e | |efwx — pe (3.16)
v '
auluasafsanaumsa 3.15) 18 nddu
; 1 lej“" —el® IZ;
[y R el W il G.17)
2 Iej L~ pel® pr\

[]
s t

A = & a A Y Y P
HDNNNTHTUIN ALY pzr lﬂuﬁ'lulﬂaﬂill‘!uﬂ']ﬂ llﬁzlwaiﬂ‘lﬂﬂ'\aﬂﬁ']ﬁju‘ﬂ1qmu1ﬂﬂ1uﬁuﬂ1i‘ﬂ

5 = Nl A 1
3.17) FUTUVUIAVDUINADS |zr = lpzl uammgﬂ*n 3.3 () WUIVUIAUDUINADT
— ' v
lpzl =1l-p yaz@eafuodennuduius luaumsi (3.13) NUU
\zq = Izrl =1l-p (3.18)

—

T _ a [ 4 o
HAZHUIIVUIAVDUINABS loq ~ lorl ~ 1 yazerdeauduwusaInauni1sh (3.18) 34

ﬁ'lll'liﬂﬁ‘ﬂ']'im'lﬁTLLUUﬁ"SﬂVTﬂJSQ?Q"l]‘iﬂiﬂduﬁ)ﬂﬂﬂqﬂﬂ'l{é’ua‘ﬂﬁ‘ﬂ\‘illﬂgl’ﬁﬂﬁilﬂ'l‘i
BW.=w,—-a = 2(1-p) (3.19)

“ o 11w = St o ° v 1
Mnaunsh (3.19) uaadddiunmiad Ina p Wuwiniees At muadwnisvesInari

o a a 1 o fox o
NIANUUAVUISUT 2 HaguWﬁﬂ'ﬁ)ﬂ'liﬂ'lﬂuﬂu'l)uﬁ?ﬂﬁ‘llﬂxﬂﬂﬂiﬂiﬂﬂuﬂﬂ‘lﬁﬂﬂ@s{ﬁ]ﬂ



20

T 1

i 095

08 s TS
085

0.8
0.75

Magnitude
o
(=]
T

04 07 -1
0.65
0-2 - 0.6 11 'l 1 1 Il 1 1 1 -
027 0.227 0247 0267 0.2877 0.37
0 1 ) 1 1 1 1 1 1 1
0 0.1z 0.2rxr 0.37 04r 0.57 0.6 077w 0.87 097 V.4
‘Frequency (rad/sample)
(M
1 'o L i /,-IL\\ ' T T3
7~
zero BN
" Unit circle 7/ i E —- 2% :J
o5 H X poe 4 [ or F © 4 i
€ : / : \
@ \ i X i
a / ! 06 N
> l | \ i [N BN N SR
Q OF———f 4 == T TTUE UTTWE U T T
£ 1 I
g \ | /
= 05 F \\ | / 5
¢ ' 51
~ | —
Ll )
10 1 1 | ' L e
3 2 -1 0 1 2 3
Real Part

(W)

-~ @ o ' da Qw0 ' -
‘i‘lj'ﬂ 34 ﬂ'J'INﬁllWu'ﬁi&"ﬂ')']\?LLUHﬂ'Jﬂ'V]ﬂ‘UﬂWH‘HuQIWﬁ“ﬂIS

u

{ a o o ' $ a 1
JUN 3.4 (n) uazgUd 3.4 (u) WUMSTUAARIDINHAABUAUBIANIUDUAZNMTUAAIAHU
TwadTs awdnn Tasdmualdnnud o, = /4 radisample tazeseil Tna p = 0.98 ¥a9in31

{ =] 1 1 o 1 @ A 3 t o LY a 1
#134 (@) wwinldn TnasgludwmislndnudTs uagiagiiyudunuasiiea /4

rad/sample A1MFU71A 3.4 () WUIETEBIUMTBWLUAINN 19T ATOIUBAT IR 1l5Z310

0.0127 rad/sample 1130 0.038 FediA lndlReadurannsaaaumsi (3.19)

3.3 1A39951929935N909
1naunsi (3.4) awisahuignisinseneglugdauniswadiswesszun 1das

ANNITN (3.20)

e,(n) = e(n)— pa(n)e,(n—1)— p’e,(n-2) (3.20)
agy

e/(n) = x(m)+a(m)x(n—-1)+x(n—2) (3.21)
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[ o 4 { L}
1AANUTURUTVRIAUAITH (3.20) uag (3.21) avisaiwiaduiuiasnsesuond

4 v v @ W [
TeloorsuuuilfudrduduandnssadiegiiuyTaonsdsg)

511 3.5 Taseadrieesnseswend o leorfuunlfufduauaesindedu Inauazd1s

< § [ 4 5
nngdaziinldiiudnuas Tnsesaduvesitssnsesleloors suun Tnsasuuunini Tay

a 4 o

o3 a ) w o
1 x(n) uaz e (n) WudnanadunauazenAveITsUY AINEIRL e (r) ADTRANAIONANA
' ~Hq v a o o s, A o dao

g liraneuaneduiaduuuied loo1s (nIenaey Mz) vosdandumeTauaums
d‘ & a o d{ d‘ T LYY W a8 [ LY
1G.4) an) Aodulszanfvenraasnseshulsmimudayiine laslidanasnuilsud,
o Y Ao [ v 9o a o [ o t A4 o o '

Amhfidnaazlfua Idudulseans dwmsy p (Juainsfigedimuadiuniialwa

~ A o o -1 4 o a & v y £ o v a
VUSN 1 ABATULIRTIVDITSUU HAT z Aodallszianilanuoe (unit delay) FaM1riINY 5239

NAVOITYYIY 1 AIDE1Y (sample) 350 1 0

34 agl
o' o v @ @ W d o o =) =& 9 Y
1arnseuead loleorsuuulsudsuduasaiedy Tnauasdls aegainnlyly
a a o’dyd d o t 9o a I~ 1 a t &
Teniiwus e tunre TonvosszuyIdswou Tnauaz g Isilugdgnedaaznilg lag
Flsgatlsduldeguuisnaunilonize Tnasgnieluasnaunilamitsriaingaduiiaves

1 o 1 as oy QJ SO 1 1 o ©
UV z IMnU pﬂ'lﬁllﬂ'igﬁ‘ﬂ‘ﬁ‘llﬂﬁiﬂﬂiﬂiﬂﬁ (um’é)g'luma -2<a<?2) %xtﬂummwuﬂ
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mtmuwawk‘umqnmmuwu'Jﬂclm‘flummauamwanwsmm Tﬂﬂ%zuammqnu

@

a da A1 v A a ot [} [l o
anudvesdayana laysosasuna vazfiafalilna p@imeglusnos p < 1idlu
a oo I g 4 9/ 4 4
walmesfimuanuudIanuoauead uazInseaiauesaesnsesusadle loe15uuy
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Wudrsuduasaildluinoriivusidule oo guluuu Tasasswnuiinds
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yniinanewanasnulsudidimiunesnsosuead lo loorsuuulSudousudes
d' v o v . & o ¢ A o [ %] = Y o
wfeAu Tnauazdls Taenandefladdugalszasnmodluinaaidmivdanaiiudfuda

1 =2 a s o a d‘ o 1 d’l’ 1 =t o

nandeilymmsia ludavesdanssiufininueguuiiugiunsszmnuaunsifsuduyy
[] Y I=Y ) Y i a 9 v a o A a o
e Tavordemaiamsildtlududummzudanimazdiioniaurgueanisina ludd

3 Y 1t =2 o a R o o Ao a =Y SR o a @ dy
uaﬂmﬂumz'lﬂnanmaanai‘nuﬂim'mmmua”lmﬂamwuﬁ FIWTWASIDYAAIU

41 Wanfugmlszasn

v W W

w Y o %] a; @ W
nndnuuz Inseadeunarnasnsesusad 1o loorsunullfudisuduassiitieny Ina
= @ 9 ¢={ £ o a o o @ - Q a L]
wad s dwaas1ilugli 3.5 Gedanosiudimsuilsuduilsz@niiasnsosuendioguy
d’l, r | = (4 1 [} s d a g
AUgvInsUsEIuAuNTIReua [12-18, 37] dauingeiredeandugalszaen (cost

function) AYAUANS

J(a) = Eled(n)] .1

o

1 o aa o
VINANNIS E[] ABAIAIANTINI1IADA (expected value) A e (n) AOTYQYINDIAKAUDIINT
& o o o/ a ™ @ a o @ < o
nyosdagmimutudya uRanaln (error signal) vosdaneTnul Fudd minflanduluaums
dl o w d' [ a 1 Qs = Q( 9/ a 9
1 (4.1) Mdundovesdyaiuranarauldsarimudulssdnivedaasnses Mauualv
Qs = @ d @
fannadunavresrsnsslszneudlsdygnunuudn e dygaunsndeanu ey

