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ABSTRACT

This thesis proposes a technique for finding the initial weight for an adaptive filter
by analyzing the response equation in the form of the difference equation. The
analytical response indicates that the initial weights obtained from the Wiener-Hopf
equation enable the adaptive filter to properly converge for any sample size and the
mean-squared error (MSE) depends on these initial weights. The proposed technique is
utilized in the least mean square (LMS) algorithm for eliminating the known frequency
power line interference (PLI) in the electrocardiogram signal, demodulating analog signal
and demodulating OFDM signal. To compare the efficacy of the proposed technique to
other techniques, the systems are simulated using a computer program. The simulation
results demonstrate that the proposed technique enables the systems to eliminate the

PLI signal and demodulate message signal with the fastest time and smallest MSE.
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(Finite Impulse Response Filter: FIR Filter)
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(Infinite Impulse Response Filter: IIR Filter)
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1. Henduveessuy | awnsdls nalna wazdls
2. aouantamaa | wladaduvinlaieg il dadurinlaieants
Uszanauayngy
3. W@DESAIN GARRGID) Tiwduautusguanlng

Y

4. ANUFUTDU

3
[y

Juegiumnue1IveINg

% [

AOUAUDIDUNAE

Liuediuanuen Unduwaaly

PJouni1 enleais un

5. M599ALUY

wisnenunseanwuulaely

ADUNHDST

wisneAunsaanuuulaely

LASDIAALATY




A9 AN ITINUTENINIAINTBIANNDRUULENLe91S nazwuulaleaisaunsaldenl

Y v

winngauiumMsUszenaldinu Faansoasulanal

o mMsUszgnAldnunIinunsdseya (Data Transmission), 1ATEIENIINITUNNE
(Biomedicine) wagn13Useaanann (Image Processing) 31ludosldfnsosmnudiliug

povauanIamandudLdu detudinsosnnuasuuenleeistanunzauniuulalenns

& NSITINUNBAAING Qd LIANVULTUTIABINNITINNAIIUIUTH NITAIUIN
#11U52ANTU09AINTDIANUNALABIVIINT5TURLAY (Round-off) F9azvinliAnAINURANaInaIN

nsUaAedu muRanaindaziinduludinsesmnuduuuenlessissniwuulelosns

(%
& Y

° Iuﬂsm‘mummmaﬂmﬂwmwmﬂumaLLaummam (Transition Band) & GAIRIRRI!
=

ﬂﬁ@\‘iﬂ’)’mﬂLL‘U‘ULE’J‘V\I‘L@BWSMQQI%QWUUHBUWUﬁQﬂT} Mlaiduusednsanuiuninnia wagl

Anugignniinsesamiuuleleons

® gnsesmuduwuulelosisaruisaseniuuldlagnsiannsinsesanuaMduL U

<3 1o a 1 [ £
LLE]‘U%@E]ﬂLLG]G]’JﬂiENﬂ'J’]ﬂJOLLUULBWbLEJEN%‘LiJﬁ"IiJ'ﬁﬂVI’]VL@

o ginsasrnudwuuenlanIsavdunsierilareudeenn avnluldrauimasane

Tunisesnuuu

2.4 fIn509AALUUUSURILS (Adaptive Filter)

'3
1 a a

) Y] Y aaa ) = E— | )

ANT03A1U09129 Iiduiinsosaudndadudsednsnsi nieluuusiuniuian
o (v L9 d' [ LY o/ [~ 93 dd 1 [ a Q‘ [ dl
dmsusinsaennuikuuusum naziduiansesanuandaidulssansusuilasunasniian

Tnefidnvauznisufuaiduusyansenludd sadddoulonadfvesdugio wazdiaes

a Y

an1nwnaanlunisuiardulseans danseenudwuuUsUAlaRYinliva UL UAYDINS

Uszynaldaulunisussaianadygiafdianiieindu dansesanudwuudsudilad

Uselgauagnaunluan e N luaunsaluiInga9nNURLUUSISUAT 130 LYbawe binalalu@dn

YNFIDYILYY
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e adyyiusuniu uazdygiunaeniseglugiuanudiiediu deanldainses
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aa U =

AMUDNNAduUSEENTA waghosnsirduausuniudlugruall Aagvilidymi
Asnsmeluse

¢ dslinyudnuusnwiueurasdyyIusunIu Wy linsuindyginsuniueyly

' i = ¥ a | a & & ¥
g1uANuDle Vo luanala wulunsalvesaeanFkuUaSe LU

[ Ay

o dedyraundesnisiauiiaiiey, lansiudnvasindueu Wi nsavodduiiu

L3

= U
NIDLNTANN

1 o

I ) 1 o A A o Vo ° v
UDADNUNITAIFUYIUNTIUYBIGTY Y18 aﬁlﬁﬂﬂﬂ/]Lﬂﬁ@ﬂﬁUl@ﬁ‘U'ﬂ]%ﬂﬂquﬁ

s>} U

unelouvesdyruildnsivanuuou waze1adalusnIuan

o

Reteulunie Weng

1%

INSIERTUUTIRD9LTAINTRIANUDLNEYINISNTBLDIAURANA R Toan U

Y Y

finsespudnIatuvdsuialatiunumduegrannlunulsyinanadygruniva

WU FEUUADAT, TEUUAIUAN, +5013, JHU1S LarinTesllen1enIsuang Metlingie

ANEUsatluNIsUSuRsuAEn wauzvesss ULl rdoandasiuduaamdnun lameies

4 ¥

lun1seenkuufansasmuduuulsusilauislinduiinnudnudemsudoya

v [ 1

99U wazdNLasIaNIZI913939909013U 538N AL UTYS Fetayadina1adinduuin

Y
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dnsuniseanwuuieldilunaeilunisiaenlasias1aueiingeanNud TUAUNNTEDNLUU
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2.4.1 AINTBIUVIULDS (Wienner Filter)

d(n)

Weighting

y(n) AL
x(n)——— ‘Eect;r - ;@_. e(n)

5UN 2.3 laseainevesiinsaanuuiuues

a Y] o o =~ P
mﬂgﬂw 2.3 SUEUNEUVNDBNVBIRNINTDIEEYEYEULLUUIULUBD IAD
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y(n):ZWix(n—i):wa(n) (2.3)

9 AMBSAY UV (Input Signal Vector)

A
o)
ce
=b.
e
~—~
>
N
o))}

y(n) e dysy1suvieen (Output Signal)
W fAB NMTAIRNUINTEN (Weighting  Vector) %39 duUTz@n5u89@InTeY

feyey e

do x(n)=[x(n) x(n-1) .. x(n=L=1)T

%
w=w, W W]

oo L As 97uuAuInin idnuiudulszdndvesiinsesdyial LasniA1aau

Hananlaeail

e(n)=d(n)-y(n)=d(n)-w'x(n) (2.4)

= v

Toeil d(n) fe dgraud198 (Reference Signal)

[y

e(n) fa AANURANAINTENINNFYR MNBsUFIU YT (Error Signal)

ngUszasdvasnslidinsesdgarauuvinuesiiieanaauianainlivioles

(%

ign FadrinuTnmuaiananiiiond Aeiduinguseasd (Cost Function) vise & uand

= [dz(n)—Zd (n)wa(n)+wa(n)xT (n)w]
= E[d2(n)}—2E[d (n)wa(n)} +E[wa(n)xT (n)w}
=E[d2(n)}—2wT E[d(n)x(n)]erT E[x(n)xT (n)Jw

- E[d ? (n)] -2w'r, +w R_w (2.5)
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Y

L liuN1sIAIAIAnLNe (Expectation operator)

=

| |
L]

hed.
o)
®

WASNTOMANFUNUS (Autocorrelation  Matrix) U89

~
I
eyl
[—
»
—
=)
~
»
-
—
=)
SN
L1
o]
©

SBTRTRIIR T IGTA

r, =E[d(n)x(n)] A wnnmetanduiusly’ (Cross-Correlation Vector) 5g¥ins

[y [

Fruaauid x (n) Audyaaeneds d(n)

NENNITA (2.5) Wadeinsanfiauianaralvimdetesiign vilalagnism
auusves & Weufiu wisenizundt insiewivess (g, )
0 0
g, =V(&)= 0F :—(E[d2 (n)]—2wTrdx +WTRXXW)
ow  Ow

= 2r, +2R_w

[

dlali V(&) =0 agamwnsamardminimanyau (w,) linail

WO I R;jcrdx (26)

£%

= d' = = ] = s Y S v a d'
FIFUN1IN (2.6) ‘NQﬂLiEJﬂ'J'] FAUNFAIULUBTTIN D UNUAIUINUNNLAUIZAUINNENNITN (2.6)

adluaunisn (2.5) agymianunsadnamaimurana1nideeiign 3nIsveiuuesaon
1oRail
2 als i -1
gmin = E|:d (n):l_zwordx +W0RxxRxxrdx

:E[dz(n)}—wzrdx (2.7
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R, =E[x(n)x' (n)] - X(”E‘l) [x(n) x(n-1) .. x(n-L-1)]

f0.0 T - Toa

1,L-1

LrL—l,O Mo e T

d(n)x(n)
d(n)x(n-1)
r, =E[d(n)x(n)] = (n)x(n 2)

v 6

uiudedninvewiinsewuuInluesfe dowsuwpsnddnanduius (R,,) uae
wnimeTanduiusled (r,) wardaddinanlunsdwinmauiuileaindesnsuisares
nsndonanduius dnvisanInwesanduiusiulsziufsuilainiuial Asuasfedng

analmiges g wagldiialunsAiuiuuiy deludsdinsidenldiniaiuie suuuusui

'
a

Temanansaldnudygrnidinuasundasaunaila sagldnalunisiuiunniiddiag

asuneluiitesald

[ a 1 = o w Y =] N W a R <
2.4.2 aanai‘wumLaaﬂmaaaaeuaawqﬂ ®IDDANDINULDALBULRE (Least Mean

Square Algorithm: LMS Algorithm)

Y v d s Al ra LY Y1 o
nslamnseswuvIuuesayldluan1eilufin sAuwlsnuan w1agaNIsaaAIuIN

Y ¥

V’hﬁ 0ne foeld uan1sAtulailaenn Tusuginganulainisimuidinsesiuudsusala

'
=

(Adaptive Filter) viang7s YofvasinsasuuUsumlausemvilife dgnsnisAiunng

[ [y Y

lidudou warlisndudesdmiimesmaainvesdyanuidn fddyardulszansueasi

A

nseszgnUTulngdnluliflivansauiiafianisiasuwlasnudnuae vedaya o
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T m A
Weight yn
X(n) Vector - @)
e(n)
LMS
Algorithm

JUT 2.4 lassafaiinsesuulsumlanenfedanasfiuiuy LMS

fnsesuuulsuilanededanesiiuanadeidaetesianduisnisndie, n1s
Awnilidudeu uazerderrdygiuRanatn e(n) inAmieUTuaAduUsE AT

nyesdgeulneldReulvreinisannianulianainiiasdesiade (Mean  Square  Error:

i =7 a = ! E‘Lyu

MSE)  Tuillatleunian Feazdsnalvidyginuisanatndinsesdygiauudalndifseiu

q

& a

dl v A v [ A v = g o o °
Wm@']\i@ﬂﬂ']ﬂmq@@'JEJ LHBRABNATTNIAN é: VIUEJEJV]E}@LNE]LVIEJUﬂUﬂﬁIJiU W 1/1?15?1@81/17

2|8 Zg

7z cE[e’(n)]

By === AT -2E[e(n)x(n)]=-2r, +2R w (2.8)

MSAUMUUUARNLNALAALTUA (Steepest  Descent  Method)  Lagninanlglunisusuen

AUUSTANTVDINATAIANNTT

w(n+1)=w(n)-ug, (n)

w(n+1)=w(n)-2uR _w(n)+2ur, (2.9)

Tned 4 AB ANIINITUSUS (Adaptation Gain) #50UuINIU (Step Size)

o I

NN (2.9) wiudna w(n+1) wvivAmudavreunsifewives & (g,)
warA1 p HnadednsINIsgiinvesdanasiy lunismuuad 4 Aesminualivanzay

WeulalumsiwiueAn 4 tu [1] Wunuaunsi (2.10)
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0
<u< (R (2.10)

ool tr(R,) Ao navinaundnluuuimusweasmsnddnanduius

PNauN15N (2.10) ransnsamiunindsnanduiusvos Ty idnliagSveuluna
patuiisnyaslduieaiy

dmsudaneifiuuuuriadeidaestasiigaiiu lunisusumduUssavsvasinoss

ldnsuszanmuAnnsiswives £ (&, ) 1naunsn (2.6) vesisiuueisel

WO :R;xrdx
Tngazdsyanadla
R, ~R_ (n)=x(n)x"(n) (2.11)
r, ~f, (n)=d(n)x(n) (2.12)

=—2e(n)x(n) (2.13)
Fauann1snsUTUAduUsS A veesnT e
w(n+1)=w(n)-ug, (n)

=w(n)+2ue(n)x(n) (2.14)
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NEuNTA (2.6)  waz (2.14)  avfiuinaunisnisusumdudsyansveisainiy
ﬂmwm@ﬁﬁé’qaaua?‘ﬂlﬂﬁaaﬁqmﬁu A1A1IAMY (Expectation Operation) lagni1eantuain
aunsmsUSuAduUsEans WS aRnnana RS wnusnsUsELaA A TRewY n1say
AnaavuneivhliAananuinie TunisiunuaAdulssansvesiinsedlagisAmasings
anatiosiian AanuAananaziiniaiedoulmedisduiouy Avhaavesiiuinnuianain

(Error Surface) nspUiuingaadewnuazUSuingaianeg 1Lz

2.4.3 ausIAULVRNAINTOIRYIUULUTUAT LGNTddanesiuwuuARAsfA1asEas
Yy A
Wasign

Tunsfnaussauzn1svinnuresiminsesdarusuuliuimlaazldinaslunisia 2 a1

® aflauendauun (Misadjustment)

ANDALATALUNAINITOM b ANFUNISH IR LUT

M= ] (2.15)

led &, fi9 AIAURANaNAMG e NRReNieeNgnTvn lna1nIsveiue e
£ AD NARNITENINAIAIURANAINAIAIEDIRAVDIAINTDITUAIAIURANAINNIES

dodndsitosngndwnlannisuefiuuesson

wazA E[&,, ] asnvldnaun1st (2.16)

E[éu]=tr(R,) 1, (2.16)

[

FaUANTIALB AU UFNNTNA (2.15) L@ UM ARSI

tr (Rxx ) /’lé:min
é:min

M =
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=tr (R, )u (2.17)

dmfumsiisudiovaussauglneAdauendamuuit mnfnsosdunauuuusui
esleafienfiauendauuridesnd faviieinsesiudiaussauzannniy

e anuialumsgidn

TmaﬂﬂaLLﬁammﬁﬂums@:Lsi’fwzﬁﬁmmmmi’ﬁmumﬁaasj’lﬂumiﬂ%’ué"gﬁﬁﬂﬁtﬁ@
ApnuRiananfdsaesiesiigadsazmlfifonsudanuianaiaiidaesiiosiianves
svuuiew uilunseanuuusruunsUSUiTuuse S lianusansuldinduaanndves

[ Ag7}

szuuduegnils yhldldansanmuseuianaiaiidsaesdesiiaald fafuiwionhnms
fiarsanainanfinisatlunisanavesaiaiuinnalnfidsdes Imaazwaﬁﬁ%uaq'ﬁu
SruumiegslunisuSusaeen Wemaasiinisaattunisanamwessanuinnainias
ansliuda azaansathlumdiunudiedsildlunisgidrvesseuuldnnglditeulvves
anTzfimnzay salunsmsuufedsezisuannsiasaAasinianan Tngw
Toann

A1Asfinaaraan (Time Constant)

A5faTsaAImLRananaidiaewads it ulundaysourenisusuan

[y [

FuUseans [1] anunsonlaeadl

E(n)=¢&,, +(1=2u4)" £,(0) (2.18)

Tng A @9 A1leLnu AINTUNIISUIAIAMNURANAINNAISIERLRASNNATUININNISUSUAN

duuszansluwsiazseu aelanagun 2.5

9INFUN 2.5 1l NTUINITANAIVBIAIAIILURANA AN S 1A URAL LW AN

a o a o < = = a [ vo &
mmmmwmmmaﬂaaamasumiamaaLUuLaﬂsﬂwLuum%mmmmLﬁstJuLiJuanmﬂmmu

E(n)=¢, +[§(O)‘§mm]e"p(_;)

=& . +&, (O)exp(—ﬂj (2.19)
T



lagfl 7 AR AIAKTIIAIAIVRINTITARaILULENG L UIAEaLUIUN 2.5 WIsuliguaunisi
(2.18) ffu (219) 2¥ld

(1-2u4)" = (exp(—%}jn

(2.20)
Y ! a' a al' Y
LLﬂaﬂJﬂWiWqﬂqﬂﬂV}VﬂﬂL’Jaqsﬂaﬂﬂqﬁaﬂa\?LLUULaﬂ‘?ﬁW LUULGUEJﬂI‘HEUV] 2.5 ‘U%l@l

(2.21)

ANANTINIA I UNN5aRAIUBINISUSUAIAINNITAANTUIAIAINURANAINNAIED
A v a
Pleannaunisi (2.21)

E(n)=¢&,;, dela

IMTRaNsIaNn1sh (2.19)  Weszuuidhganneiivanzas

£0) 4 ~
n
1
1
R
1
)
1
\
-\ J
L 1
2\
L\ i

*
\
\

\

\\

*

N

(N
[ 28
é:min .................. T TSP SE S S A S W S w—

b
5

10 15
Iteration Number, n

JUT 2.5 ArAnurananawdeisvulunisuiuadudssavsvesiinsesdynya

18
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n
&y (O)GXp(——) =0 (2.22)
dlevhnisunuen n=57 aduaunsi 2.22) azle

£, (0)exp(—5)=0.007¢,, (0)~0 (2.23)

o
wa A 1 § o W o

NaNN15N (2.23) Tumsdfinnedndszunalawiiuaud Asiuaunsamaiuiu

Y

Aeg1eldlunsditnvesssuuilonsUAIAINILIA1lUNITANAIYDIAIAUHANER

[

AA9a9991naun1sN (2.21) leeadl

n=>5z
5
A (2.24)
4p;
Aatud g walgluntsgadanneiuungannuniganidululife
!
RE o5 (2.25)
4/Llﬂ’min

dusunisilseuliisuaussaurlneainsiniaaal wndnsesdayiunuulsumlaslad

ANANTINIIANR8NT AAZERINFRNTRItUlANSIOULIINNTN

v

av A4
2.5 URYNNYIVDY
dmsurnuadeiitieavesiuinerinusatullaziie1tesiun1siefinsesd gy

[

wuudsumlsunussgndldanusngg daseazidennuideiiiertodial



20
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251 msmiadygruunsnaeaatuuleysasnaaniefinsasdyuimuuuliudl

wuulnai (A New Adaptive Algorithm for Eliminating Sinusoidal Interferences)

[

NMAEFeINIMIndygInunsnaenkuulsygesnoafefinsasdyyInwuuUTUs?
wuulual (A New Adaptive Algorithm for Eliminating Sinusoidal Interferences) gniiaue

lng H. C. So [6] Wnefinsandyaaunsnaeneglusuvesdnyanlyyvesneaiuszneuly

oo 7]

msvUIALazE Feazivunlidulszavsvesiiniodfs vuinuazilavesdygyiuunsnadan

[
Y]

91999 AaTiuNSUSUAALUSLANSUR I INTBIT BT UNMSUSUTLIAKALINALALATI WATDLEEUD

£

Sn1stinde n1susudulszansitauialiiludassustusgiun1susuduyszansidana

)

'3

AaumnduyssavsidavadeldamisaliudndanneivunsaulanagyinliduUssansias

v v

vunlsultnansinunvauldlaeiufeiiy dwalinisiidndygiuunsnaenuiens

Juldladn viselenaliuftn

2.5.2 szsaudslunmsusuanuulnivasiansasdgyiamuusuaialameldlunig

o o

Adadyrusuniuiiavuludyyiuadulniaila (New Adaptive Filter Algorithm

v

for Noise Cancellation in ECG Signals)

NUATBE o zideuislunisusumtuulnlvesdansesdyaianuulsudalaieldlu

LY

nsmdndagusunuinatuludyaruedulniliniala (New Adaptive Filter Algorithm
for Noise Cancellation in ECG Signals) gniuntauelag 51w Anigiasey wazane [7] lng

Frusuniunifndulvssuufe dyaruuninaaamiiesladlnefarsandyaiaunsn

> Ag7)

donnnnasladlveglusunasiuvesdygnluurosnaa FaiinseaeinnisusuAruInves

¥
v v

aleyresnealviliainssiudygiuunsnasamiieslauininiuy nsiarsawagli

i iduluauinanundrenuinlinisusudulsednsvesiinsas@enae AuInved

[

aadlayvesneaudassreiuwiibiauisafdadygyraunsnaeninivieslallafinis

ege ege ege

NSUSUTUIALAZINEURIF Y IUUNTNADALAYATS
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253 Fsnsuiudgedanasiiuvasiinsasdysruuudiudaladmiunisiualy

v o

Uszgndldaulunisidadyginunsnaeanmiiesladeanandyyiuadulniiiala
(An Enhanced Adaptive Algorithm for PLI Cancellation in ECG signals)
am‘i%’aL‘%@ﬁ%ﬂ'ﬁﬂ%@ﬂ@@'ﬁﬂa‘%ﬁmaaéfqﬂiaaé’fgzmmww%’uél’avLﬁLﬁaﬂlsﬁumiﬁﬁm
Tyaaunsnasnniedlatosnaindyyiundulniiiila (An - Enhanced  Adaptive
Algorithm for PLI Cancellation in ECG signal) gﬂﬁ’nauaimﬂ Wuaﬁﬂé Indensal LazAuy
[5] MIUSUUedanesiuvesINges TanamuuUsumlatilaenssendouluSusulity
fnsesdeyayias Insendenisdndregaadios 2 dresrausnvesdagrundulndiilafidngm

Tuszuu MnnTuddag1anlauneInsalavusLasinavasduaa waulufirusduan

Ag7)

U ¥ a

Susuliiudyg 198 UesIruU JsnmisivuaeuluFuauyesiin T sdy Yl uuU U

(%
(Y]

Ianaidedaunsadunldiudnsesildygranndndudyaraleysesnoalds 2

v

NuULAD

VU a v

wazninsuiumauaLazinavesdygIaue9BIkazanur NN sUTUAIIUIN

:,)G

[
a

vosdnyleuresnes dulleldnismvuaeulusuduiigisiss@nsnnvesiinses

=4

dya i uiufe ssuvainisaidadyyinunsngeainiiieslanlasidu e

WisuisuiuszuunlddnisivuaaiReulaiEusuresinseddy g

2.5.4  N1ANDALANH Y IMLTIVUIARIBNENNITVDIRINTIF YU IMUUUUUTUAILA

(Adaptive Synchronous Amplitude Demodulation)