I @ o VoA
“ﬁﬂﬂﬂ%\ﬂﬂuﬁiyiy']il!LL‘lJuﬂLLﬂ"Uﬂﬁ'l'JﬂE]
x(n) = Acos(w,n+8)+v(n) (4.2)

lilo 4 o, unz OfoTUIA A wasiavesdannas layressduna awdidy §a 4 uaz o,
Gudrnsiila q Tinswd vasi 0udutsdy andom variable) mmﬁ’mmm'lcvumaﬂﬁﬁ
1151190419971 PDF (probability den31ty function) LL‘U‘ULE)ﬂ'i‘iJ (uniform distribution) AADALI
084 27uay vn) Aedaanauuuindie eanudzalndemslaTIzHNIMNg B it
avaldiiuFygasunanvrinuund (white Gaussian noise) Sifundenaadamifugud
a5l (variance) MAY o, inm%umﬁﬂﬂquf]umﬂlmﬂﬁwmm (Parserval’s

theorem) [22] WOMIAIABUYRIANAITH 4.1) HUAD
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J(@) = Ele2(n)| = %ﬂ{'H(z)F(DX(z)z"dz

lH(z)l (4.3)

jw, a)l

PNAUMIN (4.3) D (2) AoArumuindnlnasufiee (power spectrum density 139 PSD)
a a . J o 1 4 { 7
veedyamuBune uaz HE) Aeflandudieleuveisesnsesuend vuzh H(e'™,a)fio
Jao 1 S a A [ a o o
HardudieTonves99snToUndinINd o, Tnell a (dulszAinvesiasnes) dlud
< o o o { Y da 2 1
wilsvesiladdu P, Aomdundovesdaniarlaywovdsuna (P, = 472) uag o) Avdindw
1Y '4 a 9 [ o 4 o
wsdsauvesdyanamuuanitedune dimsunatusnuesaumsi (4.3) ANNTANIAIABY

18 Tneerfaannisi (3.8)

la+2cosw,|

\/(pa+(1+p2)cosa)o)z +(1—pz)zsin2 @,

IH(ej(”" , a)’ £ (4.4)

oot = Y @ o d A
HASWIUNTOIVDITUANITN (4.3) ﬁ'lil'liﬂﬂ’]ﬂalﬂﬂﬂhlﬂ Iﬂﬁl@']ﬁUﬂﬁ]Haﬂ’]‘ﬂlﬁﬁ@ (theory of

4 ) a 4 o
residue) [22] W IR T ITHIAIRe L

2% @ ag A
z7ldz = =2 ldz

= o2 Z (z—z)H()H(z™")z™

z=z;

2
A 22(2 Z) 22 +az+l l+az+z z“
+paz+p 1+paz+pz

N\, 0'v2_ 1+ )1+ p)’ —2p%a} |
2\ (1+pj[ P+ oM - p? 2) = 4

A A o o £ o o J o o \ b &
(49 pﬂﬂiﬁMIWﬁcﬁﬂlﬂuW'ﬁ'\lﬂﬁl@iﬂ'lﬁuﬂﬁﬂlﬁuQIWﬁ“U’E]x‘i'lx‘li]iﬂi@ﬂﬂ’i)ﬁ“]f Uae a, D

Sullszanianiweisnsesiiliaimivendassiunaui laywesdsuna duud
mnzfgagmnsaiuanldnnaumsi ¢.2) dethaunist (4.4) uag (4.5) unusasly
dunsi (4.3) EavmsnieansifteResaniledduRianaafutsamsdunlsedng
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This article proposes an unbiased plain gradient algorithm for a second-order adaptive
IIR notch filter with constrained poles and zeros. The proposed algorithm employs
removing a dominant parameter that produces inherent bias. By using this technique,
the performances are improved with slight expense in computational complexity. In
this paper, theoretical analysis for deriving the estimations of bias and mean square
error (MSE) at steady state are presented in closed form. Moreover, the stability bound
of the algorithm is also derived. To confirm the analytical results, the computer
simulations are provided to corroborate the effectiveness of the proposed algorithm.
Furthermore, the performances of the algorithm are also compared with the plain
gradient (PG) and modified plain gradient (MPG) algorithms.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

An adaptive infinite impulse response (IIR) notch filter
is well-known to be better than an adaptive finite impulse
response (FIR) notch filter counterpart in computational
complexity and performance. For the same notch band-
width, the adaptive IIR notch filter (IIR-ANF) requires
the number of coefficients less than its counterpart. The
[IR-ANF has been widely employed in many applications
such as sinusoidal enhancement, frequency estimation,
periodic noise cancellation and so on [1-5].

Adaptive algorithms for adjusting coefficients of the
IIR-ANFs were proposed in literatures [1-9]. It is well-
known that gradient-based algorithms were intensively
studied and developed for adapting the coefficients of the
filters [1-4,6-9]. The plain gradient (PG) algorithm [3] is
the most popular one for adaptive algorithm of the IIR-
ANF because it has low computational complexity, simple
real-time application and good performance. Recently,

* Corresponding author.
E-mail address: wuthipor@mut.ac.th (W. Loetwassana).

0165-1684/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.sigpro.2010.02.020

performance analysis of the PG algorithm for a second-
order adaptive IR notch filter with constrained poles and
zeros was proposed by [6]. In this work, the inherent bias
in steady state of the algorithm which is functions of a
pole radius, an input sinusoidal frequency and an input
noise variance was found. This bias is the main parameter
that causes the incorrect frequency estimation of the
notch filter. After that, the article [7] proposed the bias
removal technique that was based on the criterion of the
PG algorithm. However, this algorithm was difficult to
provide perception in theoretical analysis because any
parameters in the analytical process was defined without
appropriateness. Subsequently, the modified plain gradi-
ent (MPG) algorithm for such adaptive IIR notch filter
structure was proposed by [8]. It was the gradient-based
algorithm that was developed from the PG algorithm by
using new criterion whose cost function was a slope
straight-line. It had fast convergent speed without
increase any computations compared with the PG algo-
rithm. However, this algorithm still had a weak property
that was the inherent bias in steady state.

To eliminate such inherent bias, the unbiased plain
gradient (UPG) algorithm for the adaptive IIR notch filter
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is proposed in this paper. In the proposed algorithm that
performs based on the criterion of the MPG algorithm, the
removal term is appended in order to remove the bias.
With this additional term, the performances of the
algorithm are improved at the expense of slight increase
in computational load. Moreover, the theoretical analysis
of the algorithm can be derived easily. In this paper, the
steady-state analysis for bias and mean square error
(MSE) estimations are presented in closed form. Further-
more,ithe lower and upper bound parameters of stability
are also presented.

The paper is organized as follows. Section 2 introduces
the problem of the MPG algorithm. The steady-state analysis
of thef proposed algorithm is described in Section 3. In
Section 4, the analytical and simulated results are illu-
strated. Finally, the conclusions are provided in Section 5.

2. Biased problem

A second-order adaptive IIR notch filter with con-
strained poles and zeros illustrates a structure in Fig. 1
and its transfer function is given by Eq. (1)

_,i N@ = 14azl+z?

H@) = D(2) ~ 1+4paz-' +p2z-2°

(D

i
wher% p (0 <p <1)is a pole radius which controls notch
bandwidth of the filter. a (-2<a<?2) is a coefficient
whosa{e true value is calculated by ag=-2coswg (wg
denotes a sinusoidal frequency) [1]. It is assumed that
the input signal of the filter consist of a single sinusoid

and a zero-mean white Gaussian noise process
x(k) = Acos(wok + 9)+ v(k), )

where A is a sinusoidal amplitude, 08 is a random variable
of phase whose distribution is uniformly over (0, 27) and
v(k) is the zero-mean white Gaussian noise signal with
the variance o2.

In: the MPG algorithm [8], the adaptation of the

coefﬁ:cient was found to be

a(k+1) = a(k)—pea ()g(k), @)

where a(k), e;(k) and g(k) are a coefficient, an error signal
(it islalso the output signal of the filter) and a gradient
signa;l at time index k, respectively. u denotes a step
size ’parameter that controls convergent speed and
stability of the algorithm. The error and gradient signals

are d:eﬁned by

l

ex(l) = e, (k) —pa(ie; (k—1)~pe; (k—2), @)
wherL

e1(k) ‘= x(l)+ a()x(k—1) +x(k—2) (5)
and !

gk —_;—x(k—l). 6)

|

The equation of coefficient difference in the mean
value of the MPG algorithm which was analyzed in [8] can
be expressed as

E[Salk+1)] = (1~ ) E[Sa(K)] + s 3 ELS5 ()] — ptRa3, @

where
¥, = 07 Bcos(@o—5), ®)
Y3 = po?Bicos(o—24,), ©)
B= ! , (10)
(1-p)y/(1+p)*—pd
-1 (1 +p)sinwo r

tan ((1 —p)coswo)’ Wo = 2’ 1
¢, = ean—1 (1 +p)sina)0> ok an

T+ (1-p)coswyp )’ 073

and
2
Ros = E[va(l)va ()] = 2% f H(Z)Gz Wz dz = aago?. (12)

As is shown in Egs. (7)-(12), B and ¢, are magnitude
and phase responses of the notch filter H(z) in vicinity of
the steady state [6,8]. In addition, o is 1—p, Jq(k) is a
coefficient difference that is defined by a(k)—do, and o2
denotes a power of the input sinusoidal signal. Further-
more, v3(k) and vs(k) are zero-mean noise signals that are
the output of the notch filter H(z) and the output of the
gradient filter G(z), respectively. Both filters are excited by
the zero-mean white Gaussian noise signal v(k). The
variances of the wy(k) and vs(k) can be, respectively,
calculated by Eqgs. (13) [6] and (14) [8]

02 = Er3(K)] = 2‘% j‘{ H@HE Yz dz

=(_7_|2;__(1_p) (1+P2)(1+P)2_2P2‘1% 0.2 (13)
P2 \1+p) 0 p2((A+p2-p2a)) )"

and
o = Eui() = ;_31 j[ G@)GEz Yz dz=02. (14)

As has been investigated by the authors, it was found
that the noise correlation Ry3 in the last term of Eq. (7) is
the dominant parameter which causes the inherent bias of
the MPG algorithm. This parameter was found to be the
functions of the input noise variance o2, the pole radius p
and the input sinusoidal frequency wg. For the resulting
bias, it causes the incorrectness of the frequency estima-
tion. Although the effect of the bias can be reduced by the
increase of the p parameter close to unity, stability and
long transient response become significant problems of
the algorithm. In addition, both ¢2 and wq are unknown
parameters; therefore, the biased effect cannot be ne-
glected. It is thus the main disadvantage property of the
MPG algorithm. To obtain the biased reduction, this paper
proposes a technique to remove the parameter Ry3 which
causes the inherent bias in the gradient-based algorithm.

3. Proposed algorithm

In this section, the steady-state analysis of UPG
algorithm is explained. The estimations of bias and MSE
values of the filter coefficient will be derived in closed
form. To attain the biased elimination, the UPG algorithm
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x(k) ek ey (k) statistical independence between Jq(k) and the input
* , Y » sinusoidal signal is employed. It is also assumed that J,(k)

Fig. 1. S]tructure of a second-order adaptive !IR notch filter with
constrair}ed poles and zeros.

|

is expressed by

a(k+1) = a(l)—pea (kg (k) + uae (kg k) (15)
or rewritten as
atk+1) = a()—pg(k)(ea (k) —ae1 (k). (16)

From Eq. (16), it is seen that additional computation of the
proposed algorithm is only one multiplication and two
additions as compared to that of Eq. (3). The intention of
the third term on the right-hand side of Eq. (15) is to
remove the Ry3 term in order to resuit in cancelling the
inhererjnt bias. Therefore, it is called the removal term.
From tpe equation, e;(k) is the output signal of the N(z)
filter (see Fig. 1). Using the Taylor series expansion, the
transfelr function of N(e/®0) in the vicinity of a, can be
approx'imated by

N(?)|= 14 ae @ 4 2% x §eI%1, (17)
where
T
1o, Wo < 5
¢ = p (18)
n+wg, Wo> -i

i
Thus, the e;(k) signal at steady state of N(z) filter is easily
expressed by

e1(K) = Ada(k)cos(wok+ O—epy) + V1 (k), (19)

where vq(k) is a zero-mean noise signal at the output of
N(z) filter whose input is the zero-mean white Gaussian
noise signal v(k). From [8], the gradient signal g(k) in

vicinitﬂl of steady state was given by

(3] ={\cos(wok+9—wo) +v3 (k). (20)

Conse(iuently, the correlation between e;(k) and g(k) can
be obtained by

Ele1 (k)] = vy E[5a ()] + E[v1 (k)v3 (k)] @1
where
¥, = oZcos(wo—ey). 22)

The se‘cond term on the right-hand side of Eq. (21) which

. | . . . .

is correlation value of the zero-mean noise is derived
by using the theory of residue whose result is shown
as follcrws:

Riz= é[ul(lc)v3(k)] = ;—jj f{ N@GE Mz ldz=ape?.  (23)

To attain Eq. (21), it is assumed that the algorithm
adapts the coefficient of the filter slowly, and the

and ws(k), vi(k) and the input sinusoidal signal are
uncorrelated to each other, but v4(k) and vs(k) are jointly
Gaussian distributed. In addition, from the expressions are
given in Eqs. (12) and (23), the relation of these
parameters can be rewritten as

Ry3 = 0tRy3. (24)

3.1. Bias analysis

To achieve the equation of the biased estimation for
the UPG algorithm, the expectation of Eq. (15) is firstly
taken, that is

Efa(k+1)] = E[a(f)]~ uE[e2 (k)g (1)) + poE[eq (K)g (K)). (25)
From (8], the expectation of E[e,(k)g(k)] was derived by

Ele2(R)g (k)] = Y2 ET8a ()]~ ¥ 3 EL85 ()] + Ra3. (26)

By substituting Eqs. (21) and (26) into Eq. (25), the
coefficient difference in the mean value of the algorithm is
simplified as follows:

E[Sa(k+1)] = (1= (W5~ )E[Salk)] + ¥ EISL0L.  (27)

It is noted that the sinusoidal signals which appear in the
deriving of Eq. (27) are assumed to be pseudo-random
signals. The mean and variance of the signals are zero and
o2, respectively [6]. Moreover, it can be seen that the Ry3
term is vanished from the algorithm due to influence of
the removal term. At the consideration of the steady state,
the following relationships are employed:

El0a(k+ 1Dy 00 = E0a()]k—, o0 = E0a(00)] (28)
and

ES2(+ Dl 00 = 0200k, 00 = EISZ(00)]. (29)
Therefore, Eq. (27) can be reformed as

E[a(00)] = %f’;—%Etéi(oo)l. 30)

Similarly, the estimation of the coefficient at the steady
state can be derived by using the following relationship:

E[4(00)] = E[a(c0)]—do. 31
By substituting Eq. (30) into Eq. (31), it can rewrite to be

Y3 2

TR CACOL (32)
As is shown in Eq. (32), the first term and second term are
the true value and remained bias value, respectively. Since
the E[éi(oo)] value is actually very low significant, the
second term is very low value compared with the first
term. Thus, the steady-state coefficient can be approxi-
mated by

E[a(co)] = ag+

E[a(o0)] = ag = —2coswy. 33)

3.2. MSE analysis

The MSE estimation can be derived by squaring both
sides of Eq. (15), and then taking expectation. The result is
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given by

L5 (+ 1)] = ELO3 (012 pElba(k)ex (02 (0]