NUITEDY NSANBYLANFYY I TVUINFINENNTVBIRINTOIFY I UUUTURA LA

(Adaptive Synchronous Amplitude Demodulation) Qﬂﬁ%auai% Fathy F. Yassa uag

% } 74

Sbarbel E. Noujaim [8] dwiusuadeiiifunisiisnsesdyaawuudiumliuusygndld

funishvegandyarandawn lnglidyaavidivesiinsenludygulsyvosneand

Y [

ANudkazianseiuadunnidlunsuegandayay i Feianse9vin1sUSUAIIIAYeY

(%
v v Y

g g Lieasendun1e198e AtuduUsEansiinann1sUSUAITRIRINTBINAD

[

iy
Foyay1aud1IansignenuAuAauNITITLeY uidnwarn1TYULaglaTIETeveuITel

anusofueganlilanizdyyiantauinyinuy
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2,55 ABnshuegandyaiauuudiudilddmiudygianaedu (An Adaptive

Demodulation Method for QAM Signals)

MUITeLse Wn1sfvegandyyruuwuudsuiilddinsudyyiufieldu (An

Adaptive Demodulation Method for QAM Signals) Wtauslae Li Yanxin wag Hu Aiqun

a [

[9] Snwauzvedlassaiiazmilounu [7] withanussyndldiunishneguandayaufiield

Y @ A [

Fedygrunt1vesdinsesnfedyyrulsusesananinnuilazinan e uaaunIg

V)

Y oA o

Foyay1uUIE1 598N JnAUANINIINAUUTEAVE S IIIRvesd iyl vygesnea Fa1ulse

Y

wUadlvieglusuvesuunauasingla

2.6 &3U

Y

Wonluuninanfwmgufugiunldluiids dulaun n1sussunanadyyIumiaa,

FINTOIREYQYILUUATYTA, FnTosdgyrasuulsuilalaglasanesfinluuaansiasass

v 1 }2

p87anlnuin193tAT18RANIIAULVRIRINT Iy IUNTan oS uAInaInenslY

e

[ 1 oAl

HANBUANBIVBIMINTBIFy A R lusUaunIsHAas 19 aaR s luNITIATIEN TaAT

Y Y]

haldindulsyandnmassiinsssdyarunuulsuimlaiddanessfiunuuaAlaasiase@es

W

Ueeiignrie AlauandauiuarAIAInInattunsUSulidganeimingal nandfe i
nsody Il T AlALDAI AL NUILAZAIAINNINIAIUDY AINTOIF Y I UT UL
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N15ATISUNANDUAUDIUDIAINTDIF YU UMUUUTUAILA

LNBNTISATUIULAZNITIDNLUU

3.1 nanaun

Tuun 3 19znantenTiATIwNenauaUIvaIfInTsd Yy I uUUS U lanaY
dun1snsusuArduUsEansvesiinseslagldaunisnastaiiotunmuuaouluisuduues
AINTOIR QY I, HATDINBUIVIUAUYDIAINTRINLADAIAINRANAINNAIFD QR UVD I

1 d‘ QI e Qdd' o ] o a 1 dll
N394, NMsmAteuluFuauaInIgniiaus,  dauaunseawadsaliunismaiteuly

Susuwagn1sUssgndldauluszuusng g Fallsieasidennal Uil

3.2 A19ILATITINANDUAUDIVDIAINTDIA YY1 UUUSURAILANDAMUART

Naulvisuduvaszuy

Tudauilazgnandeim AT IzANanovausIUsIiInToId Yy IaLuLUsuRa eyl
nsmAeulusuRunwnzatliiussuy Tnglassasenldlunisieseiianadagun 3.1
NFUN 3.1 doygrnnsenvesiinsosdyaamuudiuiile (e(n))  wasdynus1eds

(%(n)) uansaislul

e(n)=d(n)-%(n) (3.1)
)=X' (n)we(n) 52)

laedi d(n) e dyeauifenis

X(n) Ao LnwesdyyIMvIivesInTasdIMLUUUTURIlR

Y [

w(n) Ao LnmesduUsEaAVERINTasdyIMRUUUTUAILA Fallaunislunisusuanasil
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— e(n)

0 n-1
w(n)=w(n-1)- ¢(win=1) (3.3)
ow(n —1)
Tned u R msumm%y’uﬁmagiwdw 0D91

E(w(n-1)) Ao AAnUEANEIAIEsIaNadE d11nTamleNaNN1TN (3.4)

=E d2(n—l)]—2rdew(n—1)+wT (n—1)R_ w(n-1) (3.4)

=Y

lpe# E[-] Al sagniiun1smeaininmang

r, Ao nawesanduiusluiteninedygiuidenisnudypiuadiresdiinged

X
Ty nuuuUIumle, r, =E[d(n-1)X(n-1)]
R_ A9 lwasndonanauiusvesdyyiand1vesiinsasdyaianuulsuile,

R, =E[X(n-1)X" (n-1)]

WoNUaNNISN (3.4) adhuaunisi (3.3) agla

o(E[d* (n=1)]-2w" (n=1)r,, + W' (N-1)R w(n-1))
ow(n-1)

w(n)=w(n-1)-u

=w(n)- ,u[—2rdx + 2Rxxw(n)]

=w(n)+2ur, —2uR_w(n) (3.5)
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[

aun1si (3.5) anansaleulviegluguvesaunisuasiiglagiil

W(n) =[I—Z,qux]w(n—1)+2,urdX

w(n)-[I-2uR_Jw(n—1)=2ur, (3.6)

aun157 (3.6) ADAUNITNANDUAUDITDIRINTOI QI UUUTURILY Fellaunisnanauauey

(%

§55U17% (Natural Response: w,) Wil
w, (n)-[T-2uR_ Jw, (n-1)=0 (3.7)

o munlinanouausssssund w, (n)=r"C als
r'"CAL= 2R v’ 'C20 (3.8)

AR n=0 A UITVIANLASAD 1 LoRaT

C-[I-2uR_Jr'C=0

r=[1-2uR ] (3.9)
FetfunaneUALeISITUTIR D
w, (n)=[I-2uR_]' C (3.10)
INAUNTTN (3.6) AuNTNaneUaueItRUAD
w,(n)-w, (n=1)[I-2uR ] =2, (3.11)

anvuali R uay r, dnsiddsullasdosunniflodisudu n aeludsauudld R uay

r, \Judime?l  dledvusabinanavaussiadufie  w,(n)= A uwnuasluaunisi (3.11) 9w

(%

ANUNTOUIINNDSTAIAIN A Laeadl



- [I - 2/qux ] A = 2lurdx

A=R]r, (3.12)
FarunaneUaueItiiu fe
w,(n)=Rr, (3.13)

aunsHanaUaUeIaNyYIivasiinsadyaawuulTUMldAe

w(n)=w,(n)+w,(n)

=[1-2uR_ ] C+Rr, (3.14)
Srruelst n =0, nnwesAA C araansavleeed
w(0)=[1-24R_,] C+Rlr,
=C+Rlr,
C=w(0)-Ryr, (3.15)

Py P ¢ PN Y
wnunneesAInsil C adluauniskaneUaNesaNysalaunisi (3.14) a¢ld

w(n)=[1-2u4R '[w(0)-Rr, |+Rr, (3.16)

ool w(0) Ao Weouluiuiuvesdulszansinsosdyarauuuuiudals Werivuald

w(0)=R]r, wazunuraluaun1si (3.16) HaROUALBIUDITEUUAD

w(n)=[1-2u4R J'[Rr, ~Rr, [+Rr,

=Rr, (3.17)

26
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f1saunisn (3.6)  uwaw (3.17)  aswiwidinsesdyawuudsudaldegluaniien

wwngaulanvuediegsle o mnimusaiReulusuauaunlauEue

3.3 AMUAUNUTTENINNAIAMURANAIANIAIEDURAYN VAU b USUAUVDS
v} =Y IQ‘U %4 v} L v
duuszaAnsAInIasayyImuuUTUAQlA

TuaruTaENa1N A NUAUNUSIENINAIANURANAIANISIADULRALN VAN DU LUS LAY

'3
a a

YoIdNUITANGANTod Y IauUUUS UL 1aglsuaInNITUNUAIANURANAIAAE @D

wagluaun1si (3.4) - adduaunisnanauausanysalveiInsosdy s uulsusilaly

Yo A

q‘ ' P~ o o A
gunsn (3.16) %mmmmmmmmmwmmmaaamLaasﬂmmu

£(w(n)=E[d> (n)]-2ri {[1=24R . J'[w(0) - Riir, ]+ Riir, |
+{[I—2,uRXX]n [w(0)-Rr, |+ R rdX}T R_

{[1-24R T [w(0) ~Riir, ]+ Rl | (3.18)

nsdaguaunsn (3.18) avlanail

&(w(n))=E[d’(n)]-2r] [I—2,qux]n [w(0)-R_r, |-2r R,
+{ 1 2uR,,]'[w(0)=R; rdx]} R, +{R; rdX}TRXX}
Al

I 2/qux ] ) R;)trdx :l + R;)l( rdx } (3 19)

\iederan15HaTaN YU MIUN 4 vosauN1Sh (3.19) wdngulmidsaunisi (3.20)

{{[I—Z,qux]n [w(0)-R; rdX]} R, +{Rlr, | Rxx}
-{[I—Znyx]n [w(0)-R'r, |+R; rdx}
={-2uR T [w(0)-Rin, ]| R, f1-24R, [ w(0)-R.r,. ]}
HI-26R T [w(0)-Rr, ]} R R,

HRUE ) R {[1-24R T [w(0)-Rilr,, |}

{R'lrdx} R_-R]'r, (3.20)
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Sagunatld 2 durnilevesaumslnelinuantfvesiundng ABT =(BA™) uazdagunatld
3 fegaianiRvenunindiiaunms (R™) =R axldfaunnsi (3.21)
{{[1—2nyx]“ [w(0)-R; rdx]} R, +{Rlr, | Rxx;
.{[1 ~2uR, [ [w(0)-R.'r, |+ R;;rdx}
- {[1 ~2uR, ]'[w(0)-R}r, ]}T R_ {[I ~2uR, ' [w(0)-R'r, ]}
#fes (1- 20T [w(0) - Rn, J}}
+r! {[I—Znyx]" [w(0)-R; rdx]}
R, (3.21)
thawnsf (3.21) unuasluannsi (3.19) azlsl
E(w(n)=E[d?* (n)]-2r) [T-24R ] [w(0) - Rr, |- 2ri Rlr,
#{1-2uR T [w(0) =R, ]} R f1-24R T [w(0)-Rlr, ]
{rdx [I 2uR [ (0)_R;>l;rdx ]}}T
+rl {[I—z,qux] [w(o)_R;;rdx]} I Rr, (3.22)

Wevinssaunatiuiieunukaaslpesaunisaelil

f(w(n))=E[d2( )J rde ~ W
H{I-24R T [w(0) - Rin J) R fi1=24R T [w(0)-Rin, | (3.23)

NAUNTTN (3.23) aglaimteulusuiuvesduuszansiinses w(0) dulnaseiay
a o w a - a ! a o w A 7 A @ 1 d' L3
Aanainidsaeaaie lnefissuvasiinAanuianainidasuaieteeigandoilonal

aavevedaunisi (3.23) Wnlnd 0 sawsilululifrafenteulusuduvesdudszansi

nsosdeyay1d w(0) WAlNaA1 Riir,
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74

ax P a2 v 4 Y s So
3.4 3sn1suAteulusuduimunzauvesdudseadndnanses UUIULLUY

Usuaalaniaus

Tnemluidladinsesdygauuuusudilaiinganisimunzan dudsednsuesianses

Iy} N A O @a = ¢ = o a £a
UYIUITUAIRINANNITN (3.6) UUAABAUNITIULUDITON FINITILUIAIFUUSEENDN
witngaumuannTiuuessenlatudnlufowmsudymiauidl wasdygyaiidenisues

(%
Y

seuuiedaya vhlinsmaduussansiimnzauvesdinsesliannsaviauldlussuy
12871934 (Real  Time) é’aﬁ?ul,ﬁaiﬁﬁ’;ﬂiaqé’zy,zy’]mLLUUﬂ%’ué'f’ﬂé’é’qmﬂmamﬁ@mwhmuiu
nanvsuaziinisfrusstenluEufure N sesd I ImNvay Inendnudaduiadls
fmuadeuluisuduvesiinsesdyaaanaunisvesiuuessen Tngagldtiuiuefetn
V04 ”zyiymqu’mmﬁmammmwhﬁ?u

[

NFUN 3.1 Welldyaaundl X(n) uasdyaaisnenis d(n) wunlussuy
sruvazdeliviauaundnazsifuardisgisvesdyaraeidl X(n) wasdygiuidenis

d (n) limundedns auuilvissuuaesnsuIuiegdyaIn M fegiiufe

d=[d(1) d(2) .. d(M)] (3.24)
X(n)=[x(n) x(n) ... xL(n):|T (3.25)

v

WhAsegvesdyy I X(n) unUssanuednanduiusvesdyy il R, fail

R, =L S X(n)X" (n) (3.26)
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(3.27)

o &
PNU

d(n) UssauAanduuslal

waz el

i X(n)

nAfeg19vedey 0

(3.28)

(3.29)




31

UAIUIAINENATST (3.27) wag (3.29) lUmAduUsEaNSinTod QMR LANN1TY09IU

woasgan Feardudszansinaiuialadazantrluivuaduadouluisuduvossinges

Y

FynauuuUsusala
w(0)=R] (M), (M) (3.30)

WalansliiuInsigauudlag1slunsAwmmeEeulusudulivinfuasliateuly
BuaunsnudmaliminamuRanaInnIasdetadsuesinTesdy un ULy fauEn
lugun 3.2 laganguin 3.2 UM lEINUIUFRgN US40 dradnsuluazTven
4‘ Q‘ 2% Qll o Y a 1 a o L% d' ;4 7} d‘ a ¥ QII
Reoulysudunyiiiinauiianainidsassaaeilngainaunsoiatesgnuadssuy
1o F1uudedaniiunlaruumeAaulus UAULLINAA DI UIUNITATUIALTUAVT
1 1 d‘ o U 3 1 1 1 = o o
denanariantglun1sinaulaesiuyeessuu aatuludiusaliarnaniegiuIun1sAuIN
WJaanltdnsunisrattaulusuaunlaiiaus

x 107

2.5 B

MSE
o

0.5 B

0 20 40 60 80 100
The number of samples

5UN 3.2 A1AUHANAIAMGIERURRETANTUAINANNTSN (3.22) Welin1sivuaeiteuly

a [y o

ISUAUYDIFUUTEAVEAINTOI Y YIUTFNAUIINTIUIUFIBE TR
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3.5 UIUNTATLINTWAVVBINSIRUAaU LS UAUAI8ENNSTULaSTaN

Tudrutiaznaded1uIuNIsAUIAILaYR AT Ul UNITA UL AE Ul VS LA WA

‘L‘hLaua%wzmeﬁi’wmumimﬂLLazmi@miumﬁwmm@fqmawﬁ 3.1

A157199 3.1 IUIUNTANIALTRAYTUNNS AR UL S LA UL AL

NIFANUITLAY . .
, uuNIAu FIUIUATUIN
ANSWIAT

R, 2(M +1) 2(M-1)
Adx M (L+1) M —1
ﬁ;)l( L3 _

ﬁ;ifdx L2 L(L_l)
s L +21>+ M + ML + M M —L+M -1

Ine?l L fo dauauduyszavsvesnnsesdyyiauay M Aodnuaudisgnsnlalunig

AU 91NA519N 3.1 agfiudnnismwaa1teulusuaulriuiinsesdymaiuu

[y

Uiuiilaldnisaanaznsuiniudiuinanduegiud i uduusedvsvassiinsesdynio
wazdusegrmidlunisauin dulumniiendnuiudiegevanganlaiinniiuliay

[ [ [ a 3 Y [ MY < o % o
Wunsznisvihanunazlddesifuliaudusmunuvesdugaldla Aagilraunsaaiuaum

Ly

AdaubusuaulinuAinsasag1amunzauls wazalewmaluladlutdaatunismussuiana

9

1 @ =2 [ b4 o A a X v 1 Y = A o oA
E]EJ'NT]@LS’Jﬁ]\‘i‘VIﬂ‘Viﬂ'ﬁﬂﬁu’]m‘VlLﬂ@‘lJusLGUL’Da']VLiJﬂﬂﬂ‘Uﬂ ‘21\‘1L’Ja’]VIISmUﬂWSﬂWU’Jmﬂ']N@u‘lGU

dmsunsuszandldausingg azuanslniuluuni 4

3.6 n13Uszgnaldau

(% '
v a1 =

dmsuinerinusatuliiReuluisuduvesiinsesdyaauuuuiumlandnausazgn
nszandldiuszuumidndygaunsnaenmiveslal, ssuufneguandyanuweusdon
LazszuuAnegandyauloefildudaneazdunnisinnuvessasssuuIzgnesue

samalull
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3.6.1 NINIIAFYYIUUNINFDANILIDI laUAIBAINTBIF Y IURUUUSUAILA

lunsussynaldaumnsesdyaasuuuumlalunsmiadyaaunsnaeamiies

1
f v a

laveanandyarandulnihiiala [7] Slaseasiedegui 3.3 Faagldaunisaauduiusasl

e(n)=s(n)—i,(n) (3.31)
s(n)=d(n)+i(n) (3.32)

Il s(n) Ao dyavdnuesssuy, i (n) Ae dyaraunsnasnnieslatsads, e(n)

[y

= = . = U
AD YU 1UVBBNUBISEUY, d (n) AD Tyayaundulndidle was i(n) Ao daysuruunsn

(%

goameslauiificnnud (o) Mwdusuauisaideuduaunishingg

i(n)=a(n)cos(con+¢(n)) (3.33)

57

Taodl a(n), 4(n) Aevauazmanlaidmmud iy aunsi (3.35) ansadeuloglu

Y

sUmsTtuvesdygalaleviuaylodlddsauntsi (3.36)
i(n)=a(n)cos(@n)+b(n)sin(wn) (3.36)

loedl a(n), = b(n) Feruinvesdyinlaledsaslouniudiiu anuduiusvesiiuys

SewineaNnsh (3.35) wag (3.36) fie

a(n)=4/a*(n)+b*(n) (3.37)

¢(n)=tan1(_b(n)] (3.39)
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s —o e(n)
a, (”)/
Adaptive
COS(&)H) o— Algorithm
Pl
b(n) 4
: Adaptive
sin (@n) ©——> Agorithm b, (n)sin(@n)
/ L 4

UM 3.3 lassafiinsesdyanadlunismindyaaunsnaenniieslatoanain

Saunanaulndaidla
Mnauns (3.36) duananidwesszuuluaunsi (3.38) ansnsadeulalsisd
s(n)=d(n)+a(n)cos(wn)+b(n)sin(wn) (3.39)
NN3UT 3.3 aunsdanaunsnaenmieslailenidede
i.(n)=a,(n)cos(@n)+b, (n)sin(wn) (3.40)

el a,(n), b.(n) Ao duUseanaidvavosdyaalaleduaglainuaiiy wnuaunsi

(3.39) uay (3.40) asluaunisn (3.33) axld

e(n)=d(n)+a(n)cos(wn)+b(n)sin(wn)
—a,(n)cos(ewn)—b, (n)sin(wn) (3.41)

aunslunsusuadulseansvesmnsesdygarisdosansamilasad

cos( n) (3.42)

(
=b, (n)+ s,e(n)sin(en) (3.43)
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T w4 fie Arvuiaduildlunsusuidudssansidaunvesdyyralaloiuay
padiu Feiinegsening 0 fis 1 9naumsT (3.41) mnszuvansnsaiumduysEandues
fansedlyt a, (n)=a(n) waz b, (n)=b(n) Tumneanuin szuvannsaairednygaeds
Wdhiudyanaunsnaemnnedladdiiaty vl fdnyaunsnaaniniieslatgnindn

ponandrandulniilalatuies

= [ < [ o [ [ 14

3.6.2 M3hNagLAndyIMLaUEABNAIERIN T IaLUUUTUALA
dmsunisihdansesdygramuulsudlaunldlunsivegandyayimneuziondy
Taun ”@mwmma@mm%wmm (Amplitude Modulation:  AM), ”agzymma@mm%uwgﬁ

(Phase Modulation: PM) Lagdey Wmua@Lam%ﬂm’mal (Frequency Modulation: FM)

A

¢ A o

Imqaiwmwm 3.4 91n3Y d(n) Ao Ay ruegandafedyyiaeldy, iduuaziondy

Tneiidnyannsnans m(n)= A, cos(ne, ) WarARUWIY c(n)= A cos(nm, ) Lanafaaunsh

(3.44) — (3.46) MIUAIRU

d (M) = A cos(nNe,) + m(n)cos(nw,)
=(A +m(n))cos(n,)
=(A +A, cos(a,n))cos(ne,)

= A(l+%cos(na)m )jcos(na)c) (3.44)

+
din}o 4
e2g )Xl
Adaptive -
COS((()L_H) ilter, w, (ﬂ) ¥y oW, (H)
N N\ o y(n)
. Adaptive
sin{w,n) °—>|Filter, w, () o w,(n)
N\

JUN 3.4 Iassasadansesdyaadunisivegandyqyinueuszden
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+

= v A

lagfl 1 @g dtinisuen@ndarunn (Amplitude Modulation Index) dwsuineniinug

&

'
1 [ v A

atulllANVNAY 1 TUADIUIATOIFYYIMIIENTIVIUINTDIRAUNIRLA LI AUlUNTRD

1

doy (N) = A cos(na)C + kpm(n))

=A cos(na)C +k, A, cos(na, )) (3.45)

e K, ADANAIN LAy k,A A fviinsueganlianla (Phase Modulation Index) d13u

Anendnusavuilrdawingu 1

dey (M) = cos(na)C +k, J.m(n)dn)

= cos(nm, + K, J./-\n cos(na, )dn)
Ki Ay

[0}

m

3 cos(na)C + sin(ne,, )) (3.46)

] . o k
lngn kA, Aodrmnudidsauugegn (Peak Frequency Deviation: Aw ) uae A
@,

m

suiin1sueguandenImud (Frequency Modulation Index) dwsuineninusatuillvie

[y 1 i 1%
Wi — 21n3UN 3.4 dyyisivneen e(n)
a)m

nazdIUAIUNINGI9DY y(n) I

ANMUFUNUSAIFUNIST (3.47)

e(n)=d(n)-y(n) (3.47)

y(n)=wa(n)cos(a)cn+w¢(n)) (3.48)
Taodl w,(n), w,(n) AeduUszavsiBevunn uaziavesdyaunaunsiensdanudisu

g7

Teyey 1040 109NTBINTSANDRLENdOL0Y, TdULATEWDULANIAIEUN1ST (3.49), (3.50)

uag (3.51) mudinu

e (N)= {A (1 + %cos(na)m )Jcos (na, )} - {Wa (n)cos(nw, +w, (n))} (3.49)
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Epy (N) = {& cos (na)C +k, A, cos(na, ))} - {Wa(n) cos(Na, + W, (n))} (3.50)

ki

m

ey (N) = {cos[na)C + sin (na, )J} - {Wa(n) cos(Na, + W, (n))} (3.51)
dmivaunsmsuumduUssanBiteuunn w,(n) uwagdudssanolana w,(n) Hulumu
aun1si (3.52) uag (3.53) auau lagld 4, uaz w,fe AvwntuildlunisuTuen

[y

UUTEANBIFWIA W, (n) uaz a w,(n) My Feazilaegsening 0 fa 1

oe*(n)