+2p0E[5a(K)er (k)g(l))—2 p? oEfer (K)ea (K)g2 (k)]
+p2E[es (kg (k)] + p2oE[e3 (g2 (0] 34

For thie convenient analysis, the following assumptions
are employed. First, dq(k) is uncorrelated to v4(k), vs(k)
and wvs(k), respectively. Second, the correlated noises
vq(k), va(k) and vi(k) are jointly Gaussian distributed.
Third, the terms of ] (m = 3) can be neglected because
they are actually much smaller than both E[6.(k)] and
E[(ﬁ(k)]. Furthermore, the expectations of E[vi(k)v3(k)],
E[v3(k)w3(k)] and E[vo(k)v(k)v3(k)] are calculated by
using the Gaussian moment factoring theorem [10]. Under
these assumptions, the expression in Eq. (34) is simplified
to be
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these parameters can be determined by the following
expressions:

2
0?2 = (0] = ':;.% j[ N@NE Yz dz=@+a2)a?  (38)
and

05 —1y.—1
R = Elvaloms (09] = 5% f H@N@E )z~ dz = ((1+20)

—a2(1-ad)o?. (39)

By using the relationships in Eqs. (28) and (29), the
MSE estimation at steady state can be written in closed
form, that is

E[63(c0)) = il

20— —un,

As expressions are shown in Egs. (30) and (40), it is
obvious that the Rs; value which mainly causes biased

(40)

E[S3(k+1)] = (1 -2, —otf )+ 120 DE[S2 (0] =12h,,  (35) problem is removed from the algorithm, and the left term
where has very low signification.
2
= (% +a§>(32+a2)a§—2a(a§+a§)a§3cos(¢1—¢2) 3.3. Stability boundary
242 2,2, 12
—a(o5) BcosRwo—¢q — )+ o i +5 (36) Since natural behavior of an adaptive IIR algorithm is
and well-known to be highly nonlinear, it is difficult to derive
the exact equation for the stability bound. However, it can
Ny = (laf +02)(20Ry; 023 — 2. 3G7 B o

!

The parameters ¢? and Ry; which are shown in Eq. (37)
are, rgspectively, variance of the zero-mean noise v;(k)
and the correlation value between wvy(k) and wvq(k).

By using residual theorem for the solutions; therefore,

be approximated by using the mean and mean-square
difference equations [9]. From Eq. (27), the UPG algorithm
will converge to the steady state if value in the parenth-
esis of the first term on the right-hand side is less than
one. Consequently, the lower and upper boundaries in the
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Fig. 2. ‘Comparisons between the anafytical and simulation results of the estimations bias and MSE at steady state versus the input frequency wy, these
results are obtained from the PG, MPG and UPG algorithms (¢2=1, 6 =n/6, p=0.8, u=5 x 1075, SNR=5dB and 50 runs). (a) Estimation bias. (b)
Estimation MSE.
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mean sense can be derived by
2
Y-y

Note that the upper bound is the functions of the pole
radius p. the input sinusoidal power ¢2? and sinusoidal
frequency wg. However, the stability in the mean sense
cannot guarantee the stability of the algorithm due to
disappearance of the noise term. It has been vanished
during the analytical process because of its zero-mean.

For Eq. (35) which is the expression of the MSE
estimgtion, it will converge to the steady state; if and
only if,

|1—21‘,l(‘//2—0“//1)+l12’11| <L 42)

Therefore, the lower and upper boundaries in the mean-
square sense can be obtained by
i

O<pu< (41)

0<p< ,72—1(!//2—“%)- (43)

It is noted that the upper bound is not only the functions
of th:e pole radius, the input sinusoidal power and
sinusoidal frequency but also the function of the input
noisei variance. Thus, using the mean-square sense
provides more accurate stability boundary.

|
4. Aqalytical and simulation results

In this section, the performances of the UPG algorithm
are compared with those of the PG and MPG algorithms in
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Fig. 6. Comparisons of the frequency estimate error between the
analytical and simulation results versus the input frequency, these
results are obtained from the PG, MPG and UPG algorithms (62 =1,
f=m/6, p=0.8, u=5 x 10~%, SNR=5dB and 50 runs).

terms of the analytical and simulation results. To obtain
the bias and MSE estimations of these algorithms from the
simulations, the ensemble averages of 50 runs are
calculated; moreover, the iterations of these are allowed
to be sufficiently long (10000 iterations) in order that
their estimations reach to steady states.

Figs. 2-5 show comparisons between the analytical
and simulation results of the biased and MSE values
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versus the input sinusoidal frequency, the pole radius, the
step size and the input noise variance, respectively.
Obviously, for all cases, the estimation bias of using the
UPG algorithm is the smallest value near zero level. But
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for the analytical MSE results of the UPG algorithm, they
are not accordant with those obtained from the
simulation. However, the MSE estimate results of both
analytical and simulation cases have variation of curves in
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Fig. 7. The trajectory comparisons for the frequency estimation of the PG, MPG and UPG algorithms by simulations (62 =1,0=7/6,p=0.8, 4 =5 x 1073,

SNR=5dB and 50 runs).
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the same direction. In addition, the curves are lower than
those of the PG and MPG algorithms.

Fig. 6 shows the analytical and simulation results of
the incorrect frequency estimation of three algorithms
under the same condition. It is seen that the UPG
algorithm provides the smallest error that is close to
zero level for all frequencies. This implies that the UPG
algorithm provides the most accurate frequency
estimation.

Figl 7 shows the trajectory of the frequency estimation
for three algorithms. By using a step change in frequency,
the true frequency is firstly defined as 0.7r during the first
5000 iterations and then changed instantaneously to 0.37
afterwards. From the results are shown in Fig. 7, the PG
algorithm provides the trace with the slowest variation
whereas the UPG algorithm provides the most accurate
frequency trace.

In Fig. 8, the analytical and simulation results of the
stability bound in the mean-square sense of the UPG
algorithm at different signal to noise ratio (SNR) are
demonstrated. Figs. 8(a) and (b) are obtained by using
SNR=10 and 0dB, respectively. it is seen that difference
between analytical and simulation results are more
obvious when SNR is low. However, the results of both
cases iof SNR show similar variation of the curves, and

they are also convergent. Thus, they can be used to

indica;te the stability boundary of the proposed algorithm.

5. Conclusions

The unbiased plain gradient algorithm for a second-
order adaptive IIR notch filter with constrained poles and
zeros is presented. The algorithm is developed from the
MPG algorithm by appending the removal term. The
purpose of the additional term is to remove the R,; value
that is dominant parameter causing a bias. By using this
technique, the biased problem can be eliminated with
slight|increase of computation while convergent speed is

as fast as that of the MPG algorithm. In this paper, the bias
and MSE estimations at steady state and the stability
bound of the proposed algorithm are also given in closed
form. The simulation results have demonstrated to
compare with the analytical results. Moreover, the results
of the proposed technique compared with those of the PG
and MPG algorithms under the same conditions illustrate
that the proposed technique provides more accuracy in
frequency estimation.
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Abstract~The  acoustic feedback causes a howling
phenomenon in an audio amplifier system. This problem does not
only annoy hearing but also can damage an amplifier system.
The IIR adaptive howling suppressor (AHS) in an audio
amplifier system is thus proposed in this paper. The algorithm of
adaptive process is achieved by using the variable momentum
least mean square (VMLMS). With this algorithm, the

performance improvement and higher convergence rate can be -

success. The proposed AHS, which is placed between a
preamplifier section and a power amplifier section, acts as a
narrow bandwidth notch filter whose frequency characteristic
can reduce a howling spectrum. The simulation results show
good illnprovement in the howling suppression of the proposed
AHS system. Moreover, the performance comparisons show that
the proposed system is performed over the AHS conventional
FIR and FALE structures at the same environment condition.

I. INTRODUCTION

An amplifier system often encounters with the problem such
as whistling or howling which is caused by the acoustic
feedback of a loudspeaker to a microphone. This problem does
not only cause hearing annoyance but also can damage an
amplifier system.

In literatures, many researchers attempt to mitigate the
howlirég effect in amplifier systems with various techniques.
The frequency shift method [1] is one of the proposed
techmques but it results in a complex modulation device. Later.
the adaptlve feedback cancellation (AFC) [2] which employs
an adaptlve finite impulse response (FIR) filter to identify the
impulse response of the acoustic feedback is proposed. By
using this technique, the unwanted feedback signal (howling)
is estimated and subtracted from the microphone signal
(speech signal). Unfortunately, this method requires large
numbe}r of coefficients (>1000) that identify sufficiently the
1mpulse response of the acoustic feedback. Correspondingly, a
smple‘ least mean square algorithm (LMS) is not suitable
employment because it leads to slow adaptation and can not
complétely eliminated the howling effect. For this reason,
lxterature [2] used recursive least square (RLS) for adaptation
algonthm but its disadvantage is high complexity.

Nevextheless the AFC method is usually employed to reject a

1-4244-1373-7/07/$25.00 ©2007 IEEE
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howling phenomenon in a hearing aids system such as [3], [4].
However, it is because of short impulse response of the
acoustic feedback that the amount low coefficients are
required in the AFC and the simplicity of the algorithm such
as the LMS or normalized least mean square (NLMS) are still
suitability for the work. The adaptive howling suppressor
(AHS) method [5] is proposed. The AHS requires low number
of coefficients (<1000) of the system and performs as notch
filter characteristic in order to reduce a howling spectrum.
This method can also reduce the howling effect in an audio
amplifier system. However, the disadvantage of the method is
some distortion in the desired signal due to insufficient narrow
bandwidth of notch characteristic. Moreover, both LMS and
NLMS algorithms are often used in the AHS system due to its
simplicity. They are well-known that the convergence rate is
directly proportional to the adaptation step size. When the step
size is large, not only the convergence rate is increased but the
excess mean square error (MSE) as well. To eliminate this
drawback, the variable momentum least mean square
(VMLMS) algorithm [8] is proposed. Therefore, it is applied
for the AHS system which can provide both high convergence
rate and low excess MSE. Moreover, the proposed AHS can
provide the narrow bandwidth of notch characteristic which
can reduce the distortion of desired signal.

The paper is organized as follows. The howling in an audio
amplifier system is described in section IL. In section III, the
adaptive howling suppressor is discussed. The simulation
results are illustrated in section IV. Finally, conclusions are
then given in section V.,

II. HOWLING PROBLEM IN AN AUDIO AMPLIFIER SYSTEM

The acoustic feedback in an audio amplifier system is
generally occurred when an audio signal produced by a
loudspeaker travels back to a microphone either directly or
being reflected from the walls, floor or ceiling (see Fig. 1(a)).
This feedback system is modeled as shown in Fig. 1(b) where
the s(n) and f(n) represent a speech signal and a feedback
signal, respectively, and n is discrete time index.



————
- -~

-~ ~
7 Acoustic feedback

7
\
Spe%h
Microphone

s(n) d(n) = p(n)

a) System b) Model

Figure 1. The acoustic feedback in an audio amplifier system

In this; block diagram, G(¢*) and F(¢) is the amplifier
transfer function and the acoustic feedback transfer function,
respectively. The loudspeaker output signal p(n) is fed back
and passed through F(e) to be the feedback signal /() to the
microphone again. Then the composite signal d(n) = s(n) + f(n)
is amplified in G(¢®) before being sent to the loudspeaker.
The closed loop transfer function of the system model can be
written as

G(e’®)

T e

(1

As ‘can be seen, the system will become unstable if a
frequency component of the feedback signal produces the
|G(e’”’)F(d’")| > 1 and ZG(")F(™) = m2m (where m is an
mteger) For this condition, the oscillation phenomenon will
occur. lIn case that the oscillation signal has the frequency in
the audible range of human hearing, it is called a howling
signal. -

To eliminate this howling signal, the AHS that which
performs as notch filter is proposed in this paper. With
frequency reject characteristic of the notch filter, the howling
signaljis thus suppressed. The proposed system is discussed in
the following section.

" [I. ADAPTIVE HOWLING SUPPRESSOR

A.  The Structure of AHS System

The proposed AHS system is depicted in Fig. 2. The AHS is
inserted between a preamplifier section and a power amplifier
section of the audio amplifier system. The structure of the
proposed AHS illustrated in Fig. 3 is modified from the
feedback adaptive line enhancer (FALE) [6]. The structure is
composed of an adaptive FIR, filter and a nonadaptive FIR,
filter whlch each update of FIR, coefficients are copied to the
FIR,. [I‘he FIR, filter and the feedback constant 8 are together
worked and it can provide an infinite impulse response (IIR)
form.

For| the FIR;, it is based on an adaptive periodic noise
canceller, and is modified from a well-known adaptive line
cnhan}cement (ALE). The signals d(n), y(n) and e,;(») shown
in Fig! 3 represent input of the AHS system, output of the FIR,
and the error signal, respectively.

Wh:en the oscillation in the amplifier system has occurred,
the input d(r) is composed of a speech signal s(n) and a

periodic howling signal f{n). Thus, from the point of view of
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Pre-amplifier

Power amplifier

Microphonc Loud spcaker

Figure 2. The adaptive howling suppressor implemented in audio amplifier

Input ‘d(n) _ .;.> @_‘ Output
e,(n) = e,(n)
FIR, B
) J ym
8 ‘ @Copy coefficients
FIRI
y- »o(n)

Figure 3. The proposed adaptive howling suppressor

an adaptive filter, the speech signal may be considered as
broadband while the howling signal is considered as
narrowband where s(n) is uncorrelated with f{n) [5]. Both
signals are passed through the delay unit (A sample) that
causes delay about | ms (16 sample at 16 kHz sampling rate)
which is sufficient to make s(n — A) and s(») uncorrelate each
other but there is still a strong correlation of periodic
component between f{n — A) and f{n) [7]. The adaptive FIR,
filter attempts to adapt the system to minimize the error power.

After that, the adaptive FIR; filter has reached to the
optimum estimate of the periodic component. The optimum
cocfficicnts of FIR; arc copicd to thc FIR,. Thus, thc output
signal ey(n) of AHS system is left with mainly the speech
component and it is a desirable signal.

B.  Notch Characteristic
From Fig. 3, let us consider the output equation of the AHS
system as follow

e,(n) = d(n)-y,(n) @

where y»(n) is FIR, output signal and given the equation by
Nl N-l
y2(n) = D e (md(n—k—A)-BY c,(me(n—k—A) (3)
k=0 =0

where c¢;(n) are coefficients of the Nth order FIR, filter which
are coped from the adaptive FIR; filter and £ is feedback
constant. Using (3) and (2) yields



e,(n) =d(n)~ Nick (md(n-k-A)+ ﬁgck (n)e,(n—k-4)
k=0 =0
Q)

As shown in (4), it is recursive difference equation and
provides an IIR filter form. If we define f = 0 it becomes
nonrecursive difference equation which is given a FIR filter
form.

By dssuming that adaptation of AHS system has converged,
hence,| ci(n) — ¢, the AHS transfer function can then be
obtained

Nt
—jAw —Jkur
l-e E ce

= H(e™) = = ®)
1- ﬂe"A“’che"ﬂ‘"’
k=0

Ey (")
D(e’®)

It is seen that when the AHS system has converged, thus, the
transfer function is an IIR notch filter and it is well known that
an IIR filter form can achieve a narrower bandwidth than a
FIR filter form [6].

C. VMLMS Algorithm
Thel{algorithm employed for the adjustable coefficient of the
adaptive FIR; filter is given by [8]

c(n+1) = c(n)+ pe,(mx,(m)+ amie(n)—c(n-1}  (6)
!

where

e, (n) = d(n)—c(n)x,(n) €))

o(n) = [eg(n) (m) (1) - ey ()] ®

x,(n:) = (o) x(n-D x(n=2) « x@-N+Df @9

or j

dn-N+1-0]  (10)

x,(ng = [d(n-4) din-1-4) -
It is n’oted that ¢(n) and x,(n) are a coefficient vector and an
input vector of the FIR,, respectively. In addition, e\(n) is a
scalarlof error signal, d(n) is a scalar of AHS input signal, ¢ is
a constant step size of the algorithm that controls the
convergence rate and the algorithm stability and afn) is a
scalariof momentum factor which is bounded as 0 < a{n) < 1
[8]. A}so {17 denotes the matrix transpose.