Wa(n +1) = Wa(n) —Hy aVVa(n)
=W, (n) +2x,e(n)cos(Nw, +W,(N)) (3.52)

Hy o oe*(n)

W, (n+1)=w,(n) ——Wa(n) aw,(n)

=W, (n) - 2u,e(n)sin(na, + W, (n)) (3.53)

o

\ilaszuuvaImINTodIRUVUTUA A Ouangan e Imgau v lady s
a1 1 U A ) %
pandeviiuguddmali

QR LHGETR T BITRRIGITH
B Ay
w,(n)=A| 1+—cos(ne,,) (3.54)
A
w,(n)=0

aa o/ a @
NIEUANBDALARFEYEYTEUNLDN

w, (n) =1

w,(n) =k, A, cos(na, ) (3.55)
nstlAnenandyy ooy

w,(n)=1

Ki Ay

W¢(n) = o

m

sin(na,, ) (3.56)
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d' Y @& aa Y] I3 A v N
1NANNTN (3.54) LLaﬂﬂIﬂLﬂu’J{LUﬂim@N@aLaf”]aﬂqj I IRIYRY LN@?%‘U‘UL‘UW@ﬁﬂW?S‘W

&y
B

wzaudyy it sauisagniauliandulsedns w,n)  luvasiinsdifuegian

Y

[ a & [ a Y 1 1% o a £
RN WaniaaunIsh (3.55)  avanunsafdaya1uansiaanduusedns w,(n)

wazanaunIsn (3.56)  lunsdlfiveguandyaraseniduazaiunsaddyyiuuiiasngniin

'3 k= 1
a U =) 1 %

USuslanndudsedns w,(n) deduiiledeanisdygindtasnduiuandesiia w,(n)

[y

lUnunssuIunIseyusnon Tunuiea1udn1suidInsesdayI1auuulsudlaun

o o

Uszenaldlunisivegandygyisueuzdonazaiuisaddyningnaisnauivuilagin

& '
o a

AUUTLANDTVUNN LATFNUTEEVOTINEVDIAINTDILULD

3.6.3 nishuagandgyanlaeniidufisainsasdyyIunuuduaald

Tumsuszandldinsasdygrauuuudiudmladmsunmsivegandmyaialoenady
(Orthogonal Frequency Division Multiplex: OFDM) th ﬁ]ﬂﬂﬁmqa%ﬁwm@hﬂiaqmugﬂﬁ
3.5 amawaﬁmmﬁmiaLawaLﬁuﬁﬁ@mamﬁ’ﬁmmﬁuwwﬁsjaUﬁ(?]gqmﬂﬁ’u wazedlusuves

Fyeyraulisoiilemnanal fie

Nl ‘27r£n
s(n)=Re S0 | (357
k=0
s(n)o t@ °e(n)
cos(a@,n) 3 (n) > y
cos(wn) Adaptive %(n)
I Algorithm 5
cos(@y_n) Ve
sin(epn) b (n)
st :(w‘ n) Adaptive +
Sin'(wN ) /Algorithm

UM 3.5 Inssassinsesdyaalunishvegandynaleenaay
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lne@ s(n) Ao dygraletenfduiilddeiliomiiad, NAs Frutuieg1aly 14387

[ 1Y

Feyanwed (T,) waz d, Ae Aidydnvaldeyadsanusadowluaunislaai

d =Ae" =1 +jQ , k=0,1,...N—1 (3.58)

[

Ine? 1, Ao aeAUsenaudulna (Inphase) wasdnanuvaldaya taz Q Ao piAUIENOUAIDA

Y

5395 (Quadrature) YaedYANWRlTaYAKALIINANUANTUS e/ = cos(wn) jsin(wn)

[

aeRUsEnouduwla 1, waredAUsENaUAIBNILIeT Q annsalsulvieglusudyaaley

Y

v

 ORERRIGHAD

I, = A cosd,,Q, = A sing, (3.59)

NNaunnsil (3.58) uag (3.59) aygauleteniidaluaunist (3.57) awnsadeulieglugy

Ty aloyvesanealaniaun1si (3.60)

k=0

2 R‘{Zﬂ(Ak cos @, + JA sing, )(cos(zﬁ%n) + jsin(Zﬁ%n)H

k=0
N-1

Z(Ak COS COS(ZH%D)—!— A sing, sin(Zﬂ%nD

k=0

AN cos(Zn%nj+ Nl(_Qk)sm(zﬂ%nj (3.60)

k=0 k=0

s

WBNFULINATULATIAS 19V IRINTBIAUIUBUUUSUAILIAIUTUN 3.5 A UFUNUS

A Q

[y

sEuIedaaIeenfUdyMAauNB19D WuRsEunsh 3.61

e(n)=s(n)-x(n) (3.61)

N-1 N-1
x(n) = Zak cos(27r£ n)+ Zbk sin(27r£n) (3.62)
k=0 N k=0 N
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3

g9 a.b, A9 duUszansidsvuinvesdygialaleiiaslodniuaidu Wounuauns
Sy auloenAdn aunisi (3.60) LazaunsFYIMAAUNIB1D dun1shl (3.62) adlu

auns9 (3.63) azlaaunisdyuieen Al

N-1 k N-1 . k
- Zak cos(Znﬁnj - Zbk s1n(27rﬁ nj (3.63)
Tawaunsnsusumduusyansvesiinses a, way b WHulumuaunsi (3.68) uag (3.65)

ak(n+l)=ak(n)+,ua%g:g
:ak(n)+2,uae(n)cos(27z%nj (3.64)

oe’(n)
b (n)

b (n+1)=b, (n)—

=bk(n)+2,ube(n)sin(27z%n] (3.65)

e p,, g, A0 Avuetunldlunsuiuaues a,,b, mMuaRuTasilategsening 0 fe 1
iaszuvvaaiinTosdygasuuTudiliinnuamdngansnmungan asvinlidyaia

poniAvhiuguddaali

N-I k N-1 = k
:Zak cos(z;;ﬁnj+ bk sm(27zﬁnj (3.66)

NAUN1TN (3.66) wandbiiiudnfieszuudndanneiivansay a, =1, wag b =-Q, Uu
nneANNiNIsidInsesdynsuuliumliunyssandldlunishvequandyaalowen

a & 14 3 a L3 4 [y ¢ Y [
AuaunsafesRUsEnoudua 1, warasrUsENauAIBATIAES Q, Yasdyanuaitoyals

MNANFUUTEANS a, WAz b, VIFINTDIEYYIUTULDS



a1
3.7 a3

W luunilananfen1s A1 Nan aUaLRIUBIAINTaId U UUS UM Lot

ANSAIUIN UAZNITEDNUUUTLUY T998 AT NANDUALDITDIRINTD Toyayradlvieglugy
YDIAUNITANAANAIN NHANITIATIEINUI LA mueATouluSuduresdInTes
Foueyew w(0)=Ry'r, visenfewiivaunsvesiuuesganazyliszuvansadiganig
fmngauiivuasiognslag Inedlewiaunisnanevausswasiinsesdyaiaunuluaunis

ATAURANAINAIAIFDURAINUIT MIAwNUAIEaUlUSUAUYDIFINTId IR NALA

o (% ' '

dnaueadluaunisanuRanainidsdesadeasiivietausadndantesigniluly

1z lolagldduiue1fagng

o

IFvesszuu Feannsmmunsdeulusuduvaiinsesday
YesdynausdnA AL Sue Wellduaauduardynadidenisdd
inlusyuy seuvagdtldvinuauninsfuameswesdyau it uasdyyaiidenis
IFnuiidesnsudnitlugnnamendoulusuduresinsesdyaumyaunisvesiuues
goil Fan13ld31uruiieg1dlunisiuaniivendnsfuasinliatoulusuduresiinses
”ﬁgz:gﬂfuu,mﬂm'Nﬁ’ulﬂa'ama&iamﬂ'gmﬂmwa’mﬁwé’qamLaéﬂﬁLﬁmﬁuiussUU

IpndnusavuilahnisiruaReulvisuduresinsesdyyratuuusudalaunlaiu

v v

dane3uuuuAInIfdenadetdsengaiiolnussynaldiussuuidndygiuunsnaon

L3 o/ d‘ % a o o (% o v
weslateenndyyruadulniizlanazssuuanegiandygiu dnsuszuuinda
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wazAuz [7] Fulledinsesdygimaiusousuardudszandderuiavesdygiulalailaz

Tadlviniudanaunsnaenmineslatnazanunsaidadumiaunsnaeaniaesialesn
ndyaueduliiiilald daussuunsfveqandygimrsudeendu 2 szuutiufe
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NAN1SA189952UU

4.1 nanau

Tudiuilaznanfieni159100952 VUL NONAAR UUTEANSAINUDIAIN TOIF Y QY1 UY
USumls Welinsivuaeulusuduvesiinesainisniuaus lneazuuseandu 2 du
Aa nsnaasumRaulususunlsdaveiuszuumnsesdaIauuuUTUslaNug Y
wazn1sUszendldnuiuiinsesdygiasuuliuiilatussvunisidndyyiuunsnasn
wnneslatesnandyaueiuliiila, ssuvfuegandyaiamouzden wazssuufiven

[ a &
LR uloeNALDY

[

MIMAIAe 9 Tun1s91a095EUU kagn siiuNanIsI1aesszuuiinel

¢ ynszuulalnslidya i uuduasyiin1sdnasiseuu 150 ASANENIAE 9
1 1 =
WuAang

o lunisirassszvudyruridnasisnsidiumasssdyaanauladuiidees
A I0sUNIU (SNR=1010g(E[ /E[v ])) WinAU 10 dB, 0 dB waz -10 dB
Wonanslmiuan dansesdygrnnuudsuilaaiunsaisiuldegrefivsza@ndnin wiilu

an1eiinssuniugs Wnen s(n) Aedyaadaulavsedyaiuvidivesssuuneuinnis

7
v
A a

sunIulay V(n) Aoy 1suniui IRl

o

®  ANMURANAINVBIANIDULULSUAUILININNAIYNNIFIFD9VDIUDTUAIMURANAN

vV 6

s¥UieAduUsE AN TN Y Tresiuuesfuateulvsusuileannnsussunud

2 v

ULaus (”W (0 wndl maammammmmmau% Limwu'nauamﬂﬂal,ﬂmﬂu

®  FUYIUHARIIAIURANAIANAIEDS (ejx)mléfmﬂmiﬁﬁmmfmﬂmwmmﬁwé’a

L Ag7]

aowesszUUifdsinnsanaumeianaiaidaesiitosiigavesiinses (e2,) Baomlel

nANAST a.1)

e2, (n)=d*(n)+wiX(n)X(n) w,—2d (n)X(n)" w, (4.1)
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e msfinsuantdlunsuTuddnganisimunzanas i suInsan UL

'
a

sl dy g uiaeIn1itun lussUUAUTIan UE NATNAANNALRANAIAA A0 TIA7
Uo8NIMIMIAU 0.007  WINTDIANARNAIURANAINAISIEDY Bl #0IULLTUAUNITY

a ° d' a v | 2 = ¢ v a Y a
yessyuuiinsimuaReulusuduiuudy (e, ) Bdinaminisdnduladnsdanain [19)

1Y

&
U

Threshold = 0.007e;,, (1) (4.2)

rex

log e, (1) fie ARdenanARANAIRMIa@esIRATuIINNISUSUAdNUSEANSY0ei

rex

o '
v =

nsosmdsarndnisfmundeulniusuuuudusin 150 A% Ssdinsdumunnaiveanis
vy waznaruildlunsuiidndan g vz andmiuinsesifinisfuiniouly
Budiufie warinvosaldlunisdnadteuluSuduiunalunisusuindiganioeg
wgaslaeFudunamauddinsoasuiny Tasnissaesssuuiassanishaesssuud

NeazunfIRalUl

4.2 N1INAFBUISUU

Wanaasliiuna s ulususuaInIsnlmintausaiuisaldiun1svinaueefiinges

Fyanauuusudalaasalalavinnisveaeunisldauiugiuvesiinsesdyiaiuuyiuda

U

16 2 syuufie sruLsTYENaNallayssuIMIndIMsUNILTEiseazBenmmal Uil

4.2.1 nsnadauAeuluEuduiuIzUUsEYLONan YAl

[y

lun1smaaeusEUUTEYRNaN Yl asmmuansliine i1 neItotudya1nves

s

FEUUANANTIN 4.1 dya10i 109N Touanafagun 4.1 dwsussuuseyiendnualil
A1 SNR  Aednsidiuvesmasdygiaiidiuszuulinsiuenanvaliumiasdygiasuniu
duAruIntukazIuusegslglunsAuuateuluENAuIz AN TINALEAIAT

JUT 4.2 uag 4.3 mMua1ey
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A1319% 4.1 W15 fiweseneg vesdynlussuussyendnyal

W1510L0935 AINIUA

Fryaaudn (x(n)) Foyey1ouas 1,000 f08n9

ALRATOIY QYA 0

ANULUTUTINYRIE Y QIaUNAY 1

syuunhinsuendnual Handun1satelouds 0.9+02z' —0.4272

dnwaurdnyaaiidioans (d(n)) | SNR = 10 dB, 0 dB uaz -10 dB

[ [

anwnEdYYIUTUNIY AYQIUTUNIULUUIN AL D HUU

o |

AUV YQYIVINU 0.1, 1 way

10 dwsudayaauiisien SNR = 10 dB, 0 dB

way -10 dB puaeu

4.2.1.1 PFAINITIANBSAINVBIAINTBA Yy IusUUUTUAban b luszuy

szylananuel

[

AUSUNSAINUAATNNITIAB S99 YasRINTasda ML uUUSURladALE 1Aty

AUN1TINIUTBIAINTB TR Zdmased 1A ILRANE A Lagianfldlunisgiinganiien

a 5 = g dy 14 1
wizay Wdmesnlglunisdnasssruuilaun

x{n)

b=

1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Iterations

dl o ¥ U U U LX) U L4
UM 4.1 dyanavntivesinsesdyanasuuliuilalussuussyiendnuel
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Selecting step size for system identification
1000 — T T T T 0.15
:l ----- The number of iterations
! Misadjustment
i
1
1
1
1
wy 1
E ! —0.1 5
g | :
2 [ E
= %I El
[ =
2 i 5
E } £
z \ Ho.05
2 \
= '
\\.
,
P,
0 r 1 1 -_-hl_h-_ﬁ--‘---l ---------- ]
0 0.01 0.02 0.03 0.04 0.05
0.008

Step size(p)

JUN 4.2 N5 MANUFURLETENINIAIURUAIAINNI I WAL A NALE AT AL UYIVEITEUY
EEAVGIGILEAY

® YuIAYY N1sMIANVUIATLTIRIINld S UNIsIessrUUSEYLenanuwalilay

MINYAGAVBINTIMAIMITNIWIANNAUNTN (2.25)  AuAdldlenauuinuanisn
(2.17) Faaglanswdsgun 4.2

PNATMANUAUTUSIUFUR 4.2 Arvunaduiivazauds 0.008 LilonsIaaeua

wunaduilaiegluveuwamiluldnulnasaseldnuaunish (2.10) dude

O<p<— (2.10)
U< ———— .
tr(R,)

laefl tr(R,) AonauInUeaddnlukuInuesvasunsng R, Jasgsuuszyenanuaily

NAFeUITULLAINTanIUnINg R kag tr(R,)  wanensaunisi (4.3)

ey (4.4)
AUEIAU
1.0147 -0.0148 0.0357
R, =|-0.0148 1.0138 -0.0141 (4.3)
0.0357 -0.0141 1.0133
tr(R, )=1.0147+1.0138+1.0133
=3.0417

(4.4)
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| 1 Yo { o vy ' Y i
LAYENUITOMAT ———— LAR9ENNST (4.5) 39LAVDULYAYBIANVUIATUAIFUNTN (4.6)

tr(R,,)

o
tr(R,,

0< 11 <0.3288 (4.6)

=0.3288 (4.5)

FarvuaTuntnaingun 4.2 egangluteulvveuwaluaunisi (4.6) Jaansadunldld

o $ruqudledgnsfiunzanlunisdruranievlusudu mldarnnsivaiiy
Aanannidsaendefiiniudieldateulududuildannsiuiuiethafitunduand
wAnANafY BansiAuianatniidedesiade o fiAanawouiendlmuudon d99sld
wannslunisidensivausiosnsiimuisauguieatunsmeansiviasnarlunisusuiaga
gannzinzauiufe Suruiegsinzaufe s1urusiegsiizmilianuiianatn
M&saeadeianlu 0.007 WhvesruRanaInfdEeade o @m%?'uéfu Tnenidayeyiaudi
fosnslunsdlditien SNR = 10 dB anldlunismdunusessivsnzauuansdaguil 4.3
1N3UT 4.3 dnnufedsiimnzandmiuszuuszyendnualie 11 feeng

4.2.1.2 szuuszyananualiiiien SNR = 10 dB

o adauluBdudy asmlinudsfesuisluimde 3.4 FawansnsilSoudioue

HoulusuAunldauIuseeg19na 1000 Fegeiu 11 Fag1anInIs1en 4.2

A13199 4.2 WS UIEUAIMITININD A9 UBITBUUTEULBNaNwalNINA1 SNR = 10 dB

A\, ¢ Fruauiegneitldlunisiuan
W1dnas ass -
1000 A79819 11 A819
LESNY f{xx 1.0147 —=0.0148  0.0357 1.0286 —-0.1792 —0.3855
-0.0148 1.0138 —-0.0141 -0.1792 0.9627 -0.1444
0.0357 —0.0141 1.0133 ~0.3855 —0.1444  0.9443
nwes f, [0.8951 0.1955 -0.3760]' | [1.0430 0.0876 —0.7462]"
SouluFusiu w(o) | [0.8992 0.2004 —0.4000]" | [0.9022 0.2003 -0.3913]"




Excess MSE of system identification, SNR = -10 dB

2.5 E

1.5 E

Excess MSE

0.5F b

0

5 10 15 20 25 30 35 40 45 50
Number of samples

o L 1 d‘ o o I 1 = U ]
f) T\IWU’JUWJEJ‘EJ’NVIH'MJ?@WH’JZU@@JIU‘?I’J\? 503 50 a8gs

Excess MSE of system identification, SNR = -10 dB

0.06 - 1

0.05- L

Excess MSE

0.04- 1
0.03- 1
0.02

0.01F \

0

1 1
5 0 11 15 20
Number of samples

) asinvensnlunmsmInuIumegivangnldlunisawIn
UM 4.3 nswanuduiussenitdwiumeguiidlunisdnnaiuanuianainiids

dodRAgvRITTUUTTYIONGN YAl

s 1

° wamsmaaus:uuszqLané'nwmmm SNR = 10 dB

4

2

0§

d(n)

-2

4

0 200 400 600 800 1000
Samples

JUN 4.4 Foyayrauiifieansvesssuussyendnyaliidlal SNR = 10 dB
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~
= 05 f“’ """"" Wiener Hopf Eq.
; - Random initial
g . . Proposed method
0 200 400 600 800 1000
0.2 ,....-4""""" ——
E‘_ 0 1 : ’Jr .......... wiener HDp‘f
i ———- Random initial
" . . Proposed method
0 200 400 600 800 1000
U ---------- wiener Hap'
o 0.2 5 S Random initial
Ly 'H'*"h.q_, Proposed method
0.4 AT
0 200 400 600 800 1000
Iterations
5UN 4.5 dulssansiinsesuasssuusrylenanuaifiden SNR = 10 dB
Using random initial, MSE of filter = 0.058923
4 . T : .
3 =l
a2 .
Q
1 -
U i L L L L
0 200 400 600 800 1000
x 107 Using proposed method, MSE of filter = 0.00064242
B - |
4 1
@
2 L m
U el J......uh.. ||| o b ”.|.| |I.a L ..I...-J..J ||. LJ hl. |..J|.. Ll | |u. “ H UL
0 200 400 600 800 1000
lterations

UM 4.6 AmnuRanaInfGIEeveITEUUTEYeNaNYalilA1 SNR = 10 dB

(uw) seuundnmsmruaRoulusuAuLUUEN (819) svuuniinisiivue

Houlvsudunlaiaus
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0" iteration at 825 ns

--------- Threshold of convergence

s

Using random initial, converts in 16

1
0.5
ﬂ 1 1 1
0 160 400 600 a00 1,000

Using proposed method, converts in 12" iteration at 21 ps

1

--------- Threshold of convergence

x 107
0.5} ” .
ﬂ 3 ol L L 1
] 200 400 600 800 1000
Iterations

JUN 4.7 Hasin9AURANAIAN @09 uedsEUUSEYNaN walNda1 SNR = 10 dB
(V1) ssuundnsimvuadouluEAukuUdd  (819) SEUUNENISAIMUA
= a Y ayvo
ReouluSusunlaiiaus

saa 1 o

INHANITNAFBUTTUUTTULENANWaINTAT SNR = 10 dB Nlldnwagdyyiuny

=

SUN 4.4 wazsufl 4.5 wandlmiudan1susuaduUseansueasinsaadaasiiuiin1siinua

Y Y

aa o =

Soulvsusedsitnaueiinnsdmundlélndidss furduyseansamngauvosianse
denalvinnuRananniidsaoswosianseduguil 4.6 933 200 seuLsnildosninnsimua
L‘éauiﬁuf%méful,wmjm AUNAAIIATURANAIN 1A IEDIUDIFINTO “zgzgmiugﬂﬁ 4.7 wanng
Fruuseutasnaildlunisuududhdanneivmzalaeinusinisdinduladeannisd
@.7) flesannszuuszyendnvaiilinaaousidudssdvsvesiinges 3§ viilidanges

aa ° P a v LN A o Ay Y] oA %
iy']mﬂ/]llﬂ'ﬁﬂ']‘lfiu@LQ@UI?JL?@JG]ULL‘UU@@JLill‘V]'N']‘HLlI@ SUEUTEUNFBINTTAIBYININ 4 LEU’]&J’]I‘L!

=

o
R

seuu aeuluaunsn (4.7) FsldaranuiianaiainasaesrassyuuRauluSusiuLUUdY o

6

o A ° ¢ v a =% A 9v X a o °
meg1eil 4 lunisAuiamvinaueinisdnduls Julleldinusiliansanssuundnisiivue
weulusudunladauelddnuiusevwaziiailunisusuddidanisinunsautiesni
o a v | - | a o o P a
SEUUROULUSUAULUUEN 2103UN 4.7 HaAeAURANAInM&d09veesEUURauluSy

AuULUUdNilAgegnegUseun 4
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Threshold =0.007¢;,, (4)
= 0.007(3.6178)
=0.0253 (4.7)

[

HAN159ARITTUUTEYLENANYAINTA1 SNR = 10 dB amnsaaguilumsnaladsil

saa 1

A15199 4.3 HANITVIAFBUITUUTEULBNGNWAINEAT SNR = 10 dB

STUUSEYLENENEal Frmunateulvizudu
%30 wuusgy Fildviaua
MSE 0.0589 0.0006
Sruusevlumsusuingannisiivmnzan (sou) 160 12
nanflalunsAwnitouluSuiu ( 1s) 0 12
nansalunmsidrganinziamnga (us) 825 21

4.2.1.3 spuuszyENanYalfidan SNR = 0 dB

® AauluSUAY LaRIRIN1SI9N 4.4

M19197 4.4 LUSEUNEUATNITITAB AT Y0958 UUTTYBNANEAINEAT SNR = 0 dB

, \f Fruauetneitldlunisiiun
ERHIERE — -
1000 f38819 11 A70819
wWesnd R 1.0147  =0.0148  0.0357 1.0286  —0.1792 —0.3855
~0.0148 1.0138  —0.0141| | | -0.1792 09627 —0.1444
0.0357 ~0.0141 1.0133 ~0.3855 —0.1444  0.9443
RUIELEEN [0.8973 0.1937 ~0.3749]" | [1.0510 0.1047 —0.7589]"
Souluisudu w (o) [0.9013 0.1987 —0.3990]" | [0.9105 0.2185 —0.3986]"

® NANINARBUTTUUIYLNANEAINEAT SNR = 0 dB

5 T T : T T

d(n)

_5 1 1 1 1
0 200 400 600 800 1000

Samples

JUN 4.8 fya1auifeen1svesseuusyenanualiida1 SNR = 0 dB
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1 ’-TJ" a
0.5 =
- ?r """"" Wiener Hopf Eq.
0 ————- Random initial
0.5 . . Proposed method
o 200 400 600 800 1000

_0.a ra"" """"" Wiener Hopf
= oW meme- Random initial
0.1 . . Proposed method
0 200 400 600 800 1000
[] ' ] Wiener Hop-'
o K, i Random initial
02 -"""\..- Proposed method
0.4 o e
0 200 400 600 800 1000

Iterations

5UN 4.9 Fseanarinsesuasssuusyyenanyainile SNR = 0 dB

Using random initial, MSE of filter = 0.084897

4
? J
U L L L L
0 200 400 600 800 1000
Using proposed method, MSE of filter = 0.0067121
0.1 T T : .
0.05} .

0 I.|L|1_I. ikl aanla _I.I.L TR Pt L i Aot L i A T TIOONTY 1)L P T
0 200 400 600 800 1000
Iterations
JUN 4.10 ANUHANAIAMEIERIYRITEUUTEUONAN WAlTIEA1 SNR = 0 dB
(V) szuuninIsivuaReuluEuAUKUUEY (819) SEUUNINIIMuN

Waulusuaunlauaue
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Using random initial, converts in 180t

1 -

iteration at 3096 ps

--------- Threshold of convergence

0.5 i i

0 180 400 600 800 1,000
Usirig proposed method, converts in 12" iteration at 21 ps

x 10°
10

--------- Threshold of convergence

D otk an
0 200 400 600 a00 1000
Iterations

JUT 4.11 naianuRanaInMasEeIvesssuUsTyLendnyalnlidl SNR = 0 dB

(uw) sEUUniin1sivuaReuluSuRuLUUEN (619) seuuniinisiivua
- a v ayvo
Reoulvusunlaiiaus

saa 1

INWNANITNAFBUTZUUTEULENGNWAINEAT SNR = 0 dB dldnuazdayay1anagud

4.8 wazguil 4.9 wandbiiufnsusuaduyseansvewinsesdeasiiuiinisiivundeuly

'
o = [ a

Y ¥ aad ° ! Y o SV, LA o =
AunlgIinauelnistmuerlalndlAgsiuAduUssansnmangauresfInse siazll
ANWENITUSUAITOU 9 AduUIEaNsTIINsaNEIRa lAURANA I ASIEITRIsInTasly
SUM 4.10 9799 200 seuksnilaruesniinsimualeulusuduLuudy diunai1aniy
Aana1aiasaedveINsasdyadlusun 4.11 uansteduiuseunazatildlunisusus
Whganneninzaulaeilinaeinisinaulasisaunisy (4.8) dadleldinaueiiiansanseuund
o = a a4y vo Y o U W v I d' 4
msfmuateulusunlaausldduiuseuwasiianlumsuSuiminganneingaudey
ndsvuuReulususiukuugy Tugudl 4.11 sassanalanainindsaesvasnisivuaieuly

QI v oA
LuUAULUUaNNANEEaUsTUIM 4

Threshold =0.007¢;,, (4)
= 0.007(3.8990)
=0.0273 (4.8)

'
a1 o

HAN15INABITTUUTEYENANWaINTAT SNR = 0 dB aunsaaguilumsndladsil
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JTUUSTYIENanYal Frmuneulvizudu
2430 WUUE Fitldnaue
MSE 0.0849 0.0067
Srunusevlumsusuinganmsfimnza (sou) 180 12
nanflalumsAwinidouluSudu (us) 0 13
L’Jaﬁaﬂumsﬁﬂajamwﬁmmzam (us) 3,096 21

4.2.1.4 szuuszyandnuaiiiilen SNR = -10 dB

® A aulUSUAY LARIAINISI9T 4.6

M19197 4.6 LUSEUEUATNNTMBSH19Y VossEUUsEYENaNBaINTaT SNR = -10 dB

w1583

AMUUA2E19N I lUNITATUIN

1000 A29819 11 A9819
LIRS A f{xx 1.0147 -0.0148 0.0357 1.0286 —-0.1792 -0.3855
—0.0148 1.0138 —0.0141 —0.1792 09627 —0.1444
0.0357 —0.0141  1.0133 ~0.3855 —0.1444  0.9443

NS 1,

[0.8924 0.2015 -0.3750]

[0.9267 0.1013 —0.7146]'

FouluiFudu w(o)

[0.8965 0.2063 ~0.3988]"

[0.7805 0.1892 ~ ~0.4092]"

® HANINATIUITTUUIZYLANANWAINTAT SNR = -10 dB

d(n)

10

0

-10

=<0

su

U

0

200

400 600 800 1000
Samples

4.12 FyIuNfeINISTBITTUUTEYLONANYAINLAT SNR = -10 dB
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1 et , _
osl
= 5| Wiener Hopf Eq.
0F e Random initial
0.5 | ) Proposed method
o 200 400 600 800 1000

- ast | Wiener Hopf
= oW - Random initial
0.2 . . Proposed method
o 200 400 600 800 1000
U " . Wiener Hopf
o L, - Random initial
z'0.2 1‘1“""\-4—-‘ Proposed method
0 200 400 600 800 1000
Iterations

L3

5UN 4.13 duUseavafinseavatsyuusEyonanyalfidan SNR = -10 dB

Y

Using random initial, MSE of filter = 0.13441

[) S ! [m L 1[]()[}

Using proposed method, MSE of filter = 0.056917
0.8 . . . :
0.6 8
0.4 4
0.2 H
PO L 70 Y o LA ¥ P P L o AT LN 1 1 RPN Y
. | J Pl | Wl AP
0 200 400 600 800 1000

Iterations

JUN 4.14 AUHANAIANEIADIUDITEUUTEYLBNANWAITILAT SNR = -10 dB
(Uw) szuundnsivuaReuluEuALUUEN (819) ssUUNiinsiIvue

Waulvisuaunlauaue
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Using random initial, converts in 225" iteration at 1113 us
1 T T T T
N Threshold of convergence

! sy

0 225 400 600 800 1,000

Using proposed method, converts in 100" iteration at 473 ps

0.15 N Threshold of convergence |

0.1t -
0 .
0.05 S : ' :
0 100 200 400 600 800 1,000

Iterations

JUN 4.15 HaranNURANAINNAYEDIUBITYUUTEYLaNanwalNile SNR = -10 dB
(un) sguUninsIuaRouluSANRUUEL (819) SEUUNENISAIvUA

=~ a v aAvyvo
waulvSudunladaue

saa 1 )

INHANTNAFBUTTUUTEULNANYAITINAT SNR = -10 dB Fsilanwaugdyayana

a

JUT 8.12 waggUil 4.13 wansbiiiutn1susuadulssansuesnnsedesiiuiinismvue
= a ¥ Y aado I~ ° i v a v 1w a £4 o
ReulvSusumeIsndnausiinismuuasilalnalfssiuaA1dNUss B NN ZdUT IR INTD
wazidnwarn15USUAITOU o AIFNUTEANSTIUNzZaLEINAlTANNRANAIN AR IEDIUD IR
nso¢luguf 4.14 413300  ouusniFtaunitnisnvuaReuluSuAULUUEN dunani
ANURANAINAIdRIvaeiINTasdalugUN 4.15 wansBednwiusaulazianldlunis
Usuimididannenivangaulaefiinueinisandulasaunisy (4.9) fadisldinueiiiasan
A a ° = a avvo o o o Y a
seuuniinisivuatoulyusunladnaualdiiuiuseunagiiatlunisuiuddnganiien
winzautesninszuuRouluSuAULUTEY 21N3UN 4.15 Has9ANHANA1ANGEeIes

° a a v LA
nsivuaReulusuAuLuUdNiiagaanUsyinn 4

Threshold =0.007¢;,, (4)
= 0.007(3.7977)
=0.0272 (4.9)

[

NAN139IABITTUUITYONANYRINTA1 SNR = -10 dB anunsaasuidumisnslenadl
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A13199 4.7 NaNIINAARUTEUUTEYLNaNwalNdlA1 SNR = -10 dB

JTUUTEYLONENEal FrmuaRouluEudu
2430 wuUHu Fildinaue
MSE 0.1344 0.0569
f\i’ﬂmuiaﬂumsﬂ%’uLﬁwﬁaﬂnzﬁmmzau (500) 225 100
nanildlunsiwniSeuluEudy (us) 0 12
L’Ja’lﬁﬁﬂuﬂ’lifﬁ’]éaﬂﬁ’wﬁLWJ’]%E‘!M (us) 1,113 473

b a o

INHANIINATBUTTUVTZULENAnwaiinsAmuaioulusudufitiaue
LU‘%EJ“UL‘ﬁEJ‘UﬁumiﬁmmLﬁiaulmﬁué\’mwmju dlodryaaidideanisvessyuuiial SNR = 10
dB, 0 dB uwaz -10 dB wansldiuin mstmuaaSeulusudunusiladausasiia
TndiReafuAduyssansivanzamesianseunnnissuuiifinssivundeuluSuduuuy
du dsmalviAranuRanainmdsaesvesfinsesfiiimitmuatoulusuduihinauslugis
200-300  seunsnlunsuusiictesaiszuuiifinsimusieuluFufunuudy uazile
fTUINIINHAANAILAANAAR S sEB MUY Sruufifinisimuadoulusuduiiiaue
F1unuseunaznalumsuuiadhdanneivngauiosnnsyuuifinisinuasiteuly
L?MﬁuLLUUEju Fawan3siaessyuuidiodynaden SNR = 10 dB, 0 dB way -10 dB fnad
aenadedilumaienty WeawssufisunansimuadeuluEuduiidnavediodyausia
* (Huandada

0

SNR #1199 FsargdillumaUTsudisudsns e 4.8 20151987 w(0) —w

ANMURANAINVBINISAIMUA UL SUA LR AU UAALUS L AN S AL dUYDIAINT DY

M19197 4.8 NANITNAFBUTEUUTEUENENYAlYRINISIUARoUluSUAUNT LD

SNR , Frunusevlumsuiu | naildlunsusudng
||W(O)— W, MSE . y y
(dB) WIgdanMEIIgaN | @anzninza (us)
10 0.0001 0.0006 12 21
0 0.0005 0.0067 12 21
-10 0.0139 0.0569 100 ar3
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o/

4.2.2 NMINAFBUANRBULUIBUAUNUITUUAIINAYIUTUNIU
Tun1snageuszuuATadYIasunIull 92A1MUANITIIWe AN TILNEIT0IAU
Fouay1UUReTEUUANNANTIN 4.9 Inedyaaiignsuniuvsedyaiudiiashedyaialey

YOUADALANIRIFUN 4.16 Ar1vuIndunarIuudtegsildlunisAuinateulusuiue

o v o

MAINTUN 4.17  uag 4.18  mudfiy  dumsussuun1dndyaiaisuniy A1 SNR - A9

[ [

9RTIAIUVRIMAIFTY Y IUNNTUNIUAUMSIFYYIUTUNIU UAZANURANAINNSIADRRY
YITZUUADAMURANAIANISIADLRREUDY ”a;apmﬁgﬂsumuﬁ’u oy unlaannisnidn
FUQIUTUNIU HANITATAFQYEIAITUNIUAD A IUAILAANAIAYDIFINTDITIAITIANE

o v o v

ansiludyaraleygesnaanignitdndyyimsuniueenuad dmsussuulanuaeauie
NANNIAIADIVDIAINTDI LU AINITOBAAIAMUBANAIIVDITLUUNL NS AN UAL DUl U5
P | ° P Bl 2 <o g ' ] ° =

AURUUdNRaZNIsMUARUlySIAuNYLaUels WiANLAns19YaeInIsiInuakoule

SUAUN 2 F5aziulaTaLauLaNANs ANANNARNAURANAINAE a0

L 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Samples

[

Ul 4.16 dyeraungniuniuluszuumindayaasuniuy

2

[

A919% 4.9 WIFLNOIA99 VasdgralussuumdndyyIaTUNIU

W1sdLnas Anfifsua

fyanasignsunau(s(n)) fynadloywasaea wuia 1 vy Avw 0.1z
rad/s

AnuUzdYIUVNTIIVDITTUY SNR = 10 dB, 0 dB waz -10 dB

(4(0)

nwugdyansuniu(v(n)) F ey UTUNIUL VU AT U7
ANULUTUTIUBIA QI 0.05, 0.5 Way 5
dmsudtyeyraufiden SNR = 10 dB, 0 dB uaz -10
dB mudeu

nwaugdyaad (x(n)) Fyann v(n) Arussuuidileddunisanelowdu
0.9+0.52"' +0.42° +0.227
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4.2.2.1 NFAINITITNDIAIVBIRINTBIFYYIURUUUTUAL AT UTEUY
NN YIUTUNIY

dmSuAINITEne A9 vesinTesdygratuuusuilalussuunisnida
Fyeyausunuansamlasne Ui

® YUIAYU ANYUIATUNILUNUN

ldnsun1TnadaUTEUUATRd Y IUTUNIURE

MAANNIINANUFURUSAIUN 4.17 Tpgrruuiaduimvingaude 0.006 LonTIR0UAN
yunatuiladegluveuiuaiiluldauliaswseldmuaunisi (2.10) Wefiarsandyyio

YNTIVDIRINTBIFYEYIUAD FYIUTUNIUTAAIINATFNRUUNA T WU Y Y180

v

NI AIVUIATURD FYEIUTUNIUNVIN LA PF YY1 VLTIV ITE U U

SNR = -10 dB ¥ilvanunsamauiusing R 1

v

AP

5000
ACY D\ (4.10)

W YVL0%S €

0005

tr(R,)=5+5+5+5
=20 (4.11)

Selecting step size for noise cancellation

T T T T T 1

The number of iterations
Misadjustment

300 -

The number of iterations
1
[=]
i
Misadjustment

S
-
—————
--------
_____________________

1 i 1 1 1
0 0.005 0.01 0015 0.02
0.006 Step size(u)
%

1 1 U
0.025 0.03 0.035 0.04

JUN 4.17 nywlanuduiussenisuaduiuainininiaiauazaiialendauuyives

[

FLUUMAINFYYIUTUNIY
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| 1 Yo { ~ vy ' Y i
LAYENUITONNAT ——— LARSANNIST (4.12) FILPVBUIAVDIANVUIATUAIANNSN (4.13)

tr(R,,)

1

mz 0.05 (4.12)

0<u<0.05 (4.13)

Farvuadunlaaingui 4.17 egargluReulvveuiunluaunisi (4.13) Jsaunsathanlele

® 31uruflg1IMuzaulun1sA LU YIS NAY 981191nASINANY

HenainA1dsanduitintuvesdy g undan SNR = 10 dB wnlglunismdiuiusiesnsi

v o

W2 ENYRITEUUMIAH Y IUTUNINTUAAINFUN 4.18 95U 4.18  Fuiufeg1ei

Y

AN AN IMTUIZUUNARFYISUNIU AD 26 DD

[

4.2.2.2 sruuiisaduInMsUNIUital SNR = 10 dB

v v

® AUl VSUAY LARIFINISIT 4.10

Y]

A19197 4.10 LUSHULTBUAINITINLAD AN V0953 UUMARFQIISUNIUNLAT SNR = 10

dB

o IuuAIagen kg lun1sATUIN
W1913L003

2000 A29814 26 H78814

LWASNG ﬁxx 0.0631 0.0365 0.0228 0.0087 0.0636  0.0362 0.0204 0.0064
0.0365 0.0630 0.0365 0.0228 0.0362 0.0613 0.0345 0.0196
0.0228 0.0365 0.0630 0.0365 0.0204  0.0345 0.0583 0.0331
0.0087 0.0228 0.0365 0.0630 0.0064 0.0196 0.0331 0.0560

DAADS Fy, | [0.0454 0.0002 =0.0001 —0.0002]" | [0.0472 0.0003 —0.0024 —0.0023]"

Soulusudiu | 11002 - 0.6103 —0.1263 0.1387]" | [1.1456 —0.5910 —0.1544 0.1056]"

w(0)




Exceed MSE of noise cancellation, SNR = -10 dB
180 T T T T T

160 b

140+ .

120+ 1

100 b

80 1

Exceed MSE

60 - 1

40t .

20} L ]

) S oy P .
5 10 15 20 25 30 35

The number of samples

n) uuirsg it ueglugie 5 i 35 fegs

Exceed MSE of noise cancellation, SNR = -10 dB
[ T T — T

Exceed MSE

0
10 15 20 25 26 30 35
The number of samples

v) adnvaansinlunismIuitegreimingaunldlunsan

dl L L [ ! o U ! dl o U a o U
E‘U‘VI 4.18 ATMNANUFUNUSTERININUWIUABE19N LTI UNTATUIUAUAURANAIANES

v v

AD9LRAYUDITEUUAIAF QYR 1UTUNIU

61
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[

® NANTIINAFBUTTUUAIINA YUIAUTUNIUNAAT SNR = 10 dB

d(n)

0 100 200 300 400 500

x(n)

0.05} 1

0.1

0 100 200 300 400 500
Samples

U 4.19 dygranlaluszuumdndaygrusuniuiiier SNR = 10 dB

CaN

(UL) Faanld19993UU (A19) Ay IuvItIunIsiingasd gy

o

Using random initial, MSE of filter = 0.49754

_2 1 1 1
0 50 100 150 200

Using proposed method, MSE of filter = 0.49718

-2 ! L L
0 50 100 150 200

Iterations

v o a

gﬂ‘ﬁ 4.20 Nan13M1AnAEYQYITUNIUNLIAT SNR = 10 dB

(V) ssuuniinisimuneulusuduwuudy (@19 seuund

AsAvuaaulvsuaunlaEue
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1 ' oo T T .
= 0.5 R Wigner Hopf Eq.
= 0 ———— Random initisl
0.5 . . ) Proposed method
o 200 400 600 a00 1000
1 T r T T
zF ﬂ‘l-l [ ]
_1 1 1 1 1
0 200 400 600 a00 1000
1 T r T T
o 0 .o, ]
1 e S, [ - =
0 200 400 600 800 1000
0.5 - T T . :
“»
=5 A
I i e TR e
0 200 400 600 800 1000

Iterations

f '
v IS

JUN 4.21 duUseiivisiinsesvessuunindensuniuiledia SNR = 10 dB

Using random initial

% 107 converts in 1578™" iteration at 9202 ps

10
b

T s
--------- Threshold of convergence

5 : g
H|I|M oy . LY g :. pradesnansaain
0 1 1 ]
0 500 1,000 1578 2,000
Using proposed method
o X 1[}':i converts in 1415™ iteration at 7764 i3

--------- Threshold t%:i convergence

0
1 1 L
0 500 1,000 1415 2,000
Iterations
JUN 4.22  HaRANURANAIAMAIERIYITEUUMARFYQITUNIUALAT SNR = 10

dB
(V) seuundnismvuaeulususuwuugy (619 ssuundnisiinue

Waulusuaunlaaue
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[y [

NNANITNAADUTEUUNANFYYIUTUNIUNALAT SNR = 10 dB Hdnwauzdyaiu
YUYVBITLUULALH Y IV NT1VDHINTOWIUN 4.19  1ag3U#l 4.20 WanIwan1smdn
FruaausunIumIeinsesdyauniinismvuaeulususuL udukasNsAvUnReuly
a Y o o = <@ J PN 1 ' LY CY A a PN N %
Susundnaue gengusiiuitnailaliunndeiuanndn Wenansuguin 4.21 Nuandli

WiudIN1sUSUAANUTEANSURIFINTRINUIINITAIUaAauluS udAuA183S AT Laueiinig

{

Auaalalndifesiuadulssansimunzauveddiinges TRLAUANNLANANIUDITEUUNT
nsivuaReulusufuLuugukarnsimuadeulususumiauslangun 4.22 Auans

NARNIAILRANAIAN1AIE BTN DAz LAINIs A MuA Ul S UAUNULaURT A1 T8N0

a

n1sivualeulusuduwuudn dudiuiusesukasiiatitdlunisusudndidaniaes
winzaudinasinsinaulafsaunisn (4.14) 1esanszuumandggusuniuilinaaeul
duuszAndressianges 4 fr vibisansesdygiainiinisivuaeulusuauwuudusuyineu
dl U L4 U | d’ 14 U gj dl = L7
Wodyaau 19895 uuUiIeg19i 5 Wasilussuy  asuuluaunisy (4.14) 3sldaraau
AANAIAN1§I883U895UURBURLUSTUAULUUAN & F9087997 5 TunISAIINNILNLYINIS
sndula WeldinawiiRarsunaziivinssuuninsimuateulaifuduiunauoaiunsausu
v | a Y 1 =] ' a ol 2/ o
Wganeiimnizaulaiiandt 31n3UN 422 Had19ANRANAIAAEIA0398IN1TAUA
= a v | ° Y a v ao i
ReulvSusuiuuguiasnsivuaReulususuidaueiiiigeaadsyuia 015 wag 0.1

FIUARU HANNITIaeITEUUMIRdyInsUNIuntan SNR = 10 dB awnsnasulanannsned

4.11

Threshold = 0.007e;, (5)
= 0.007(0.1279)
= 0.0009 (4.14)

[

A1999 4.11 HANINAFDUITUUAIAFYEIUTUNIUNTAT SNR = 10 dB

FTUUMINA Y IUTUNIU FriwuadeuluEudu
Eter) wuUHu Fildinaue
MSE ¥94/n394 0.4975 0.4972
MSE U8952UU 0.0013 0.0003
aﬁ’wmuiauﬁlumiﬂ%’uLsﬁngamwﬁmmgau (58v) 1,578 1,415
nanflalumsAwinilouluSudu (us) 0 12
nmsmﬁiﬁumsﬂ%’uL%gjamasﬁmmzam (us) 9,202 7,764
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[

4.2.2.3 szuumdadyerasuniuiifidn SNR = 0 dB

® AUl UBUAY LARIFINISTIN 4.12

[y

A999 4.12 WIBUTBUATNITIIAD A VD98 UUAIRAQYIMTUNIUNTAT SNR = 0 dB

ANUIUABE1N TG IUNITATUIN

W1I3003 — —
2000 #7989 26 79819

Wesnd R 0.6301 0.3655 0.2301 0.0905 0.6156 0.3300 0.2132 0.0871
0.3655 0.6298 0.3652 0.2300 0.3300 0.5884 0.3151 0.2021
02301 0.3652 0.6294 0.3651 02132 03151 0.5618 0.2984
0.0905 0.2300 0.3651 0.6291 0.0871 0.2021 0.2984 0.5362

AR Fy | [0.4506 0.0013 0.0007 0.0011]" [0.4559 = 0.0074 0.0202 0.0175]"

SouluiSudu | [1.0960 =0.6122 = 0.1262 0.1412]" | [1.0873 —0.6108 = 0.1173 0.1550]"

w(0)

[

® HANINAFBUITUUAINFYRIUTUNIUNNAT SNR = 0 dB

0 100 200 300 400 500

x(n)

0 100 200 300 400 300
Samples

UM 4.23 dyanaunldlussuumindeyeiasuniuiila SNR = 0 dB

0.2

(V1) dyyuvNva9TEU (879) AQYey i1 veIfINTas



66

Using random initial, MSE of filter = 0.47327

0 50 100 150 200
Using proposed method, MSE of filter = 0.4725

0 50 100 150 200

Iterations

'
Y =

5UN 4.24 wannsndndyey1aisuniuiidial SNR = 0 dB

(u) sruundnsivuaReuluEuAuLUUga (19) svuund

° A a Y A Yo
AsirusRaulvsuAunleiEue

1 N Lo ' -
A
0 ; ] | Proposed method
0 200 400 600 800 1000
1 T T T T
."'n..,
A0, e G L 1 ) 1
_1 1 1 1 |
0 200 400 600 800 1000
0.5 :
1&
."l
=0 T, Y d
_05 1 1 | il
0 200 400 600 800 1000
1 T T T T
£ 05p, -
0 = """—-_1 ____________ e e v T T
0 200 400 600 800 1000
Iterations

] '
v v A

5UN 4.25 dudszansinsesvesszuumidndyyinsuniuiledial SNR = 0 dB

A7}
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Using random initial, converts in 1500'" iteration at 8442 ns

0.04 Threshold of ic:onvergence i

0.02 ]
0 Fa apgnrenns
1 1 1
0 500 1000 1500 2000
D“'I

Using proposed method, converts in 770" iteration at 3845 us

poatftlt | Threshold of convergence (]

0.02}

0 500 770 1,000 1,500 2,000
Iterations

v v A

5UN 4.26 HAAIANLRANGIANGIADIYRITEUUNARHYEITUNIUTLAT SNR = 0 dB

A

(VW) ssuuninisimuateuluSuaukULd (@19) seuuilinnsivunteuly

A Y A Yo
Sudunladaus

o v Ao Y o
NHANINAABUTEUUMARRYYIUTUNILTLAT SNR = 0 dB ddnuagdnynon
NYBITEULLAT A I LU VRIRINTBNAITUT 4.23  1aesUN 424  Lanwani1sidn

Ty UNIUAILAINTsdy I uniintsfruaReulusuduLULduuaznsivuntouly

=3 ! d\/Lw o

Suaudiliaues Pea1nguaginudinanlaainnisivuaeulusuduluududnvue
Fyauiinisiinguidndes WeRarsannsusurmdulszdnsvesiansedlugun 4.25 wul
nsivuaReulusumedsnuLaueiinsivuaa lalndifesiuadudsyansimunsauves
AN denalviranienuiananfaeaedluui 4.26  vasnisimvuaoulususudn
o IS DR 7 ! o = a o/ | o= =3 Y o !