In equation (6), the last term is 2 momentum which the
acceleration of convergence is controlled by the momentum
fcu,tor! It is adjusted to be large value in transient state in order
to obtain high convergence rate and contrarily to be small
value i m steady state for low adaptation speed. Thus, if the step
size of the algorithm can be accomplished a very small value
and the low excess MSE is obtained. The adjustment of the
momentum factor can be given by [8]

a(n) = ya(n-1)+pe,(n)x,(n)" fe(n—1)—c(n—2)}

(1
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In the above equation, the algorithm is updated under a past
difference of coefficient vector, a past momentum factor, a
current input vector, a current error signal scalar, a constant ¥
and p, respectively, where 0 < y < 1 and p > 0 [8]. The
adaptation of momentum factor is bounded as the condition
which is given by

T 5 i1f a(n) <o,

I (1) > Ty (12)

a(n) =1«

max

a(n) ; otherwise

where the g, and o, are lower and upper bounds of the
momentum factor, respectively. The constant @,y is normally
selected near unity while the value of a, is chosen near or
equal to zero. The initial value a(0) is usually taken to be cpay.

IV. SIMULATION RESULTS

In this section, the computer simulations are performed. The
performance of the proposed AHS is compared with that of
the AHS in conventional FIR structure [5] and the FALE
structure [6]. These AHS are performed the same in
environment setup.

For this setup, the amplifier system is set to oscillate at
1.5 kHz. Thus, tested input signal of each AHS is composed of -
a speech signal and a 1.5 kHz howling signal. The speech
signal is artificially generated with a speech-shaped noise
using zero mean and unity variance white Gaussian noise
signal through a 12" order auto regressive (AR) filter [4]. The
power spectrum of an artificial speech with a howling signal at
the input of AHS system is illustrated in Fig. 4.

For the proposed AHS, the 100 coefficients of FIR filter
(FIR, and FIR,), feedback constant £ = 0.8 and the delay unit
(A = 16 sample) are determined where sampling rate is 16 kHz.
This system is updated the coefficients by the proposed
VMLMS algorithm that is implemented with the parameters
£=0.0001, y=0.999, p = 0.9, 0max = 0.9 and @y, = 0.

Both AHS in conventional FIR and FALE structures are
implemented the coefficients, the delay unit and sampling rate

-10 <+—— Howling

Normalized power (dB)
& b &
S 3

: [ 1000 2000 3000 4000 5000 6000
Frequency (Hz)

7000  BOOO

Figure 4. Power spectrum of AHS input
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in the same setup as previous discussion. These systems are
updated coefficients by NLMS algorithm with the parameter
u=00L

Fig. 5 shows the comparison of convergence behavior. It is
seen that the proposed AHS provides faster convergence rate
than the AHS conventional FIR and FALE structures in
transient state. Moreover, the proposed AHS is also given
lower MSE than both structures when the coefficients of the
system approach to steady state.

After these algorithms are converged to the steady state, the
transfe“r functions of these AHS are shown in Fig. 6. It is seen
that, the proposed AHS is given narrower bandwidth and deep
notch characteristic.

Fig. 7 shows the comparison of each output power
spectrum where upper trace, middle trace and lower trace
are output spectrum of the conventional FIR structure, the
FALE structure and the proposed structure, respectively. It is
seen that the proposed AHS system can suppress the 1.5 kHz
howling spectrum very well and it is given the lowest
distortion of the speech spectrum.

[ v T T 3
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’\-IL \{\ i
g
BT ; N\ Proposed structure 1
E 20F . \ |
] ot Conventional FIR structure
8--25 o ‘l _
§ \ N FALE structure
30F
= \\'%
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" ) ) : .
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Figure 5. Comparison of convergence behavior
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Figure 7. Comparison of power spectrum at each AHS output

V. CONCLUSIONS

An amplifier system often encounters with a howling
problem due to an acoustic feedback of a loudspeaker to a
microphone. The system will become unstable if a frequency
component of the feedback produces larger than unity open
loop gain and the loop phase is a multiple of 2z where the
howling effect is occurred. The ITR AHS in an audio amplifier
system using the VMLMS algorithm is thus proposed in this
paper. The simulation results of the proposed AHS system
show good results in the howling suppression. Moreover, the
performance comparisons in the same environment are shown
that the proposed AHS provides faster convergence rate than
the AHS conventional FIR and FALE structures. In addition,
the proposed system is also given lower MSE, narrow
bandwidth of notch characteristic and lower distortion of the
desired speech signal.
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Abstract-It is well-known that acoustic feedback causes a
howling phenomenon in an audio amplifier system. This problem

not only annoys hearing but alse can damage an amplifier system.

The adaptive howling suppressor (AHS) in an audio amplifier
system is thus proposed in this paper. The algorithm employed in
adaptive process is achieved by using the variable momentum
least mean square (VMLMS). With this algorithm, the
performance improvement and higher convergence rate can be
success. The proposed AHS, which is placed between a
preamplifier section and a power amplifier section, acts as a
notch filter whose frequency characteristic can reduce the
howling spectrum. The simulation results show good
improvement in the howling suppression of the proposed

algqrithm. Moreover, the proposed suppressor provides faster
rate’ when has compared with the LMS and NLMS algorithms at
the same environment condition.

! I. INTRODUCTION

An amplifier system often encounters with the problem such
as whistling or howling which is caused by the acoustic
feedback of a loudspeaker to a microphone. This problem does
not{only cause hearing annoyance but also can damage the
amplifier system.

I‘h literatures, many researchers attempt to mitigate the
howling effect in amplifier systems with various techniques.
The frequency shift method [1] is one of the proposed
techmques but it has complicated in the modulation device.
Latcr the adaptive feedback cancellation (AFC) [2] which
employs an adaptive finite impulse response (FIR) filter to
identify the impulse response of the acoustic feedback is
proposed. By using this technique, the unwanted feedback
signal (howling) is estimated and subtracted from the
mic;:rophone signal (speech signal). Unfortunately, this method
requires  large number of  coefficients  (>1000).
Correspondingly, a simple least mean square algorithm (LMS)
is r:lot suitable employment because it leads to slow adaptation
and can not completely eliminated the howling effect. For this
reason, literature [2] used recursive least square (RLS) for
adaptation algorithm but its disadvantage is high complexity.
Ne;vertheless, the AFC method is usually employed to reject a
howling phenomenon in a hearing aids system such as {5], [6].
This is because of short impulse response requirement in the
AFC and the simplicity of the algorithm such as the LMS or
normalized least mean square (NLMS) is still suitability for

the work. The adaptive howling suppressor (AHS) methods
[3], [4] are proposed. The AHS requires low number of
coefficients (about 100) of the system and performs as notch
filter characteristic in order to cancels a howling spectrum.
This method can also reduce the howling effect in an audio
amplifier system.

Because of, both LMS and NLMS algorithms are often used
in the AHS system due to its simplicity. They are well-known
that the convergence rate is directly proportional to the
adaptation step size. When the step size is large, not only the
convergence rate is increased but the excess mean square error
(MSE) as well. To eliminate this drawback, the variable
momentum least mean square (VMLMS) algorithm [8] is
proposed. Theréfore, it is applied for the AHS system which
can provide both high convergence rate and low excess MSE
is thus employed in the proposed system.

The paper is organized as follows. The howling in an audio
amplifier system is described in section IL In section III, the
adaptive howling suppressor is discussed. The simulation
results are illustrated in section TV. Finally, conclusions are
then given in section V.

II. THE HOWLING IN AN AUDIO AMPLIFIER SYSTEM

The acoustic feedback in an audio amplifier system is
generally occurred when an audio signal produced by a
loudspeaker travels back to a microphone either directly or
being reflected from the walls, floor or ceiling (see Fig. 1(a)).
This feedback system is modeled as shown in Fig. 1(b) where
the s(n) and f{n) represent a speech signal and a feedback
signal (howling), respectively, and # is discrete time index.