WaueiiAttesniinisnvualoulydudunuugudasiuladalugie 1,000 souwsnlunis
VUi dandnuruseunaznandldlumsusuiinganneimnzauiinaginnsdndulad

A d' 4 ¢ X a =3 ! o Y a v ao 2 o

aun159 (4.15) Weldinaeilfiansanasiiuil msimvualeulusudundiauslddnuiusey

wazhatlumsusuiiinganislvangautesniinisivuaeulususuluugu 3ngua

4.26 HARIIANURANAIANAIFIVRINITAMUAR UYL TUAULUUNLAEN SN MUAR Ul

' '
a Y v

SusuidnaueiiAtgeanusennn 0.25 wag 0.1 AUEI6IU Kan15IIaedsEuufdIndyniu

FUNUNEAT SNR = 0 dB @wsaasulanewmsned 4.13
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Threshold = 0.007e;,, (5)

rex

=0.007(0.2525)
=0.0018 (4.15)

[

A19799 4.13 HANINAFDUIZTUUAIAFYEI1UTUNILNLAT SNR = 0 dB

FTUUNNIAS Y IUTUNIY FrwmuaeuluFudu
Eter) wuuu Fitldnaue
MSE 48967n504 0.4733 0.4725
MSE w895¥uU 0.0021 0.0007
ﬁﬁmusadumiﬂ%’uL%ﬂajannzﬁmmzam (580) 1,500 770
nanildlunsiwnidoulvsusy (us) 0 12
Laaﬁaﬂumﬂ%ﬂ@amwﬁmmzam (us) 8,442 3,845

4.2.2.4 szuuidndonrnsunauiificn SNR = -10 dB

® AUl USUAY LAAIRINITIN 4.14

A19799 4.14 WIBUWIBUAINISEMBSANEY VRSB UUAINRANMIUNIUNAIAT SNR=-10

dB

\ < uuAIg1enlElunIsATUIN
W1513Ln 03

2000 A72814 26 f9819

AN ﬁxx 6.3573 3.7045 2.3407 0.9381 5.9279 3.2763 2.0890 0.9400
3.7045 6.3548 3.7030 2.3397 3.2763 5.6678 3.1164 1.9600
23407 3.7030 6.3517 3.7014 2.0890 3.1164 5.4119 2.9561
0.9381 23397 3.7014 6.3487 0.9400 1.9600 2.9561 5.1388

NNWBS Ty, | [4.5405 0.0350 0.0185 0.0218]" [4.3651 -0.0221 0.0710 0.1328]"

WouluiSudy | [1.0965 -0.6117 - 0.1264 0.1406]" | [1.0979 —0.6119 —0.1366 0.1284]"

w(0)
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o/

® HANIINAFIUITUUMINFYYIUTUNIUNAAT SNR = -10 dB

10

d(n)
=

_10 1 1 1 1
0 100 200 300 400 500

1

0.5¢ 8

x(n)

0 |

0.5¢ 8

_1 1 L il L
0 100 200 300 400 500

Samples

5UN 4.27 dygraildluszuumdndysyiaisuniuiden SNR = -10 dB

(VW) dusy1uuiinvaesEuy (879) deuaiasinveesiinges

Using random initial, MSE of filter = 0.33857

_1 1 1 1
0 30 100 150 200

Using proposed method, MSE of filter = 0.33636

_1 1 1 1
0 50 100 150 200

Iterations

[ d'

gﬂﬁ 4.28 NaN13NAAAYQYIUTUNIUNLAT SNR = -10 dB

(V) szuundnisiuadeulususuwuugy (819) seuund

AsAvuaaulvisuaunlaEye
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1T+ - ' : i
o [ *+ Wiener Hopf Eq.
= 0.5 ¢ - Random initial
0 . ) ) Froposed method
0 200 400 600 800 1000
0.5 ! j Tl e Wiener Hopf
-0 —————— Random initial
= 3 Proposed method
05 L \..l.._ |
0 200 400 600 800 1000
T T i Wiener Hopf
N 0.4 = Random initial
= U‘.S L",‘ Proposed method
0.2t ' = : '
0 200 400 600 800 1000
0.4 ] L T ] e Wiener Hopf
- " 1 S Random initial
S 0.2 4 Proposed method
\Fw : ] L TN )
0 200 400 600 800 1000

lterations
5UN 4.29 dudszanaiiniaswesszuunidndyginsuniuiediAn SNR = -10 dB

Using random initial, converts in 200t

0.04
0.02
['] . 2
0 200 400 600 800 1000

Using proposed method, converts in 110" iteration at 443 ps

0.04+ """"" Threshold of convergence |
0021 | ]
0p ;

1 1 1 1 1
0 110 200 400 600 800 1,000

iteration at 975 ps

--------- Threshold of convergence |/

|
H
i
i
i
.
i
i
i
i
"
|
i
1

Iterations
5UN 4.30 HaANANUHANAINMAIABITBITEUUMARFYQIUTUNILATAY SNR = -10 dB

(Uw) szuuninisimvuaReuluSuiuluudy  (619) ssuundnsivuateuly

Susulaiaus

NHANTTNAFDUTZUUAINFYQYIUTUNIUNLAT SNR = -10 dB Hdnweauzdayayia
YUUIVDITFUULALH YY1V NIIV0INTORFUN 4.27 lagguil 4.28  UAAINANITAAN
FruaausunIumIeiinsesdyaIuniinisimualeuluuduLudukasNsiunReuly

SuAuiEue Fanuasmiuimailiannisiuateulususunuuduanuasdygiod
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nsRaguiantey Welvsannsusuaduuseansvesiinsesluguil 4.29 wuimsivue

aad o a

Wauluisudumeishdausinismuuaalatna et uAIELUS L AN AU ALUDIAINT DY

denalvinadnaauiianaiaitasaedluguin 4.30  vasmsimvuaReulusuAuiineEuiial
2/ ! o d' a ¥ = =3 Y 1 LY !
wesninsimuaReulusuduLuududasiiulatalugig 200 souusnlumsususds @

Furusevnazanllun1susuidiganisimunvaniinannisdnduladeaunisi

¥
c a <

(4.16) eldinauailiansanasiiuii nmsfimuatoulususuniiausldinuinsaulasia
lun1susudndnganiziimungantdesniinisivualeulusususuugy 9ngun 4.26
HAFIAURANA AN IR IvRIN s AIUARDUlUTAUKUUENkAE NI ITUAR UYL TUAUN

iaueliAngegauszanal 1 uag 0.05 MUEIAU KAN153188958 UUNIRFYQIMTUNIUNTAN

SNR = -10 dB anunsaagUlifanisiedl 4.15

Threshold = 0.007e,.,, (5)
= 0.007(0.0727)
= 0.0005 (4.16)

[

A1999 4.15 HANITNAEBUIZUUATIARIUTUNIUNTAT SNR = -10 dB

FTUUNIARYYITUNIY FrmuateulvEudy
Eter) NI Fildinaue
MSE 483/n309 0.3386 0.3364
MSE U878 uU 0.0200 0.0187
Srunusevlumsusuingannisiimngeay (sou) 200 110
nanflalumsAwnitouludugu ( us) 0 12
nanslunmsidhganiieimanea (4s) 975 443

v v

PNKANIINAADUIEVUATAF Y IusUNIUNT N1 ruaeulusuaunaue

a1

Wiguiguiunisimunteulusuduwuudy Wedyyiuilal SNR = 10 dB, 0 dB uaz -10

dB wanaliiiiudn nsmvuadaulvisuduniauaauisasirusaaulususulalndLAes

'
=

UAANUSLANTNMUNZAUVDIAINTDI AINALTLAIANURANAIANAIADILRAYTIUNINARS

ANuRanaIaiasaekarldduuseukaziatlunsuSududgantismmangaudesnin



72

sruuninsiuaReulususukuudn WallSeuiisuranisiunRoulusuduntiiaus

[

dlodeyayrauian SNR Aafiudasuilumsiadseuiiisunsdl

[

A19197 4.16 NANITNAFDUITTUUMAAEYQYIUTUNIUTDINITAIAUARDULVLTUAUNUINLEUD

SNR | MsEwes | dwnusevlumisuiu | nandldlumsuiudng
w(0)-w, 9 w o o

(dB) ) FANTOY | lWdanMsIiLNzaN | d@nnigiiuingau (us)

10 0.4165 0.4972 1,415 7,764

0 0.4483 0.4725 770 3,845

-10 0.4542 0.3364 110 443

aaa o o 9 ¢
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'
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zuuidndynunsnasaniesiateenaindyaaeauliiiila,  ssuufvegian
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Ty auneuzaon uazssuufvegandyaaleweinioy JliseazBundmalul

[

4.3.1 sruunIndgygraunsnaaniniasladaanandyyiuaaulniimgile

n1siaesszuuiieUssyndldnuaieulasudunlasdnausiussuvumindyyiu
unsnaeanaeslatsenandygraedulviiila azviinisdiassszuunanun 4 nsallaun
NSNS IuLNINEoANIIes laulvunLavEns, duaruunsnaeaniesiatuiivuin
= a ' A o & PR = =
UnstUaguLUaLaLNEAIN, a@mﬂmLstﬂaammeaﬁaumummmmLWaumiLUaauLLan
uazdygraunsnaeanaiesiauvuianaziainisilasunlas lnen1siddsunlasas
Wuldednetng nsdrasssyuuis 4 nsdlagyinsivSeuiisunisyinauvesdinsesdyayne
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FTUUMIRA g IaunIndoatnIiIesial nan13ndndyyraunsndeniniiaslaufe

<
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U1 UAURANAIAUBHINTDI AIHUSNWAUEAITNUNANITIIABITEUUILIALBURUTT UL
nMIndYe IusUNIULLRITe 4.2.2 TuAezlULanINaId Y TUAINRANAIAA1SIED S

29487N 599 L99NTIUAMULANANIYDAas SEUU YAl Y

YY)

STUUAMARF Y IULNINE@DALNILIDS LAtz MUUANIT TN IR e Ton Uiy

A

Y9I3rUUNUANTIN 4.17 eedyaunduliiiilanldlunisdrassssuuiansdsgun 4.31

LYY d‘

A1 SNR 99953 UUAD dnsiduesmasdrunaulniilanumasdymiuunsnaon

W95 LaLAEANURANAIANIA9ADURASVDISTUUABAIURANAIANISIAD IR ALUD

dygranauliidiilanlalunisdrassssvudvdyrundulniimlanlaainnisiida

(%
o =

danuunsnaonneslan AMNIINNeIRI9Y UBIRINTedMEN s lan e U

o

A15199 4.17 Wdwesaneg vesdaalusruuidndyauunsngeniniiesial

WI5I0NDS ANNNIUA

LY

Nz dIuLnINgnNIos Al ”mmwmazﬂugﬂwammmé’mmwzulmﬂaamaaﬁ'ﬁ
mmﬁll,%wu 0.027 rad/s BsilArandsusiu e
i1 SNR = 10 dB, 0 dB, 10 dB fisil

- guiauarwlaasiildanuuususaumindu 0.004,
0.04 way 0.4 AUAIAY

- yuesamalinsiuasuudaddanuuysusiu

Windu 0.04 YAneAT SNR = 0 dB

Y [y

nuuzdnyarnd (x(n)) doyanalayreuneaninnudnssivdyaauwnsn

donIIastatkazivung 1 vy
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1 [ T T T T
0.5
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0.5 .
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0 2000 4000 6000 8000 10000
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4.3.1.1 NISHINITIAND AN UBIRINTDIT YUK UUUTUA LA MTUTEUY

MIndyIuLnInaanwILIaslatasnandyyranauliiiiale
A1UATINIIITNLABIANY VoIRINTOsd I auUUUSUALlATUuSTUUNTSANT A

. L4 Y 1 dy
o uunsnaeamneslataunsamilanwmaluil

YUINTY ANVUIATUNZLIUNTTE NS UNI5INaDITEUUNIIAAUUIULNSNEDA

e

wnnesladasmlannninanuduiusigun 4.32 lagAvuntuivangaufe 0.02 e

nyraeuA1vIntuiladtegluveulaniluldnulaasmselinuaunisn (2.10) e

fsandyaavndivesiinsesfe dyaalvwsesnsaviliaunsamaAniuning R was
tr(R,,) wanans@unsi (4.17) uay (4.18) aud1siu

0.5 0
RXX:
s

(4.17)
tr(R,)=0.5+0.5
¥ (4.18)
LAZEINITANAN TR) Iaeagunish (4.19) FalpveulvnveIAITLIAYUAENNNST (4.20)
r XX
] (@.19)
tr(R,,) ’
O<u<l (4.20)
Selecting step size for PLI cancellation
1000 -y ; : .
N ol The number of iterations
i Misadjustment
|
1
1
1
1
w \
5 ] 0.1
: | %
o 5004 1 2
@
£ | B
Z ! =
E ‘.‘ H0.05
[}
[}
‘\
\\
0 % Rttt U
0 0.02 0.05
Step size(n)
sUN 4.32

STUUANNA YL INEDALNILIDT latl

ATINANUAUNUSTLIINVUIATUNUAIAINNIIALAL AN AL DA VALLUN VD
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Farvuatunlaaingui 4.32 egareluteulvveuiunluaunisi (4.20) Fsanunsathanlele

=

AuUfg1emNnzaNTunIsATUINNaUlUBUAY ENATINAMURANAN

[

MasapaRdsNAnTuvoIdy g uniial SNR = -10 dB uildlunismaiuiusiognsiuungay

LY

YDIITUUMINF Y 1N snaoan s latduansfiaguil 4.33 9n3UR 4.33 d1uiusiees

Y Y 1

MnzandnsuszruUMIndygaunIndenmwineslaufe 32 fe819

o/

4.3.1.2 33UUNINTYYIUNLNINADALNILIDS lAUNTVUIAKAZIWEAST

Y

nMsdaesszuumdndaeaunsndeamisslauiifvuiauwazinansiiuisesnidu

3 n3alfe IuRvesdyaaLnINasaI e slaunyiTliiady g aiidal SNR = 10 dB, 0 dB

a A A T = ¢ = 1y} ¢
uway -10 dB lnefllansiiog o GWloud Femulsmuresdygunanaenniied

v o

ladfa 0.004, 0.04 wax 0.4 @MSU ﬁyigmﬁﬁm SNR = 10 dB, 0 dB uay-10 dB

[

NUATLDUAVDILFAT NS UL T

[

® STUUNMAARILNSNaDANBslaundiaA1 SNR = 10 dB

AUl USUAY LEAAIAIAISIN 4.18

[

A1919% 4.18 LUTBUTBUAMNITITLADIAN) TDITZUUMIASYIUUNTNAANLIDS latliiil

A1 SNR=10 dB
dunisiuiuasaen
W1518ma35 (ruaudegrefildlunisaiuan) 3% [5]

10,000 32

wmsng R, {0.5 0} {0.5036 0.0189} _
0 05 0.0189 0.4964

Nwas f, [0.0416 -0.0172] | [0.0542 0.0265]' -

Soulududu w(o) | [0.0831 -0.0344]" | [0.1058 0.04937]" | [0.6261 0.8598]"
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Excess MSE of PLI cancellation, SNR = -10 dB
0.8 . . . . . T . T .

0.7r R

0.6+ B

0.4 R

Excess MSE

0.3r R

0.1F

iy

40 50 60 70 80 a0 100
Number of samples
o U 1 dl o o 1 1 =3 Y 1
ﬂ) ﬁ]’m’suma8’1&‘1/114111%1114’3514@&3%%& 089 100 MDY
Excess MSE of PLI cancellation, SNR = -10 dB

0.08 -

0.07

0.05

0.04

Excess MSE

_0.01 1 1 1 1 1 1 1
10 15 20 25 30 32 35 40 45 50

Number of samples

v) dnvaansnlunismIuieg s zaunldlunsAIn

dl L L [ ! o U ! dl o U a o U
E‘U‘VI 4.33 ATIMNANUFURUSTERININUWIUA0E19N LT TUNTATUIUNAUAURANAIANES

v Y

A99LRRYDITTUUMIAF UL INEDANILIDS LAl
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NAN19I18B93EUUNTNFYYIMUNINEDALNILIBStAUNNAY SNR = 10 dB

[

N59N899TEUUMIRd Y IMUNINA@DALNIIOSla7ilA SNR = 10 dB fdnwey

YR Y1V UIIVDITEUUAIUN 4.34 Laenan1sidndaya1aiunsnaaniniiies latiandss

o

SUT 4.35 9 ngUaziiudn Tutie 200 seuusnaesnsusumdsdidygiaunsnasninies

ladsauegiedaiunaniainnisuiumduuszansvedinges Wafiansanisusuan

a Y

duuszdnsvesiinsedlusuil 436 wudimsimualeulusudundiaueiinisimunen

'
a £a

TndAssiuAdulssansiumungauvesinngeaniign demalviaunsalsuruinvesdygyio
& v a ;4 Y dl Y a v U L% 1
unsnaoamineslalsdudnlnduuinnunaselanislu 100 soULINUeINITUTUA d1una

nsuTumlatuaylndifgaiunisimuaReulvsusuiuuduniugun 4.37 waglugun 4.38

LAAINARIIANURANAIANIAIFDILNDUILINITUNIINUIUTBULAL AN LT bUN1SUSUFAILTNE

Y

o

a = o ¢ v a o d' = ° o
ﬁﬂ'TJS‘V]L‘qugall“ﬁﬂllLﬂm%ﬂqiﬁﬂauqﬁ]@lﬂamﬂqiw (4.21) WBIININTTUUNIN UL INEDRA

o o

weslauliduussanduesiinges 2 @1 ilidansosdygianinisiinuneulus
AULUUFLSUYIOUedy i vesssuumiegei 3 Whunlussuy - Asduluaunisi

(4.21) FelgrmauianaInfiiasdeve sz vuReulusUAULUUEN o f7981391 3 Tunis

&

AN usnIsanaula Weldnuitnasauziiuil nasimuaReulviSuduiiiaus

TgAnuseukazallunsUsuimgansimunzautosfian 1n3UN 4.38 Har19AI
ApnaInMaaesvaIn sivuaReuluSuduLUUdukazn s uaReulSuAUALIE (5] &

ANGeEAUTEINA 2 Uay 3 MTNAIAU NANITTIARITEUUM TN I ULNINABALNLIDS lauidl

A1 SNR = 10 dB anunsoasulsifenisneil 4.19

rex

=0.007(0.7214)
= 0.0050 (4.21)

Threshold = 0.007e;, (3)

d{n)

1

0 1000 2000 3000 4000 5000
Samples
L2

4.34 FaulUN095E UUMIRS QY UUNINaaNLIRS latiida1 SNR = 10 dB

o

)
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Using random initiai, MSE = 0.047222

0 1000 2000 3000 4000 5000
Using technique of [5], MSE = 0.055479

0 1000 2000 3000 4000 5000
Using proposed method, MSE = 0.02569

1 1 I 1 L
0 1000 2000 3000 4000 5000

Iterations

v v

3UN 4.35 Han1sidndegaunsnaanniiesladfian SNR = 10 dB

(vw) syvundinisimuaReulusuauuuudy (nae) seuuninis

AMuunRouluisuAun1u3s [5] (819) szuuninisivuakeaulusuauy

Aleiiaue

.......... Wiener Hopf Eq. |1
-------- Random initial
Technique [5] i
Proposed method

ALt Bt g

0 100 200 300 400 500

.......... Wiener Hopf Eq.
________ Random initial

Technique [5] i
Proposed method

0 100 200 300 400 500
Iterations

v o

JUN 4.36 dUUszANTANTRId10DIT8UUAINFY I MWNINARAINLIBS LaUNd
A1 SNR = 10 dB
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--------- simulated amplitude ||
-------- Random initial
Technique [5]
Proposed method

amplitude

200 400 600 800 1000

& L o TR ) (Fr simulated phase
= I Random initial
o 0.5 . 1
Technique [5]
1 Proposed method |/
0 200 400 600 800 1000
lterations
E‘Uﬁ 4.37 VUIALALLNAVDY UQJ, y?MLLWSﬂﬂ@ﬂLW’]L’J@ﬂa A1 SNR = 10 dB

(Uw) Ve (@19) e

Using random initial, converts in 150" iteration at 696 us

""""" Threshold of convergence
0 150 500 1,000 1,500 2,000
Using lechnlque of [5], converts in 1501 iteration at 651 us
0.1 T
""""" Threshold af convergence
0.05 1
o H- | ot s
0 150 500 1,000 1,500 2,000
Using propﬂsed method, converts in 85" jteration at 269 us
0.1 — r
083 500 1,000 1,500 2,000
lterations

v v

JUT 4.38 Hasi9nNRANAInIaIeIvBTsuUMdRdaaunIndonniieslatd
{iAn SNR = 10 dB
(V1) szuuniinsimvuaRaulusuduwuUgl (nan9) seuuniinisiivua

WaulusuAUALIT [5] (819) STUUNLNSMUUAREo Ul SUAUN AN EYD
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[

A13197 4.19 wan13Na09TEUUMInd Y IaLIngaLneslalndal SNR = 10 dB

FTUUAANFYYIUUNTNEDN FrmuaeuluFudy
waeslad | wuugy 3 [5] erit
Fa3n ULeue
MSE 42467n504 0.0472 0.0555 0.0257
MSE 98998 UU 0.0054 0.0138 0.0002
Srunusevlumsuiudiganmisiimngay (5ou) 150 150 85
nanlalunsAwnitouluSudu (us) 0 0.7 11
nanswlunmsidiganinzfimaunzea (us) 696 651 269

[

® sTUUNIRAIAININaBAWLIaslauiaAl SNR = 0 dB

AU USUAY LAAIFINITIN 4.20

LY

o = ~ ! a s ° Y] caa
M1519M 4.20 LU?EJULWEJU@']W']T‘I@JL@E]?@WQG] VBITLUUNIIN iy]ﬁy']mLLVﬁﬂaaﬂLW']n@ﬂau%ﬂJ

A1 SNR=0 dB
dun1sIuueszen
WI53LAD3 (@ruausegneildlunisduan) 35 [5]

10,000 32

wmsng R, {0.5 0} {0.5036 0.0189} ;
0 05 0.0189 0.4964

NNADS Fy, [0.1316 0.0545] | [0.1435 0.0071]" -

Seuluduiu w(0) | [0.2633 01091 | [0.2860 -0.0252] | [0.5515 1.0399]

o/

NANIIINABITTUUNNIA YY1 NINaDnNIIBSlauiiiA1 SNR = 0 dB

0 1000 2000 3000 4000 5000
Samples

LY Aa

4.39 ey nveeTEsuUANdndyaLsnaaneslalndal SNR = 0 dB

CaN
c
=p
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Using random initial, MSE = 0.046724

0 1000 2000 3000 4000 5000
Using technique of [3], MSE = 0.058964

] 1000 2000 3000 4000 5000
Using proposed method, MSE = 0.02569

_1 1 1 1 1
0 1000 2000 3000 4000 5000
Iterations

LY

JUM 4.40 nan1smndaaaunIngeniniieslauiiial SNR = 0 dB
(uu) szuunin1simvuaReululTuauLUUEN (NA19) TeUUNinTg
o = a v aal ' PP ° = a v
AmuARUlUENAUNLIS [5] (319) SzvuniinsivuaReuluiudu

A Yo
TEDRIGIG!