- ~a

7 ~
éf ~ "~ Acoustic feedback
Spleghg

Microphone

—»
pln)

Loud speaker

a). System

b). Model

Figure 1. The acoustic feedback in an audio amplifier system
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a this block diagram, G(¢”) and F(¢®) is the amplifier
;ansfer function and the acoustic feedback transfer function
sspectively. The loudspeaker output signal p(n) is fed back
nd passed through F(¢“) to be the howling signal f{n) to the
aicrophone again. Then the composite signal d(r) = s(n) + f{n)
3 amplified in G() before being sent to the loudspeaker.

“he closed loop transfer function of the system model can be
«yritten as

G(e’™)

7™ = I-G(*YF(e”)

M

As can be seen, the system will become unstable if a
stequency component of the feedback signal produces the
-G(e"”)F(e’“’)[ > 1 and ZG(*)F(®) = m2x (where m is an
anteger). For this condition, the oscillation phenomenon will
sceur. In case that the oscillation signal has the frequency in
Mtie audible range of human hearing, it is called a howling
«ignal.
To eliminate this howling signal, the AHS that which
rerforms as notch filter is proposed in this paper. With
=Tequency reject characteristic of the notch filter, the howling
signal is thus suppressed. The proposed system is discussed in
whe following section.

| III. ADAPTIVE HOWLING SUPPRESSOR

A. Prmczple of the AHS system

The proposed AHS system can be depicted in Fig. 2. The
AHS mserted between a preamplifier section and a power
amplifier section of the audio amplifier system. The structure
«of the AHS is illustrated in Fig. 3. This structure is based on
<an adaptive periodic noise canceller, and is modified from a
well- known adaptive line enhancement (ALE) [7]. The signals
d(n) and e(n) shown in Fig. 3 represent input and output of the
system, respectxvely

When the oscillation occurs, the input d(») is composed of a
speech 51gna1 s(n) and a periodic howling signal f{r). Thus,
from the point of view of an adaptive filter, the speech signal
may be cdnsidered as broadband while the howling signal
considered as narrowband where s(r) is uncorrelated with f{n)
[3]. Both signals are passed through the delay unit (A sample)
that causes| delay about 1 ms (16 sample at 16 kHz sampling
rate) which is sufficient to make s(n — A) and s(n) uncorrelate
each other|but there is still a strong correlation of periodic
component between f{n — A) and f{n) [4]. The adaptive FIR
filter atterr{pts to adapt the system to minimize mean square
error e(n). |

Pre-amplifier Power amplifier

Léud speaker

Figure 2. Tﬁe adaptive howling suppressor implemented in audio amplifier
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Input  d(n) + Output
i »(+)o—>»
e(n)
=] A
FIR
x(n) b(n)
r — 1

Figure 3. The structure of adaptive howling suppressor

After that, the adaptive FIR filter has reached to the
optimum estimate of the periodic component. Thus, after
subtraction we are left with mainly the speech component and
it is a desirable signal.

B. Notch characteristic
From Fig. 3, let us consider the output equation of the AHS
system as follows

o) = ()~ Y b (x(n—8) @

or

e(n) = d(n)- Z:‘:bk ()d(n-k—A) 3)

where b(n) are coefficients of the N™ order FIR which are
adjusted by the VMLMS algorithm. By assuming that
adaptation of the FIR filter has converged, hence by(n) — by.
The AHS transfer function can then be obtained by

E(ej“’)
D(e’”’)

N-i
(ejaJ) =) _ —/szbke—jkaz - (4)
k=0

As shown in (4), it is seen that when the adaptive algorithm
has converged thus, the transfer function of the AHS system is
notch filter characteristic.

C. VMLMS algorithm
The VMLMS algorithm which is employed for the
coefficient adaptation of the adaptive FIR filter is given by [8]

b(n+1) = b(n)+pe(mx(n)+a(n)(b(r)-b(rn-1))  (5)

where

b(n) = [6,(n) B(n) by(n) - by (W) (6)

xX(n) = [x(n) x(n—1) - x(n—N+)[f )
or

x(n) = [d(n-8) d(n—-1-A) - dn—-N+1-0]  (8)

It is noted that b(n) and x(x) are a coefficient vector and an
input vector, respectively. In addition, e(r) is a scalar of error
signal (output of the AHS system), u is a constant step size of

ECTI-CON 2007
The 2007 ECT! International Conference

1047

IR



the algorithm that controls the convergence rate and the
algorithm stability [7], [8] and a(r) is a scalar of momentum
factor which bounded as 0 < a(n) < 1 [8]. Also, [-]" denotes
the matrix transpose.

In equation (5), the last term is a momentum which the
acceleration of convergence is controlled by the momentum
factor. It is adjusted to large value in transient state in order to
obtain high convergence rate and contrarily to be small value
in steady state for low adaptation speed. Thus, if the step size
of the algorithm can be accomplished a very small value and
the low excess MSE is obtained. The adjustment of the
momentum factor can be given by

a(n) = ya(n=1)+pe()x(m) b(n-1)-b(n=2)) ()
which it can found in [8]. In the above equation, the algorithm
is updated under a past difference of coefficient vector, a past
momentum factor, a current input vector, a current error signal
scalar, a constant y and p, respectively where 0 < ¥ < 1 and
p > 0.[8]. The adaptation of momentum factor is bounded as
the condition which is given by

a, ;if am<a,,

|
l a(n) = a::
|
{

a(n)

;if a(m)>a,,

(10)

; otherwise

where ¢, and o,. are lower and upper bounds of the

momentum factor, respectively. The constant ... is normaily
selected near unity while the value of ai is chosen near or
equal to zero. The initial value af0) is usually taken to be .
!I [V. SIMULATION RESULTS

[n[this section the computer simulations are performed to
exammc the performance of the proposed AHS system. The
adaptlve 100" order FIR filter and the delay unit (A = 16
samples) are used where the sampling rate is at 16 kHz. For
the environment set up, the amplifier system is set to oscillate
at 1.6 kHz. The tested input signal of the AHS thus comprise
of a’speech signal and a 1.6 kHz howling signal. The speech
51gnal is artificially generated with a speech-shaped noise
using zero mean and unity variance white Gaussian noise
sxgnal through a 12 order auto regressive (AR) filter [6].

Wlth the above set-up environment, the proposed algorithm
is 1r_nplemented with the parameters g = 0.0001, y = 0.999,

=] 0.9, amax = 0.7 and @y, = 0. The normalized power
spectrum of an artificial speech with a howling signal (input of
the MS system) illustrated in Fig. 4. It is seen that the sine
51gna1 to broadband signal ratio (SBR) [7] is about 20 dB.

l
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Figure 4. Power spectrum of AHS input with howling signal
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Figure 5. Convergence of AHS system using VMLMS algorithm

Fig. 5 shows the convergence behavior of the proposed
algorithm where the MSE approaches the steady state about
500 iterations. As can be seen, the howling signal is almost
completely suppressed after 500 iterations. When the
algorithm approaches the steady state, the transfer function
and output normalized power spectrum of the AHS system can
be demonstrated in Fig 6 and Fig. 7, respectively. In Fig. 6,
the magnitude response illustrates the mnotch filter
characteristic of the AHS system where its depth is 1.6 kHz.
Thus, the howling spectrum-has been reduced as the result
magnitude given in Fig. 7.
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The convergence behavior of the proposed algorithm has
been also compared with both LMS and NLMS algorithms
where the parameter g is set to be 0.0001 and 0.01,
respectively. These algorithms are then performed in the same
environment setup as previous discussion. As results shown in
Fig. 8, the MSE convergence behavior of the proposed
algorithm is superior to both LMS and NLMS algorithms.

V. CONCLUSIONS

An amplifier system often encounters with a howling
problem due to an acoustic feedback of a loudspeaker to a
microphone. The system will become unstable if a frequency
component of the feedback produces larger than unity open
loop gain and the loop phase is a multiple of 2z where the
howling effect is occurred. The adaptive howling suppressor
in an audio amplifier system using the VMLMS algorithm is
thus proposed in this paper. The simulation results of the
proposed algorithm show good result in howling suppression.
Moreover, the comparison shows that the proposed algorithm
provides faster convergence rate than the LMS and NLMS
algorithms which are performed in the same environment.
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Abstract— This article, variable momentum factor to improve
performance of momentum LMS is presented. The momentum
factor of algorithm is varied according to a gradient decent
designed to reduce the square estimation error during each
iteration. So this proposed algorithm has high convergence rate
and low steady state misadjustment. Simulation results showed
good performance of the algorithm in both stationary and
nonstationary environments.