Wiener Hopf Eq.
Random initial
Technique [5]
Proposed method

800 1000

Wiener Hopf Eq.
Random initial
Technigue [3]
Proposed method

0 200 400 600 800 1000
Iterations

YY)

JUN 4.41 duussanaiinsesdygravesssuumIndyarauwnsnaanniiieslaund

A1 SNR = 0 dB
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amplitude

---------- simulated amplitude
-------- Random initial
Technique [9]
Proposed method

400 600

800 1000

Phase

.......... simulated phase
-------- Random initial
Technique [5]
Proposed method

0 200

400 i
Iterations

800 1000

JUN 4.42 unauavilavesdiiaunsnaaninaiesiatfian SNR = 0 dB

(Uw) Ve (@19) e

Using random initial, converts in 145%™ jteration at 697 us

0.1 T T

0.05
0

0 145 500

1,000 1,500 2,000
Using technique of [5], converts in 160'" iteration at 971 ps

0 160 500

1,000 1,

Using proposed method, converts in 90" jteration at 294 ps

500 2,000

5UN 4.43 HaR9ANURANAIAMAIERIYRITEUUM

71A1 SNR = 0 dB

1,000 1,
Iterations

v v

500 2,000

AdEIALINADALNLIDS LAt

(V) srvuniinsimuaRauluuduwuUgl (nan9) seuuniinisivua

= a v aa i Aa ° = a v aywyo
NE]UISUL??,JWUC‘HN'Jﬁ [5] (@9) ig‘U‘UVIlIﬂ']ﬁﬂ'ﬁ/iu@lLQ@ulmLiﬂJ@u%lﬂu’]Lﬁu@
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NN39188955 VUM ARdEY QI UUNINADANIIO5LaUNIAT SNR = 0 dB lanyuzues

LY al

o v o al' ° ¢ o
iyﬁyﬂiumrm‘umiz‘uumgﬂw 4.39 I@IFJNaﬂ'ﬁﬂ'] 2 iyJiyﬂmLW]iﬂa@@LWWLU@ﬂGULLaWQﬂ\‘ﬁU
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4.40 ngUaziud Tugae 200 seuuwsnvensUsusidlidyanaunsnasamiieslal
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unsnaoamneslalodudilndvuinnunaselanislu 100 soUKINUeINITUTUAI duna

nsUTumatuazlndifesiunisimunRoulusudunuudunugui 4.42 uazlusui 4.43

LAAINARIIANURANAIANIAIFDINDUILINITUIINUIUTBULALIAINA LT hUN1SUS UL E

Y

¥
&l a

a = ¢ v o o a{' P v ~ &
ﬁﬂ']']%‘wL‘Wll']%all‘?]ﬂllLﬂm%ﬂqimﬂﬁuslﬂﬂﬂauﬂqim (4.22) LN@I%Lﬂm%UWQWimWﬁlgLWUQW 19

'
a o

AvuaReulvsuduidnausldduseularialunisusududrganie iz autes

ign 91N3UN 443 wasiaAuAnnaIniIaI@eren snInuaaulusuduwuUdNLaN1g

Y 9

AvunReulusuAunLds [5] TAasanUseann 2 ey 3 AINE1AU Nan1331aedT8UUingm

oy naanmwiIaslauial SNR = 0 dB anunsoagulasewisied 4.21

Threshold =0.007e;,, (3)
= 0.007(0.8022)
= (0.0056 (4.22)

LY

A13197 4.21 NaN131809TEVUAIANE Y IUUNINEALNLIDFHAUNEIAT SNR = 0 dB

FTUUNNINS Y IULNINEDA WrimuaRouluiFudy
wnaeslad | wuugy 3 [5] il
Fa3n Ueue
IMSE 42467n594 0.0467 0.0590 0.0257
MSE 98998 UU 0.0056 0.0182 0.0002
Sruusevlunsusudiganmisfivmnzay (5ou) 145 160 90
andildlunisAnadeulaSudu (us) 0 0.7 11
nansuilumsidhganinzimanzay (us) 697 671 294
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® 33UUMIAYILNINADAINILIBSlaUNTA SNR = -10 dB

AUl USUAY LAAIAINITIN 4.22

A197199 4.22 WIBUTIBUATWITIERB A8 VaeTEUUAdnd aMunsnaalneslatund

A1 SNR=-10 dB
dunsIuuesIan
TRERIVIE T Fuaudagnefildlunisaiuan) 3% [5]

10,000 32

We3ng R {0.5 0} {0.5036 0.0189} ;
0 05 0.0189 0.4964

nnwes i, [0:4199 -0.1739]" | [0.4293 -0.1147]' -

Soulududu w(0) | [0.8398 -0.3479]" | [0.8625 -0.2640] | [0.3127 1.6164]"

NAN1TI1ABITZUUNANAYIUUNINEDANILIBFLAUNNAT SNR = -10 dB

dn)

_2 1 1 1 !
0 1000 2000 3000 4000 5000
Samples

JUN 4.44 FrygandivedssuumiIndaaunsnaenniaslatiin SNR = -10 dB
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Using random initial, MSE = 0.051008

0 1000 2000 3000 4000 5000
Using technique of [5], MSE = 0.092414

0 1000 2000 3000 4000 5000
Using proposed method, MSE = 0.02569

0 1000 2000 3000 4000 5000
Iterations

)

JUN 4.45 Han1sn1andeygnunsnasnniiesiatiiian SNR = -10 dB
(Uu) szuuniinsivuaeulusuAuuLEN (NA19) SeUuninis
° « a v ax 1 A ° = a v
AvuaReulususiunIas (5] (@19) svuuninsmvunReulusudu

Alainaus

.......... Wiener Hopf Eqg.
-------- Random initial ¢
Technique []

Proposed method

400 600 800 1000

.......... Wiener Hopf Eq.
-------- Random initial
Technique [5]
Proposed method

0 200 400 600 300 1000
Iterations

JUN 4.46 duUsvansRInTodnyInvesEUUMIndyauLsnaonneslaund
A1 SNR = -10 dB



86

---------- simulated amplitude
-------- Random initial
Technigue [5]
Proposed method

amplitude

400 600 800 1000

""""" simulated phase

-------- Random initial

Technique [5]

. , Proposed method

0 200 400 600 a00 1000
Iterations

JUN 4.47 vunauaziavesdyinunsnaaninaiiailatnidan SNR = -10 dB

Phase

(Uw) Ve (@19) e

Using random initial, converts in 150" iteration at 688 HS

| --------- Threshold of convergence

0 150 500 1,000 1,500 2,000
Using technique of [3], converts in 205" iteration at 948 us

0 205 500 1,000 1,500 2,000
Using proposed method, converts in 80'™" iteration at 248 us

0 80 500 1,000 1,500 2,000
Iterations

SUN 4.48 Waf9AUAANAIANSIE09URTEUUMANFY Y IMUNINABAMN LIRS LAt

flein SNR = -10 dB
(V1) szuuniinsimvuaRaulusuduwuUgl (nan9) seuuniinisiivua

WaulusuAUALIT [5] (819) STUUNLNSMUUAREo Ul SUAUN AN EYD

NM159180953 VUMY IUNSNABANIIDSlauRiiA SNR = -10 dB fdnweuy

YR YIUUNIIVDITEUUAIUN 4.44 Taenan1sidndaya1aiunsnaaniniiieslatiandss

Y]

SUT 4.45 9 n3Uaziiudn Tutie 200 seuusnveen1susumdsdidyainunsnaeninyies
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latsuegielnenaanmsivuatiouluEuduasds [5] Tnsravdevesdyaraunsnaon
wnneslatinniiandaunainannsuiuadulssansuesianges Weiarsannisuiudn
duszdvivesiinsedlusuil 446 wuimisivuadeulududuiidiauedinisivune
1ﬂé’Lﬁ&NﬁU¢hé’uﬂizﬁw'§ﬁmmsamméhmmmaﬁq@ danalviannsausurunnuesdaygy
uwnsnaeniieslatdradadilndvunafiuiesdldnnely 100 seuwsnvesnisusus dauna

nsUsumlatuaglnafgaiunisivuatoulusudukuudunugun 4.47  uayvlugun 4.48

WARIHARIAURANAIAAGIdB NIRRT T WU ULas Akl un1sUSUAILDNG

Y

(3

=] = = & v a [ =] d‘ £ X a < !
ﬁﬂ’]’JzVILMN’]%ﬂN“HQNLﬂm%ﬂ’]imﬂﬁ‘tﬂﬁ]@ﬂﬁﬂﬂqﬁw (4.23) Lmaisummsmu 1TEUNVCENUTIT NT

Avuaeulusududauslddnuiuseukaziattun1susudundnganis vz autae

ﬁ?jﬂ NSUN 4.48 NARIAIURANAIANIAIADIUBINITAINUALIDUL VS UAULUUALLAZ AT

Y 9

° d' a v aa =~ o w ° o w
ﬂ']‘Viu@NE]uvLGULiiJmumﬁlll'lﬁ [5] uAgs AUTZUIAL 3 LAY 8 MINAIAU NAN1FAIABITEUUNIANA

Y 9

Uy N INARAINILIBS LanilA1 SNR = -10 dB aunsaagulaneisne 4.23

Threshold = 0.007e;,, (3)

rex

= 0.007(0.8854)
= 0.0062 (4.23)

[

A5199 4.23 HAN1I9IA8ITTUUAINAF UL INEDALN IO laUNTA1 SNR = -10 dB

FEUUAINFYYIUUNSTNEDA FrmuaRouluiFudy
waeslad | wuugy 5 [5] Fild
Ll LU
MSE 99489n394 0.0510 0.0924 0.0257
MSE 18332 UU 0.0115 0.0545 0.0002
Srunusevlumsuudiganmsiimngeay (5ou) 150 205 80
nanlalumsiwnitouluSusu (us) 0 0.7 11
nansuilumsithganinzimanzay (us) 688 948 248

6 U

d115UNI99180958 UUMATAF QI UNINEDALNILIBS batlaDnaNd ey gy 1o

o

paulwilansaifvuinuazilavesdyaraunsnasanieslalasi Wedyyiudan SNR

[

= 10 dB, 0 dB Waz -10 dB Awan1smdndgIaLnInaenN DI latidenadosiUutUAe
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nstmuateuluGuduiithiauedimniiananidsaeaadouasldnatlunmsuiudiing
annzfuinzandosfigaiilonTeuisufunisimuaieuluFufunuuduuagnisimun
FouluEudunids [5]

4.3.1.3 szuufdadyyinunsnaaaniiiedladiivuiaiinisiudsuulaud
wlsingi

o o o ¢ IS a |
N13Y18NTLUUNIN @@WmLLﬂiﬂﬁ@@L‘W’]L'J@ﬂaumﬂuqﬂﬂﬂﬂﬂﬂaﬂuuﬂﬁﬂLLG\LWG

A AziinsiUBsuLUaUIATesH Y IMUNINADAIN LIRS launNT I 0.4sin (ot) Fadl
a a = €1 a = s a4 T = ¢ °
ANUBIdY @ =0.00047z iigudneiunfiuasmansfiog ry WEAGUA  N1TNINUA
HouluiSuau wagnan13dnaeeseuLiisyasdennail

oA a v v d'
® AlauluuAY Lansiws N 4.24

[

A9199 4.24 L[USHUBUAINITIRLAD AN 289TTUUARARQYEIULNINADALNILIDTLAUN

YUIRINISUABULUAILALNEAIT

dunsauiasaen
WI5ADT (Frurudaegeiildlunisauan) 3% [5]
10,000 32
wmsng R, {0.5 o} {0.5036 0.0189} i
0 0.5 0.0189 0.4964
NS Ty [-L1x10° 22x10°]" | [0.0165 0.0407] :
Soulusudi w(0) | [-22x107 44x10] | [0.0297 0.0808]" | [0.6608 0.7766]"

® NANIIVIABITIUUNITIATYYIUUNTNADALNILIDSbaUNYUINTNT

wWaguwUaswstnanai

R _

0 1000 2000 3000 4000 5000
Samples

JUN 4.49 dygyrarndivesseuumdndygraunsndeainiiiestatfivuininig

WaguwUasmmanan
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Using random initial, MSE = 0.048074

0 1000 2000 3000 4000 5000
Using technique of [5], MSE = 0.05501

0 1000 2000 3000 4000 5000
Using proposed method, MSE = 0.02589

0 1000 2000 3000 4000 5000
Iterations

Y

5U# 4.50 nan13MIndagaunsnaoaniIeslativuainsiudsusUaudinansi

(V) sguuniinisiavunReulusuAuLUUEN (na1d) ssuundnisiivue

HauluSuduniaas [5] (@19) szuuniinisivuaoulususunlaiaue

.......... Wiener Hopf Eq.
-------- Random initial
Technique [5]
Proposed method

0 200 400 600 800 1000
Iterations

[

JUN 4.51 dudsednsiinsesdyiuvesssuumindygiaunsnasnniiosiaud

YUIRINSUABUBUAILALNEAIT
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1.5
---------- simulated amplitude
g N Random initial
.g Technique [5]
E— 05 Proposed method
©
0 Lt ' : :
0 200 400 600 800 1000
0.5

""""" simulated phase
-------- Random initial
Technigue [5]
. . Proposed method
0 200 400 600 800 1000
Iterations

UM 4.52 vuauazilavesdyauunsnasamiiesiadiivuiniinisdsuiUasa

Phase

d'
N4

(V1) YA (@19) Wia

Using randem initial, converts in 140™ iteration at 665 ns
0.1 T T T T

0 140 500 1,000 1,500 2,000
Using technique of [3], converts in 160" iteration at 668 ps

0.1 T
| """"" Threshold of convergence
0.05 :
AR, e coisssosnins FORTITRPTRIS PO CURRS
0 160 500 1,000 1,500 2,000

Using proposed method, converts in 80" iteration at 225 us

0.1
""""" Threshold of convergence
080 500 1,000 1,500 2,000
Iterations

(%

JUN 4.53 HasinanuAnNaInIasEasuadssuuidRdamunIngennieslaln

g}

YUINLNSLUABULUAILALNARIN
(V) srvuninsimuaReulusuRuwUUEN (nan9) seuuniinisivua

= a v aa i aa ° = a v aywyo
LQ@UVL?JLiiJmum']QJ'Jﬁ [5] (@19) igU‘U‘Vlllﬂ']ﬁﬂ'ﬁ/iu@lLQ@UlﬁULiu@umlﬂquau@

NN139180955 VUMMARd YN INaaaNIe S lauivualnsiUdsuLUausLna

o v o

Ql' gy o 1% o a
AN UANYUSUBD iyiUWWZUGU']LGU'WJaiﬁgUU@QETJVl 4.49 IﬂUNaﬂqﬁﬂ’] AFEYEUIULNTINEDA

o

W IpslatlkanefIgu 4.50 9nguaziug Tugie 200 seunsnuesnsusuigalidyy i
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wnsnaeaieladsiuegmelagnaainnisimvualeulusudunais (5] In1saundeves

'3 '
1o a a Y IS

Fygyrawnsnaonnaslatuinigadalunaniainnisuiuadulszansuesdinges e

fsanN1sUTuAduUsyaAnsveiansedlugun 4.51 nuhmduUssansimansauvassin

Y

nssiimldanaunsiuwessenliannsatiundnddunisidadyyawsnaonniies
ladfivurniinisdsunvasldilesaniduainsiifissdnds ualedsnnnisusuan
duUszAvBanituinioniuly 200 souusnveamsUTud ArdudsyAvi 2 fusmisnis
frvuadeulududuinsusualulumadsrfuiienansdidiuimarosnisivuaitouly

SufuYaLiagIsinesiinsanAvuakaswailaannsuTuAduyseanslugun 4.52

Y

Usznaushetiufe sthavesdyanauninaonnneslatsnadaildandvuniouluEudud
iausidlnduuiafiufaialdnnelu 100 soULINvEINISUTUM drunanIsUsuatuay
TndiAgsiunsimunfeuluBudusuudy  uaznamsanuAananfideaedluguil 4.53
wandliifiuin msdmualeuluFuduiiiuauslddwusounaznailunsuiuiudiganioe
fimngantionitgn Tneldinawinisdndulanuaunisf (4.24) angui 453 wasnanw
AemanafdsansvasnisimuniouluSudunuuguuaznsmuniouluBudunas (5] 4

ANGUEAUTEIIN 2 WAz 3 analddy Han1sINRetsEUUMIRdRaunInaaanaslatn

yundn1sAsuwasimlansd aunsaasulafnisned 4.25

Threshold = 0.007¢, (3)

rex

= 0.007(0.7039)
= 0.0049 (4.24)

[

o o o o &l IS ~
M99 4.25 NaN159188953UUNIIN zyzyﬂmmiﬂaamL‘WWnaﬂaummmmimaauwm

ueilanaT
FTUUNNINT Y IULNINEDA WrimuaRouluiFudu
weslad | wuugu 5 [5] FWald
%5 UIGIG!
MSE v@9/nsas 0.0481 0.0550 0.0215
MSE 99432 UU 0.0060 0.0129 0.0004
Sruusevlunsusudiganmisfimnzay (5ou) 140 160 80
nanildlunisiwnideuluEudy (us) 0 0.8 12
nanslunsiindanniuanga (us) 665 668 225
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4.3.1.4 3TUUANTIATYYIURNINABALWILIBS baUuNvUInAsTiwsLaiings
wWaguwlag

N159189952VUAIAF Y IULNTNADALN IO S latvuInAINLaLNATINT S

a = A A 1 = a ' ] & ' T
Wasuwlas lnedauinasiiogn 0.3 wule waziainisiuasunladg et 9 s 0 - 5

Y

[

Siieud a8 dudadu n1sivustaulusuAULAYNAN1IINaRIS UL T waTDunsail

® A UlUSUAY LARIRIN1S19N 4.26

[y

=] = = ] PN 5 ° o o
M1919N 4.26 LUiEJUW]EJUﬂ']W’ﬁ']NL@@ﬁG\’NE] VBNITUUNIIN ﬁyﬁgquLmﬁﬂaamLWqQ@ﬂaum

YUIAAI A AN RS UL U

dunnsIuLLsgan
TRER LT b (Srurudangrefildlunisaiuan) 3% [5]
10,000 32
Wnsng R [0.5 0} [0.5036 0.0189} ;
0 05 0.0189 0.4964
nnwes Fy [0.0907 ~0.0907]" | [0.1565 0.0471]" -
SouluSudu w(o) | [0.1815 01814 | [03076 0.0831]" | [0.6605 1.0616]

® NAN1TTIABITTUUNIAFYYININFAALNILIBSlaUTIVUIAATILAWETNTS

wWasulag

0 1000 2000 3000 4000 5000
Samples

[

JUN 4.54 FyayaividnaessuumIndaaInunInaann1LIes lauvuaaLdnaiinig

] A

RIGREOIRIGE



Using random initial, MSE = 0.045107

0 1000 2000 3000 4000 5000
Using technique of [5], MSE = 0.057459

0 1000 2000 3000 4000 5000
Using proposed method, MSE = 0.025699

_1 1 1 ! |
0 1000 2000 3000 4000 5000
Iterations
JUN 4.55 nan1smAndayaaunsndanniiesiatnvuiaasiuinginisiufsunlas

(vy) sruuniinisimualeuluFudukuudn (Na1e) seuuidnisiivue

Moulusudunads [5] (@19) szuundnsivuakoulususunlaUaue

0.6 . '

........... Wiener Hopf Eq.
05 RN DAY/ s s s R\ IS 65 Random initial

= 04 “.f Technique [5]

" T Proposed method

©03; MR A =
0.2 h

400 600 800 1000

.......... Wiener Hopf Eq.
-------- Random initial
Technigue [5]
Proposed method

b,(n)

1,2 brarmeeessssininaas o o g e of P A SN N prssssmmrrennie
0 200 400 600 800 1000

lterations

[

JUN 4.56 duUsednsianTesdyyiuvessuumiIndyayiaunInasnniioslaud

YUINAINANETN1SU RS UL U
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.......... simulated amplitude
-------- Random initial
Technique [5]
Proposed method

amplitude

400 600 800 1000

% simulated phase
i Random initial
Technique [5]
: . : Proposed method
0 200 400 600 800 1000
Iterations

JUN 4.57 Yuanaziavesdygiaunsnaenwieslativuinasiuinainig

Wagulad

(V) VD (@149) W d

Using random initial, converts in 140™ iteration at 658 ns

| ---------- Threshold of convergence

0 140 500 1,000 1,500 2,000
Using technique of [3], converts in 150" iteration at 667 ps

0.1 ;
: | """"" Threshold of convergence
0.05
0 ; .............. TALY & T et et 0
0D 150 500 1,000 1,500 2,000

0" iteration at 471 ns

Using propesed method, converts in 13

--------- Threshold of convergence

0 130 500 1,000 1,500 2,000
Iterations

JUN 4.58 Hasinanuiana1ninasaesvesssuuidadyauunIngenniieslali

YRR TR UMUA
(V) sruuninsimuaeulusuRuwuUgl (nan9) seuuniinisivua

WaulvSuduauds [5] (819) szuundnisiuuaaulususunlauaus
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N15918995¥VUMIRd Y IuLNIndentn oS lativuinasnLaWaiing g

Y

N a o o v o z:{' °
Waguluad Uanueua @@ﬁmmﬂL%W%@diSUUWQEUW 4.54 I@ﬂmaﬂqsﬂq 9 EUTEULLINGN

[

&y
gonmvslatuanafisgunl 4.55 1nguasiiiudn lugisusnveanisuiusidaldey

0NN
goamiesladsiuegmelanasnnisivualeulududunads (5] dnsauniaves

Fyraunsngeamesiatuiniiandadunaunainnisusuamdulszadnsvesiinges e

(%
Y

ﬁa]Wiﬁmmaﬂ%‘umﬁmﬂwaw%maqﬁ’amaﬂugﬂﬁ 4.56 WUINANSUSUANEUUSLANTIY 2 6904

nAIsNsArusEeulusuduiin1susua lUTumaRetun1ely 200 saUKINYRINITUSUR?

q

vz ldgidngenduussansnduinlaarnaunisiuuessonilesaniavesdygyiunsn

U g

=

aonnieslatinisiudsunlasisdmalidnuaenisuuadulssansinsuasuuadlig

Y1

dalamuils tivelivunauaviaussdy QML INaDnNIIO 3 LAt NBAT INAAINILNATS

Y

1AMasUN 457  Feaziule i YUINURIA MBS NAALNStatd198anlaanAUR

QU D Ag 7}

Houlusudunvauadilndvunanunasalaniely 100 $9ULSNVDINTUSUAIINUUIUIAN

o =)

laagaen Tuvaeinanisusumativaglnafssiunisimuateulvsudusuuguieniuly

TN Y A Y a da = "y ]
200 50UMINTBINITUTUMINIBGAWNETILNITNTNTWEBURUR LT 9 LazHas1
AuRana1aidaedluun 4.58 uansbiiiuin nrstmuaReulydusiuiinaweldsiuau
seuaviaanlunisuFuiinganitenansautseian lagldinaminsdndulanuaunisi
(4.25) 9MN3UN 4.58  HARIANURANAINAGIABIV0INITINUARDULUTUAULUUEY, N3
° B a v an ° a a v oao A
AvuaeulusuAunNds (5] waznisimuneulusudumiiaueliaigwaussann 2, 4

Wag 0.3 AIUAIAU NANITINABITEUUAINAR Y QIMWNTNdBAN B lauAvuIaiing

Waguwlasusuanan awnsaagulanmisiei 4.27

Threshold = 0.007e;,, (3)

rex

= 0.007(1.0994)
= 0.0077 (4.25)
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[

A13197 4.27 Nan13318093 UUMAnNA Y TuLInaRnNILIes latunuuInALAWET AN

WasLuUas
FTUUAINFYYIUUNTNEDA FrimuatouluiFudy
weslad | wuudu 35 [5] FWald
%5 ULy
MSE 989672n394 0.0451 0.0575 0.0257
MSE 9939358 UU 0.0038 0.0164 0.0002
Srunusevlumsuudiganmsiivmngay (5ou) 140 150 130
nandldlunsiunitouluEudy (us) 0 0.7 11
nanslunmsidiganineimansa (48) 658 667 471

4.3.1.5 5zUUAIARFYYIMLNINaBANILIBslauNYuIanaziWalinig

wWasuwlag

[

N19918995E VUMARdE I INdALNIS latunvw Alazadn siUdsuLUa

o

TRgUIANNTSAS UL ANV 4.3.1.3 haztalnisilaguklasnusings 4.32.1.4 115

[

Arun Ul LAULAZNANITI1AD95 VTS 1AL D UAR 9T

® AUl UBUAY LAANIPINITIN 4.28

[

A9199 4.28 WIBUINBUANITIRLRND TR VBITLUUARAF YU INADALNLIDT LaLN

YuIRasALNSAsULUAY

dun1siuiuaseen
n1518Lne35 @ uaudegrefildlunisaiuan) 3% [5]
10,000 32
wesng R, {0.5 0} {0.5036 0.0189} _
0 05 0.0189 0.4964
NINRDST Ty [0.0163 0.0163]" | [0.0168 0.0422]' -
Reulusudu w(o) | [0.0326 0.0326] | [0.0303 0.0838]" | [0.6611 0.7766]
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o/

® NAN13T1ABITTUUNNINF Y IUUNINdaANILIBSauNYUIARazWENNIS

wWasuwlag

dn)

At 1 1 1 1 ]
0 1000 2000 3000 4000 3000
Samples

YY)

JUN 4.59 dyarnvdivesseuuindadyainunsnaanniiesladivuiniaziaiinig

o

RIGEPIRILN
Using random initial, MSE = 0.047444
1 T T T T
0
_1 1 1 1 1
0 1000 2000 3000 4000 5000
Using technique of [5], MSE = 0.054793
1 T T T T
0
_1 ! 1 1 1
1] 1000 2000 3000 4000 5000
Using proposed method, MSE = 0.025865
1 T T T T
0
_1 1 1 1 1
0 1000 2000 3000 4000 5000

Iterations

YY)

JUT 4.60 nan1sMAndyaunInganinIesladivuauazinaln1silasuulas

(VW) syuuninisimuaeulusuauLuugy (Na1d) seuundnisiivue

NouluSuauauds [5] (@19) szuuidinisiuunRoulsusunlaiaue
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-Random initial

Wiener Hopf Eq.

Technigue [3]
Proposed method

800

400 600 1000
Iterations
JUN 4.61 Fudselnsiinsesdyyiuvesssuumindygisunsnasnniiosiaui
YuaLaginain1siasuLUas
1 I o e simulated amplitude
M D7 i) B AVWCEER - AWM S Random initial
= Technigue [5]
%_ 0.5 f:'. Proposed method
E :
[ O\
I] 1 1 1 1
0 200 400 600 800 1000

Phase

gimulated phase
Random initial
Technique [5]
Proposed method

400 600
Iterations

200
JUN 4.62 VUNALAINAVDIH YR IUUNINABALN

Wagulas

(V) VU9 (@149) snld

800 1000

¢ ¢ a =
naﬂaum%mmmmﬂamms
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Using random initial, converts in 150'™" iteration at 732 ns

--------- Threshold of convergence

1,500 2,000
iteration at 772 ps

0 130 500 1,000

Using technique of [3], converts in 160"

0.1 T . . .
: | """"" Threshold of convergence
0.05
0t | 1 1 1
0 160 500 1,000 1,500 2,000
Using proposed method, converts in 75" iteration at 208 us
0.1 — :
I s Threshold of convergence
0.05 -4
u 1 1 1 1
073 500 1,000 1,500 2,000

Iterations
gﬂ‘ﬁ 4.63 nasnsANAANEIARSIEeesTUUMdRduaaunInaenuiedlai
uIakazalin1sUAsuLYAY
(u) spvuifinsimuadeulususuLuUgy (nan) seuuiidinisiivue
Reulududunais [5] @19) seuufifinstmuateuluEuduildinaue

v v

N9918895EUUMARd gLy INaBALNLS latuN v AkazEI N TR B UL YA

LY

Tanuarvedya It sEuUMITUN 4.59  Tngnan1snIndya 1 auunInaenniies

v a

larluanadiagunl 4.60 2angUasiiiudy Tugas 200 seuwsnueInsUsUmSldyaaunsnden

wesladsmedielasnaanMsimunReulysuAuALTs [5] dnseundevesdayayiu

T o

¢ = = [ Y a £ (Y A a
LL'VliﬂﬁEWIL'W']L?@ﬂauﬂ’]mﬂ?j@sﬁﬂLUUNﬁN’]ﬁ]’]ﬂﬂ’]'ﬁUﬁUﬂWﬁmﬂi%ﬁ‘ﬂﬁ‘l]@ﬂ(ﬂ]ﬂﬁ@ﬂ bUBNWYIIUN

n1sUSuAnduUsEansuestinsadlugun .61 wudmanisusumduuseansaglulunia

'
a a

WenAununIaNdy g uLnInaeanIe s launuwindsultasusilaasinaz nsalnuuie
Asusadinsasunlasie Aduuszansilaaslivganialadmislunsdiiasiulade
nInsAndaUdsuLUaLiss0g1aRe) FuInLazavedy g IuLNINdanL NI lal
1% a [ A < Y1 Ay v o = a v a o ¥ [
DNOUAAIAIFUN 4.62 zulaan auenlaannismuakeulusuaundtaueinlng
vunAnyiaselanigly 100 souusnaesnsusum dunanisusumatduaglnaidssiunns

o d‘ q' % 1 | a o Q" Y & |
mwumaaulsuwmul,wuqm LLazmamqmmmmwmmmaaaaﬂugﬂm 4.63 LAAILMIAUIN NS

'
¥ a o

Amuaeulusudundnausldinuuseusasiiattunisusududganis iz autae

e lagldinausinsdndulanuaunisi (4.26) 33U 4.63 waseauRanaIai&sEes
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Yoan1simuaRaulvEIsuLUUdLLarNsAmUARoUlUENRUA1LTS [5] dAtasanysyin 2

[

UAT 3 MIUAINU WANITTNARITTUUNIRF YL Ind@onnIlies ladivuaLaznainis

WaguuUas anseasulamised 4.29

Threshold =0.007e;,, (3)

rex

= 0.007(0.6023)
= 0.0042 (4.26)

v

A15197 4.29 wan1snaedsEuUmMInd g auvInaamuweslaunvuaLazalins

Wasuudas
FTUUMNMANFYYIUUNTNEDN FrmuaReuluFudy
weslad | wuudy 5 [5] il
Frd¥a glGiv)
IMSE 48463n584 0.0474 0.0548 0.0257
MSE 99995 UU 0.0054 0.0127 0.0004
Sruusevlumsuiuingannisiimnyau (5ou) 150 160 75
nandldlunisiunitouluEudy (us) 0 0.7 11
nanswlumsdngannednzas (4s) 732 772 208

[

INNANITINADITTUUANTAF Y IULNINdDALN LIS latdenanndey ey

[

Aaulwilane 4 - nsduansliiudn fansesdyanauuudiumlaanunsaidndy gy

unsnaeanaosiaulanliinvuianerivauesdygimarasnniadnisiudsunlased 19t

aa A (%

wagtilednisnvuaisulaliuauvesdinsesdyyruniudsyladiausyinlinanisnidn
FruauunsnaannLeslatianuRananmaEesaiskazia lun1suTufidndgan1en

wgautosndtnisimunoulususuluuduazn1simunRoulusuauauis [5] e

] o
Y A o [ Y

WisusunansmuaReulusuRuiauslunsidndygiaunsnaaniniiioslating 4

[

a = [ ) ) dy
N30 WATUWUMTUIBUTIE UL
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[

A197197 4.30  WAN15INARITEUUATRd Y anTnaeawieslatuesn1siuuakeuly

Suduiiviaue
5 . $runuseulunis | 1ianiildlunis
ANYMEUBIE Y QM , o N
o | [w(0)-w, MSE | YSuihganniei | YSuiinganiie
unsnaenlnIeslay 4
LLNZ Mvngay (us)
AWUR, 10 0.0075 0.0257 85 269
LWamﬁ SNR 0 0.0075 0.0257 90 294
-10 0.0075 0.0257 80 248
punUAsunUas 0.0074 0.0215 80 225
wlaUAsunyag 0.0859 0.0257 130 472
UM, wadsunas 0.0026 0.0257 75 208

a o/ <
4.3.2 ISUUANDALAAETEYEUTEULLD USEDN

Al

n1sdtaessyuLieUssenAldnuaARaulusuaunladlaueiusE UUALDandyy 0

[ 14 a o A [ a .
Laugaan Ims‘[fdmimua@l,am YU 3 Uislanme dQguuegianigsvuia (amplitude
modulation: AM), dyaunaiNeg.an@aa (phase modulation: PM) uaydaye)1ausonianids

ANUA (frequency modulation: FM) wazusaziszinnagilal SNR = 10 dB, 0 dB uaz -10

vaal

dB F9agyinsilseuiisunsineuresinnsesd g Muuulsuslandnuua e ulusudu

a

3 WUU AR wuudy, 35 [5] wagdmiaue

YY)

SYUURLALAAT L QU ULBULAONAEAIMUANIIITLADSA199 TN ITD N U Y 10UTB S

Y

=

lﬂl U 1 dl o a U L2
SPUUMNMTIN 4.31 Wnedeadiansililunisitaesssuuntegiandyyiauansdisgy
4.64 A1 SNR U8338UUAD 891dIUYRIMId gy 1dBgian i uia Iy 1sunIY, A1AIY
AANaIRNS AR RAE YR UUARANAANAINSENINE AU IE SR UdY ] Leanea

N399 LaE NI TU0IMINTOIA Y TUTUILABINIINITUNAINNTINGNE AuiTaInelUil

Amplitude

_1 1 1 1 1 L 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Sample

JUN 4.64 dygyranniansililunisdraesssuuivegandyaiuuouzden
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A13197 4.31 msfiweseneg vesdyaialuszuuivegandyayaueuzden

TRERHT L Anfinnviun
10912873 ”zy,apmiweaaamaaﬁﬁéuum 1 e mm?ﬂ%mu 0.0006
rad/s
ABLWY ﬁ’aujcymlw%amaaﬁﬁsumm 1 e mmﬁl‘%mu 0.037
rad/s
tinnsiegLan 1

fyaadisanses  |[dyaaleyresneaniauinseiuadunivitazdyuin 1

aveld
Fouauasninuessyuy | dyaaiuegianiidlial SNR = 10 dB, 0 dB uag -10 dB
HeyyIasunIU FYYIUTUAIMURVULNIATI UYL FedlauuUsUTiuiiodian

SNR = 10 dB, 0 dB uaz -10 dB Tuszuusingg AuaIRUAal
- mshveaandyaaeuldrnuwlsusiuwiaiu - 0.075,
0.75 LAz 7.5 AIUaPU

a o a @ [ ¥ T
3 ﬂ'ﬁﬂll@fﬂLaﬁ]ﬁiy}ﬁyﬂmwLE)QJLL@?‘JLEJ‘V\ILEJNI%?"I'J’]NLLUiUTJULVﬂﬂU

0.05, 0.5 Wag 5 MIUAIIY

a o o 3 v Y o [ a
4.3.2.1 NISUINIINALABIAN | UBIAINTDIA YU IMMUUUTUAILAFINTUTZUUR

UDQLEAT Y IILEUTADN
dmSuAIMIIENa3eA19 YoaRInTasdgyaaLuuUsudla lussuusvenian

[y =3 Yo 1 4:‘4/
o aleuzdana T banwmalul

® quIadY Wesndygruvidivesiinsesdygrawuulsumlmndudyyio

o

'
(Y]

lyygosneawilouiussuuidndyginunindeamiiieslatsanandyyiuniulninmla

(% (%
[

= ] ¥ a 4 4 [ [ Y 1 QA‘ Ve | [ 1 a £ o v
Jevililawaing R, widu delumauistuiiladeindu 0,02 wuhsadussuunidn
Ty aunsnaeamveslatniugui 4.32

® 31uauflag1emuunzanlunisAtuIIaulusudY 9su191nnIINANY

[
=

Aanaaiiasaesadsiinluresdygiatevidudilal SNR = -10 dB snldlunismsiuau
A08 NTMNZANVDITTUUANREAF QYL ULAONTIANIAIFUT 4.65  91nJUT 4.65

Punumednmugandmsussuufegendygateurionde 27 freg
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« 10" Excess MSE of analog| demodulation, SNR = -10 dB
1-2 T T T

0.8 -

0.6 -

Excess MSE

0.2

- - b
40 50 60 70 80 90 100
The number of samples

) uausegndmunegluye 0§ 100 fee

x 10 Excess MSE of analog demodulation, SNR = -10 dB

2 T T T T T T T T

1.8 -

1.6 -

14} .

1.2F .

1+ 4

Excess MSE

0.8

0.6

0.4

0.2

1
5 10 15 20 25271 30 35 40 45 50
The number of samples

v) davaansnlunismIuiiegsimingaunldlunsan

UM 4.65 nsmanuduiusseninedniumeganldlunisAmuauiuauianaiaiieg

dounduaITULANegndyyIuLauzden

4.3.2.2 STUURNAALANHNIANLDLEN
® szuuRnagandynIaeduiiA1 SNR = 10 dB

AUl USUAY LARIFINITIN 4.32



104

] = ~ ] a s a ) & Aa
M19190 4.32 LU?EJ‘ULWEJ‘U@"IW’W"I@JL@@?W'NS] sU@\‘ﬁ%‘U‘U@I@J'E]@LaW EUEUNEULBLBNNIAN SNR =

10 dB
dUN15IUUS
TRERIVI Fwuoudegnefildlunisaiuan) 3% [5]
10,000 27
W3NG R {0.5 0} {0.4148 0.0705} ;
0 05 0.0705 0.5852

PRICLER

[0.5 -0.0004]" | [0.4232 0.0680]'

FouluEudu w(o)

[0.9999 —0.0007]" | [1.0214  —0.0068]"

[1.0547 —0.7959]"

® HanN1IIIRBITTULRANaLand I MeLENTiAT SNR = 10 dB

1(n)

Samples

| 4.66 dryayaueiduiiden SNR = 10 dB

an
[
=2

Using random initial

2F T T ; 1 ]
1m
0_ i

0 2000 4000 6000 8000
Using technique [5]

2F T T T T 7
1/\_/\/\/
0L i b

0 2000 4000 6000 8000
Using proposed method

2 F L T ]
1 /-\_/-\/\/
U |

0 2000 4000 6000 8000
Iterations

10000

4 1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 3000 10000

JUN 4.67 nansfveguandayanateldudidal SNR = 10 dB

(u) syuuniinsivuaReuluSuduluudgy (na19) seuuiiinis

AMuuaiaululsuauaIulds [5]1 (@19) ssuundnisiivuatouly

Q‘ v -dl Y o
Sudunlaaue
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Using random initial, MSE of filter = 0.028581

1
0.5 .
0
0 500 1000 1500 2000 2500 3000
Using technique [5] , MSE of filter = 0.031961
1 T T T T T
0.5 .
0 . . . . .
0 500 1000 1500 2000 2500 3000
Using proposed method, MSE of filter = 0.0023298
0.05 r , . : .

0 500 1000 1500 2000 2500 3000
Iterations
JUN 4.68 AnuRANAIANEIaRIveITEULALanandyy 10t uTIdA1 SNR = 10 dB
(VW) syuunfinisfnuaaulusuduLuugy (Na1s) szuuAdnisniIvue

NaulvsuAunIN3T [5] (819) szuundnismuuaeulususunlauaus

Using random initial, converts in 200" iteration at 861 ns

0.1

0.05

0

0 200 500 1,000 1,500 2,000 2,500 3,000

Using technique [3], converts in 200" iteration at 1038 ps

0.1

‘ --------- Threshold of convergence

0.05

0 fal | 1 | | |
0 200 500 1,000 1,500 2,000 2,500 3,000
5 X 1[]':i Using proposed method, converts in 28" jteration at 29 us
1 4
0 . . . - .
0 500 1000 1500 2000 2500 3000

Iterations

JUN 4.69 nariANRANaInMAtdDIvDITEULRANBg@AdyaaudNniaAn SNR = 10 dB
(v) szuuninsiualeulusaukuudy (na19) seuuninsivuaeule

BUAUAILAT [5] (@149) STUUNTnIsAuaReuluSUAUNAULEWD
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nMI1aetsTUURNegandyg eLdufilA1 SNR = 10 dB fidnvusvesdynyio

[

2 [ d' a LY A ' a £ Y o LY
L’EJLEJQJV]QﬂiUﬂ’JuﬂﬂEU‘VI 4.66 I@EJNaﬂ'ﬁ@lI@QLam EUEUEUABDAN UUTLANDUDININTDY AUV

a o <@ A o a £a Y [ A
HANTANDAAAT QY I0ULBLONAD dNUTEANDLTIVUINVRIMNTBINANIAIFUN 4.67 1nFUIY
=3 ! a ! a v LYY o Ao o = a Q’l’ <
Wi Tiilesiasuiuvesnisusuduitundnyasvesdygadinnuiiaieuluidunaun
IINMIMTUAREUIUSUAUYRMAALTS WazllofansanmanuRananmasaesluun 4.68
< Y a X o d‘ a v ao a ' a o £ A
uulatnugunMsimuateulususuniiausiinfaNuRana 1S ae It ign

HasaauRanaIAiasaadlugUN 4.69 avthuiasaniuiuseuazaldlunsusud

a

Whdanigiwunzaulagiinasinisaeaulasnaunisn  (4.27) Famsimvuateulusudui
daualduiuseuuaziiarlunsuiuidiganieninuizauiosian 91n3un 4.69
HAR1IANURANAIN S ER YN IInUAReUlYEAuLUUdN LTSI IR R UL TUAY

aa a1 ° v o a [ 2
A1Ts [5] AAgenUsEsngs 0.8 uaz 1 MU Nan13INaaIsEUURNegandyaILeL8NT

i SNR = 10 dB ansnaguUldemsned 4.33

Threshold = 0.007e;,, (3)
= 0.007(1.1627)
= 0.0081 (4.27)

A13197 4.33 nan1sTiaessruuANegandya 1aneduiiia SNR = 10 dB

JEUURNagLandy LY FrmuatouluFudy
wuugu 75 [5] Rilg
%30 Uaue
MSE 28967n589 0.0285 0.0320 0.0023
MSE U89358UU 0.0546 0.0220 0.0035
Srunusevlumsuudiganmsiimngeay (5ou) 200 200 28
nanlalumsiwnitouluSusu (us) 0 128 19
nmmaﬂ,umﬁLﬁﬁwéﬁmwﬁmmaau (us) 861 1,038 29
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ISP

® szuufuagLandeyyIaeLdNdiiA SNR = 0 dB
nsTIaesTEUUANegandyy 1aelduilidl SNR = 0 dB dnisimuadeuls

SUAY WAYRANITINADITEUUAIN

AUl USUAY LARIRINITI9N 4.34

a = = ! a 5 = Y] & aa
M19190 4.34 LUiEJULVl‘EJUﬂ']W']T]@JLW@iGYNS] EUaﬂﬁch‘Uﬂll@@Lam SUEUNEULBLENNUAN

SNR = 0 dB
dunisiuesaen
W130a3 @uaudaegeitldlunisduam) 5 [5]

10000 27

wmsng R, {0.5 0} {0.4148 0.0705} ;
0 05 0.0705 0.5852

NS £y, [0.4999 —0.0006]' | [0.4233 0.0727]' -

Seuluidustu w(0) | [0.9997 ~0.0012] | [1.0204 0.0013]" | [1.0831 —0.5655]"

® HaN1sIIABITEUUANDALaNdQRaNLeLENTTA1 SNR = 0 dB

rin)

_5 1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Samples

Uil 4.70 dyaaneldudidia SNR = 0 dB



Using random initial

0 2000 4000 6000 8000 10000
Using technique [3]
2F T T .
.
0t . . : s
0 2000 4000 6000 8000 10000
Using proposed method
IF r r .