[ L
Algorithms of adaptive filter by using the least mean square
(LMS) arl‘c well-known applications because of its basic
algorithm' are simply to implement {1-3]. Momentum LMS
algorithm' (MLMS) is developed from LMS algorithm in
order to higher convergence rate. S. Roy [3] presents analyze
of several property of MLMS. O. Tanrikutu [4] developed
MLMS for reduce complex of calculation. L. K. Ting [5]
applied thfe MLMS for detect a chirped signal in radar system.
The MLMS algorithm has not only convergence rate higher
than LMS algorithm but also misadjustment higher than LMS
when algorithm adapt in steady state because of momentum
factor of :algorithm is constant [2, 3] and this is disadvantage
of MLMS. Thus this paper proposed the variable momentum
factor algorithm for improve MLMS algorithm. This here
momentum factor is adjusted to large in transient state in
order to o:btain high convergence rate and small in steady state
for low misadjustment. The criterion of adaptation employed
the cstimfate gradient of square error signal for update the
momentum factor.

The péper is organized as follows. The review of MLMS
algorithm presents in section II. In section III, we described
the prop(;)sed algorithm. Simulation results are illustrated in
section IV. Finally, conclusions are then given in section V.

INTRODUCTION

II.-‘ REVIEW OF MOMENTUM LMS ALGORITHM

The principle of adaptive filter with FIR structure that used
MLMS algorithm depicted as Fig. 1 and the MLMS equation
| .
show as equation (1) [2, 3]

i
!
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) Filter ¥
) . ”
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. | Momentum LMS d(n)
algorithm e(n)

Fig. 1. Structure of adaptive filter with MLMS algorithm
a(n+1) = a(n)+2pe(n)x(n)+a(a(n)—a(n-1) (1)
e(n) = d(n)—y(n) )
y(n) = a’ (n)x(n) 3)

Where
a(n) = [ay(m) a,(n) - ay (W]

x(n) = [x(n) x(n=1) -+ x(n-N+D]"

Here, ()T denotes the matrix transpose, a(n) is the coefficient
vector at time #n, x(n) is an input vector, e(n) is a scalar of
error signal, and u is step size scalar parameter that controls
the speed of convergence and stability of algorithm. [1] An
is scalar momentum factor and it characterize acceleration of
convergence rate and stability of algorithm. [2, 3] The d(n)
and y(n) are the desired scalar and output signal, respectively.

The last term of equation (1) is momentum term because of
it is accelerate convergence rate of algorithm. Reference [3]
has studied in detail of stability, time constant and
misadjustment of MLMS which the stability of the algorithm
under this condition is predicted by inequation as follow
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“Where, A_,, is maximum eigen value of input autocorrelation
mmmatrix. The time constant of MLMS algorithm showed as

mCollow
| 1+e 1
1+2a )2 uh,
I+

~ 1".
(15 )

Where, 7, and 7, are time constant of MLMS and LMS
(MLMS) (LMs)

Emums)

©

algorithm respectively. Here, time constant of MLMS lower
than LMS which it means that the convergence rate of MLMS
higher than LMS. The misadjustment of MLMS showed as
follow -

My = (1+a) ptr[R]

MLMS

~ (1+a) %,

LMS

(N
Where, R is input autocorrelation matrix while ¥,

and M, a:re misadjustment of MLMS and LMS respectively.
|

II1. . VARIABLE MOMENTUM FACTOR ALGORITHM

Equatiorn (7) depicted misadjustment of MLMS higher than
LMS because of momentum factor is constant. Thus this
paper proposed improve performance of momentum LMS
algorithm with variable momentum factor or variable
momentuf'n EMS (VMLMS) which the algorithm showed as
follow

a(n+ 1[) = a(n)+2ue(n)x(n)+a(n)(a(n)-a(n-1))  @®)

Where, Oll(n) is time varying scalar momentum factor and
show it’s

lthe adaptation algorithm as follow [6]

w(n) = yan—n+2[ - 2E M)

[a(n) = ya(n-1)+ 5 [ P 1)] )
and ]

' 0e’(n) _ de’(n) da(n)

da(n-1)  da(n) da(n-1)

i

[ = —Ze(n)xT(n)% (10)
Equationl(S) can be rewrite as follow

]! a(n) =a(n—-1D+2pue(n—Dx(n-1)

: +a(n-Da(r-1)-a(n-2)) (11)
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Thus
a
-65(;5—"—)1) = a(n—-1)—a(n-2) (12)
and the algorithm update momentum factor given by
a(n) = ya(n—1)+ pe(n)x’ (n)(a(n—1)—a(n— 2)) (13)

In the above equation, the algorithm update under the past
coefficient vector, the past scalar momentum factor, the
current input vector, the current error signal, the y and p,
respectively where 0< <1 and 0< p <1 to confirm the good
performance. [6]

IV. SIMULATION RESULTS

The proposed VMLMS algorithm is implemented on
identification system under stationary and nonstationary
environments that is shown in Fig. 2. Moreover, the
performance of the algorithm is compared between LMS and
MLMS algorithm with mean square error.

v(n)
x(n)
»| Unknown system [—
—vd
() (n)
> Adaptive filter
y(n)
¥
Fig. 2. System of simulation model

4. Example 1: The proposed algorithm in stationary
environment

In this example, the FIR adaptive filter of four orders and
the unknown system has four time-invariant coefficients as
follow

h = {I, -0.5, 0.02, —0.001} (14)
The input signal x(n) is a pseudorandom zero mean and
Gaussian process obtained as the output of filter with
coefficient

b = {1,007 -03, 001} (15)
Which this filter input is a zero mean, uncorrelated Gaussian
noise of unity variance and v(n) is additive zero mean,

uncorrelated white Gaussian noise o° = 0.1 of the system.
The parameters used in the proposed algorithm are
u =000, p=09 , y=099 , a, =07 and

a_ ;. = 0. The results of simulation showed in fig. 3.
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Fig. 3 The VMLMS algorithm in stationary environment

B.  Example 2: The proposed algorithm in nonstationary
environment

The unknown system is considered for four time-varying
coefficients using a random disturbance process

h(n) = h(n-1)+c(n) (16)
Where h(n) is coefficient vector of unknown system at time n
and ¢(n)is a zero mean white Gaussian vector process with
covariance matrix

ol =1x107"1 (17)

The coefficients initial value of unknown system and all
parameters are same as in example 1. The simulation results
of this example shown as Fig. 4
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Fig. 4 The VMLMS algorithm in nonstationary environment
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C. Example 3: Comparison of three algorithms in
Stationary environment
The performance of LMS, MLMS and VMLMS are
compared in stationary environment in this example. We
again set the same parameter as in example 1. The parameters
of MLMS algorithm are = 0.005 and « = 0.7 while LMS
has also £=0.005 and the results showed as Fig. 5

(dB)

Mean Square Error

"

L s n
1000 2000 2500

0 500 1500 3000
Iteration number
Fig. 5 Comparison of LMS, MLMS and VMLMS algorithm

in stationary environment

D.  D. Example 4: Comparison of three algorithms in
nonstationary environment

This example, the performance of three algorithms are
compared in nonstationary environment and again set the
same parameters as in example 2 and 3. The result shown in
Fig. 6

(dB)

Mean Square Error

MLMS
-25 . . . A A
0 500 1000 1500 2000 2500 3000
Iteration number
Fig. 6  Comparison of LMS, MLMS and VMLMS algorithm

in nonstationary environment
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In Fig. 5 and Fig. 6 show that the proposed algorithm is
«igh convergence rate in transient state and low steady state
nisadjustment in both stationary and nonstationary
:nvironments are achieved.

" V. CONCLUSIONS

This paper presented a modification of momentum LMS
algorithm with time-varying momentum factor. With an
sstimate gradient of square error signal is used to be criterion

«of algorithm. Because of the momentum factor is variability
mmchus it can be reduced misadjustment while the convergence
«rate is satisfaction. Simulation results showed that the
mmaproposed ‘algorithm given high convergence rate and low
misadjustment in stationary and nonstationary environments,
respectively.
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