2000

4000

6000 8000 10000
Iterations

JUN 4.71 nan shuegandyaneLdnidal SNR = 0 dB
(V) szuuniinisnmuaReuluEuAuLUUEY (N819) SEUUNiingg

° A A v A | PRy ° A
fvuaauluiSudua1ds [5] (8149) szuunfinasiivuakeuly
BUAUNLAUILAUD

Using random initial, MSE of filter = 0.059748

500

1000

1500 2000 2500 3000
Using technique [5] , MSE of filter = 0.06873

500

1000 1500 2000 2500 3000
Using proposed method, MSE of filter = 0.0093558

0

500 1000 1500

2000
Iterations

2500 3000

JUN 4.72 anufiana1adaedvedssuuitegiandayny aseiduiiiial SNR = 0 dB

(V1) sguuniinsivuaeulusuauluudl (na19) seuuniinisiivue

Y a v aa i Aa ° = a v avwyo
LQ@UVLEUWNWUWWN'Jﬁ [5] (@9) 35‘U‘U°V]l|ﬂqiﬂ'ﬁﬁu@Lﬂ@uvLﬂJLiiJmuva@quau@
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Using random initial, converts in 210" iteration at 1076 s

--------- Threshold of convergence ||

0.04
0.02
]

0 210 500 1,000 1,500 2,000 2,500 3,000
Using technique [3], converts in 235" jteration at 1362 ps

0.04
0.02

0f | 1 I 1 1 1
0 235 500 1,000 1,500 2,000 2,500 3,000

X 1[]'3 Using proposed method, converts in 28™ jteration at 31 ns

0 500 1000 1500 2000 2500 3000
Iterations

JUN 473 wadenuianaIniade vetsruURLegLandyay10s0duniial SNR = 0 dB
(vu) sruuninmsivuneulususukuYE (a1 seuundnisimunioule

N ax i A ° = A v avwvo
LIUAUAINIT [5] (819) ig'U‘U‘V]llﬂ'ﬁﬂ'TVﬁJﬂLQ@UIGULiﬂJ@]UV]IWU']Lﬁu@

N13917895EUUALaYAN TunasolBunifien SNR = 0 dB fidnwarvesdayaio
ledufignsuniudsguil 4.70  Tnananisiueguandnyannuoduuansdsgui 471 angUaz
WU NANISANBALAN SanaanmsinuatenluSudusdas 3 lluandrsiurintn Sadeq
finnsanemiuiawainiidsaedlugul 472 Ussnaude wuinmsimuaieluEusui
dauedranuianainidaedutiisunisvinuies dmaliisauianaiatidades

wastesiign waslleNiarsangun 4.73  emduwuseuuasianldlunisusudidng
- S 3 v a v = = o = a Y o o
anmgivsnzaulaeilinaminisanauladsaunisn (4.28) Famsimualeulusuiuninaue
lgdnuseuuazantunsusuimddanneiminzautdosfian 1n3UN 4.73 Han1eAI
AanaInmdaesveanIsivuaReulusuiuLuuduLazn s vuaReuluSuiuauis (5] &
ANgegaUszanal 1 a2 35 nan1sdnaesssuuinenandyy auelduiiiial SNR = 0 dB

aunsaazulanannsein 4.35

Threshold =0.007e;,, (3)

= 0.007(1.0130)
= 0.0071 (4.28)
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A13197 4.35 nanisdnaessruufnegandygy aneduiifian SNR = 0 dB

FTUURNBQLAnd Y ILEY FrmuaauluFudy
wuugy 5 [5] g
eLeny MRIGIG)
MSE 29967n594 0.0597 0.0687 0.0094
MSE U8338UU 0.0502 0.0231 0.0042
Srunusevlumsuiudiganmisiimngay (5ou) 210 235 28
nanlalunsAwnitouluSudu (us) 0 127 21
L’gmiaﬂ,ﬂ,umiLS?J’WQ%am’wﬁmmzam (us) 1,076 1,362 31

® sTuURuagLandryUIMELNNEAT SNR = -10 dB

N1391a0esEUURNagIEnda eBNndA1 SNR = -10 dB finnsimuaieuly

[

SUAY LASNANITIADITEUUAIT

AU VISUAY LAMININNTIN 4.36

o = = i a 5 1 = ) 2 aa
MN1919N 4.36 LUiUULWﬂUﬂWW’ﬁW@JL@@ﬁW’N"] ?J@QigUU\'ﬂlla%LaW EUEUIEULBLRUNIAN

BN ==

-10 dB

WIF1ALNDT

= 4
dun15ULLaIFan

(@uausag19n lglun1sAIuIN)

2% [5]

10,000

27

wesng R,

0.3 Z0
0 05

0.4148 0.0705
0.0705 0.5852

NAWDS Ty,

[0.4971 —0.0017]"

[0.4048 - 0.0585]"

SouluBudu w(0)

[0.9941 -0.0035]'

[0.9789 ~0.0180]"

[2.5295 —0.8796]'

® HANIIABITTULRANDLaAH Y ILBLNNEIAT SNR = -10 dB

(n)

A0k

AM signal with noise, SNR = -10dB

=D

su

v

1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Samples

4.74 FoyeyrosorBudifidn SNR = -10 dB
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Demodulating signal, SNR = -10 dB
Using random initial

0 2000 4000 6000 8000 10000
Using technique [5]

0 2000 4000 6000 8000 10000
Using proposed method

0 2000 4000 6000 8000 10000
Iterations

JUN 4.75 wanshveguandeyaaloiduisia SNR = -10 dB
(uw) ssuuniinisimuaRauluSusuLULEY (Na) ssuuiiinis

AMnUARoU S UAUAINAT [5] (819) syuuninisivuaoul
Sudunlauaue

Using random initial, MSE of filter = 0.12823

0 500 1000 1500 2000 2500 3000
Using technigue [5] , MSE of filter = 0.19831

0 500 1000 1500 2000 2500 3000
Using proposed method, MSE of filter = 0.083992

0 500 1000 1500 2000 2500 3000
Iterations

JUN 4.76 AnuRiana1adaedvedssuuAtegandyy aseduiiiial SNR = -10 dB
(VW) sruuniinsivuaReulusuAuwuudy (Na19) ssuuniinisivuaeuly

a v aa i Aa ° Y a v avyo
HAUAINIG [5] (819) 33‘U‘U°V|3Jﬂ']§ﬂ']'1/1u®LQ@UI?JL?@JG]UV]VLWU']LE‘?U@
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Using random initial, converts in 300" iteration at 1221 us

--------- Threshold of convergence

0.1

0.05

1 1 1 1 1 1
0 300500 1,000 1,500 2,000 2,500 3,000
Using technique [5], converts in 355' jteration at 1538 us

0 355 1,000 1,500 2,000 2,500 3,000
Using proposed method, converts in 220" iteration at 841 us
1 r T T r T r

U : ........ I ................I................I...............I................I. ..............
0 220 500 1,000 1,500 2,000 2,500 3,000
Iterations

JUN 4.77 warinuEaNaIAMatdoIvetsEUUANegIandauaynudunilan SNR = -10 dB
(V) szuundnIsmmuaRsulusuAuLUUdY (Na1e) seuuniinismvuaceule

a v ax i aa ° = a v ayvo
LIUAURNIUIS [5] (B19) 53‘U‘U‘Vlllﬂ']3ﬂ'n/iu@LQ@UITL?@JG]UV]I@U']L&U@

NIRaBITEUUANegAdy g Ie Uit SNR = -10 dB fidnvarvesdynyol

]

loduiignsumudsguil 4.7 Tnonanisauegandnanioduuansiesuil 4.75 anguaz
Wi wanshvegandnyaanmatvuadoulusudulstaysmuiaieuresdya
Liuandsduiieliiunnuuanssvesisazisiaiansandaianainiideaeslugud
476 wunmsivuaReuluEuduiitauedaruiianainiidsasslutaazunisiiany
fouiian wazidlefiansangudl 4.77 iileminnuseuazafildlunsusuidinganied
wanzanlnefiinasinisindulafeaunisn (4.29)  wansiifiuinmsdmuatouluisudud
vaueldduauseunazanlumsuiuiiingannyiimnzantosiian a1nguil 4.77
warnsnnaa e swesnsivuaiteulvud iy, MstusteuluEudumy
7 [5] waznsimualeulviBusuditieusiiAngigausein 2, ¢ waz 0.3 mudAU Hans

TavssyuURnegLandygyIaneidunial SNR = -10 dB anunsaasuldnnisnedn 4.37

Threshold = 0.007e;,, (3)
= 0.007(1.1363)
= 0.0080 (4.29)
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A13197 4.37 nan1sinaessruuRnegaadyy aueiduiiiA SNR = -10 dB

FTUURNBQLAnd Y ILEY FrmuaauluFudy
wuugy 75 [5] g
G750 MRIGIG)
MSE 29967n594 0.1282 0.1983 0.0840
MSE U8338UU 0.0664 0.0673 0.0208
Srunusevlumsuiudiganmisiimngay (5ou) 300 355 220
nanldlumsdunafouluEudu (us) 0 128 19
nmi’saﬂ,umiL%’wéam’azﬁmmzam (us) 1,221 1,538 841

INNTIaRIsTULRNRgIandy1040L8uTiAY SNR = 10 dB, 0 dB uaz -10 dB
wuinfinalUlunafeany dufensfveqandayaaedulinalissiuuintndifis i
QI ke [ Y I :/’ d‘ 1 % U d' QI v rd‘ o 1 aa d! 1 1
SUAUYEINTUSUTI Ui AR unIuAT R ulu s NUNMualuLsazdd Jeazdinase
AIAHANAINI SR RRRsuazIaldlun sUSUAdan s vz e 1ngnans
T1aesszuLfivegandyaiaedudliiuiinisivuateulusuduninaueiiAiniiu
a o w = v v v Y A Y el a1 ] @
Aeanainiiasaesadsouagldiailunisuiuiitesiign lidndyainaslidl SNR winlafny
= = = o = a Y a o P [ a1 1 v = Id
eSeuiisuranisnmmuadeulusudunuausdodygndial SNR - singiudaazidu

=) I v dy
AU IHULNYUAIY

A o a [ 13 o a a v ao
$135191 4.38 NANT3IADISUUANDALAR iyjiy}’lﬁul,@LEJ@JSU’EJQ‘Iﬂ'ﬁﬂTVTUG]LQ@ubleJLiiJWUVIU’]LﬁUEJ

SNR 7 F1nuseulunsusu | naldlunsuiudng
||W(O)—w0 MSE . 9 ANt P
(dB) WIgEAIEIVINEEN | dnzTnyan (us)
10 0.0005 0.0023 28 29
0 0.0004 0.0094 28 31

-10 0.0004 0.0840 220 841
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NsPaeITEUUANeRdyyIUAiaNNLAT SNR = 10 dB dnisAmuadeuls

v

BUAULALNANITINADITEUUNIN

'
1 =)

AUl USUAY LARININITIN 4.39

=] = = ! A s = o N & aa
MN1919N 4.39 LUiﬂULWSUﬂWWWinL@aﬁW’Nﬂ GUﬁNigU‘Uﬂll@@La@ EUEUTEUNEDHINAAN

SNR = 10 dB
dun1sIuLUaITIN
WITTLND3 Frunudaegraitldlunisauan) 35 [5]

10,000 27

wmsng R, {0.5 0} {0.4148 0.0705} N
0 0.5 0.0705 0.5852

DNABS [0.3825 ~0.0001]" | [0.4198 0.0588]" —

Seulududu w(0) | [0.7650 —0.0002]" | [1.0158 -0.0220]" | [1.0208 —0.9425]"

® HANTsIIABITTUUANDLNHNAINDUTEAY SNR = 10 dB

R s
0 500 1000 1500 2000 2500

=
£ 0
Q
=
_1 L 1 1 1
0 500 1000 1500 2000 2500
2
< ¢ ]
_2 1 1 1 1
0 500 1000 1500 2000 2500
Samples

a &

Ui 4.78 dyanauiiduiidan SNR = 10 dB

<

[ =

(Uw) dygadiitdn (nane) Fyausuniu (@) dyeiu

A7}

MHuADNTUNIUY

Y
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Using random initial

2000 4000 6000 8000 10000
Using technique [9]
1F . ; T
=
Ar ) ) - )
0 2000 4000 6000 8000 10000
Using proposed method
1E . . r
=
E‘E—

2000

4000 6000 8000
Iterations

10000
JUN 4.79 nansfveguandayaafisduiiian SNR = 10 dB

(VW) SUUNinTAIuARauluSUAULUUEY (Na19) Seuuiiinis
AMvuaaulusuAUAILAT [5] (819) SruuNiinasinruaauly
A Y ayvo

BuAuNlAELe

Using random initial, MSE of filter = 0.037731
0.5 ' ' : ' : -
0 . ! . z .
0 500 1000 1500 2000 2500 3000
Using technique [3] , MSE of filter = 0.062825
1 T T T T T
0.5 .
0 . 3 . . .
0 500 1000 1500 2000 2500 3000
Using proposed method, MSE of filter = 0.0037417
0.05 - T . T ;

500

... liiie.s
1000 1500

Iterations

2500 3000

JUN 4.80 anuiinnanaindsaesvadsyuufnegiandayaailiouniia SNR = 10 dB
(VW) sruundnisivualeulusuduiuugy (Na19) seuuninisAvue

NaulusuAumuds [5] (@19) szuuninisivuakeululsusunlaiaue
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ﬂth

Using random initial, converts in 180™ iteration at 1038 ps

0.04
0.02
0

--------- Threshold of convergence ||

0 180 500 1,000 1,500 2,000 2,500 3,000

51h

Using technique [3], converts in 2357 iteration at 1548 ps

0.04
0.02
0 '

| 1 1 1 1 1
0 235 500 1,000 1,500 2,000 2,500 3.000
U'lh

‘ """"" Threshold of convergence

iteration at 293 ps

Using proposed method, converts in 8

--------- Threshold of convergence ||

080 500 1,000 1,500 2,000 2,500 3,000
Iterations

a & aa

JUN 4.81 War9AUAANAIAAGIARIUBITEUUANBALARATRITLaNTEA SNR = 10 dB

o

(v spuuninsMruaReulusuANKUUEN (na19) sEuundnsiIvuaeule

BUAUAILAS [5] (@149) szuuNtinIsAvue Qe ulusuaunlaiaue

MTIaeITzUUANDgIandqInaunial SNR = 10 dB Janwuzvedyaie

o

N & A 9 P = ) N & A a £ a
WL@@J‘WQﬂi‘Uﬂ'ﬂu@QE‘UVI 4.78 Iﬂﬂmaﬂqiﬂuaayﬁm EUEUTNEUNLDUAD UUSEANTLIUNEVDS

T IUAAUNINTDERIRITUN 4.79 93Uzl Sifleeriasusurein1sUTusn
wirlundnwalzresdyyadianuiaisuluidureinanmsivuadeulsufuroiusazis

waziflefinrsanAtanuianainiidsdoslugu 480 aniulddaauiatuinisiivun
FoulviFusuiiiiaueyiifadanuiianainiidaesiosiign nassnuRanaiaiids
aoennugURl 4.81 waiasanduseukasafililunsuiusidiganinsfimanzan
Tnefiinasinisindulageauntsd (4.30) Ssmsimusleulvsuduiauslddwiusounay
natlumsuiusiingannisimanzautdesiian :1ngU7 4.81 wassauiamaaindsaes
yosmsivunioulvsusunuuduaznsimuateuluEudunsds (5] fageanUszanu
0.6 Uag 1 AUAIRU NANITINDITTUUANDALAR TyanaufiBuiifidn SNR = 10 dB a1wnsn

asUladsmsneit 4.40



Threshold = 0.007¢2

rex

= 0.007(0.
= 0.0064

(3)

9079)

M15199 4.40 NaN15TIAOITEUUANDRLEAd T BN SNR = 10 dB
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(4.30)

FTUURNDQLANS QIO FrimuaRouluiFudu
wuugu 75 [5] Fild
%5 Lo
IMSE 989670394 0.0377 0.0628 0.0037
MSE 99438 UU 0.0042 0.0559 0.0038
Srunusevlumsusudiganmsfivnzay (5o0) 180 235 80
nandildlunmssaneuludusiu (us) 0 121 19
nmmﬂumwﬁnéamazﬁmmzam (us) 1,038 1,548 293
® szuUANDgIAndyIANLENTEAT SNR = 0 dB

MITaeeTEULAtenand i IRiLaNNTA1 SNR = 0 dB finsivualeulusudy

(Y]

LAZKNANNSINARISTUUAIT

1A

ANNaUlUISUAY LAAIAINISIN 4.41

o = = ' b & = ) a2 ad
M19190 4.41 LUiEJULWEJUﬂ"IW'ﬁ']@JLW@?WWQg] SUENiz‘U‘UWJ’eJ@Lam EUEUNEUNEDUNAA

SNR = 0 dB
duns3uuasaan
W1nas (@ruaudregeildlunisduan) 5 [5]

10,000 27

wm3ng R, {0.5 0} {0.4148 0.0705} B}
0 05 0.0705 0.5852

nNABS T, [0.3821 —0.0006]" | [0.4206 0.0678]' -

Jeulududu w(o) | [0.7642 —0.0011]" | [10152 —0.0065]" | [1.1337 —0.7749]"




® ANTINABITTULANDgLand Ry TUTLOUTI

'
ISP

4A1 SNR = 0 dB

r{n)

4
0

Samples

Using random initial

4.82 SyaauiiBufifien SNR = 0 dB

2000

4000

6000 8000
Using technique [3]

2000

4000 6000 8000
Using proposed method

2000

4000 6000

JUN 4.83 nan1sANanLandtyy 1aounTA1 SNR = 0 dB

(u) srULninsTvuaReuluEuAuLUUdY (NA19) SeUUNiingg

8000
Iterations

A Y a Yo
SuAunladEue

° A a v aa ' Ry ° =
AvuaaulusuAUAINIs [5] (819) sruundnnsivuaeuly

10000

1000 2000 3000 4000 5000 6000 700D @000 9000 10000

118
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Using random initial, MSE of filter = 0.037731

0.5 1
0
0 500 1000 1500 2000 2500 3000
Using technique [5] , MSE of filter = 0.062825
1 T T T T T
0.5 1
0 . . . . .
0 500 1000 1500 2000 2500 3000
Using proposed method, MSE of filter = 0.0037417
0.05 r r r T ;

R Y YT g F 7 lebotbe .. R
0 500 1000 1500 2000 2500 3000
Iterations

JUN 4.84 AuRana1aAtdeeueITEULANegIandaya auTilaNNTA1 SNR = 0 dB
(v1) szuundinsivuateululsuAuLUYEN (Na19) seuuNiinIsAvue
= a v o~ ] o ° - a v oawvo
Rowlususun1uas [5] (619) szuundnisimuaRoulususuilatiaus

Uth

Using random initial, converts in 180" iteration at 1038 ps

--------- Threshold of convergence ||

0 180 500 1,000 1,500 2,000 2,500 3,000

Using technique [3], converts in 235" jteration at 1548 ps

0.04
0.02
0

1 1 1 1 1 1
0 235 500 1,000 1,500 2,000 2,500 3,000

Using proposed method, converts in 80™ jteration at 293 ps

--------- Threshold of convergence |

080 500 1,000 1,500 2,000 2,500 3,000
Iterations

A& aa

5UN 4.85 War19AURANAIAAGIARIYRITEUUANBAIARAYQIWLENNIAT SNR = 0 dB

o

(v) seuundnsivuatouluisuduwuudy (nan) seuuninisimunoule

BUAUAILAS [5] (8149) STUUNTNISANUARD UL UAUN LA ULALD
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nMIaessrUURNegaadyaiduilian SNR = 0 dB fdnwusvesdynyio
fiduiignsuniusaguil 4.82 Tnsransiveguandyanuiidunansdissud 4.83 :1ngUasiiiu
1 wansAveglandyaaannsimuadeuluiFudundaziSliueandstumnidn Fsde
finnsanAanuRanainideaedusuil 4.84 Uszneusne demuitnisimunieuluiFudud
thiaueiieanuAanainidsaeslugaasunsvinutes dealiinnuianainiidsaes
Wwdvtleniign uaziilefinnsangul 4.85  ilevnduruseunaznandildlunisuiuiiing
anmzinzanlneiinusinisdindulafeaunisil (4.31) FsmsivunfouluBuduiiiaue
¥ unuseunaznailunmsuiufidhganneimnzauiiosiign 993U 4.85 wasinsndm

AnnanmaaesuaInIsnvuaReulusuduluuduuaznsimvuaeulusudunuis [5] &

1 o w o = [ AN & Aa
mqqqmﬂﬁamm 0.6 ez 1 $NUAIAU NANIIADITSUUNNDALARTLYLYTEUNLDUNUA SNR

0 dB anunsnagUlefaned 4.2

Threshold = 0.007¢2

e (3)

= 0.007(0.8630)
= 0.0060 (4.31)

A13797 4.42 HansTIaessTULRNegwead IMiBuAde SNR = 0 dB

STUVRNDQLAnF ALY FrmuaauluFudy
wuugu 35 [5] ilg
eLeny ULEUD
MSE 989673n794 0.0416 0.0718 0.0067
MSE U833 UU 0.0036 0.0485 0.0035
Sruusevlunsusudnganmsiivnzay (5ou) 210 235 110
nandlalumsAwinitouluSusu (us) 0 168 30
nmiaﬁﬂ,umsL%’Wtcjamazﬁmmsam (us) 1,235 1,581 573

1
=

® szuufuagLandeyIUTduATA1 SNR = -10 dB

N3d1anssEUURNonandy g IUNOuATa1 SNR = -10 dB dnsimuaiteuls

Y

[

UMY WAYRANITINADITEUUAIN

AUl USUAY LARIFINNTIN 4.43
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=] Ql ~ ] a s Ql o N & aa
M1919N 4.43 LUiEJULVIEJUﬂ’]WW'i’]ﬁJL@@W’N‘] SUEN%UUG]MEJ@LW] EUEUTEUNLDUNUAN

SNR = -10 dB
Aun1sIuueITaN
ERHELEH @urusegeildlunisduan) 75 [5]
10,000 27
wesng R, {0.5 0} {0.4148 0.0705} _
0 05 0.0705 0.5852
NABS Fy, [0.3838 —0.0003]" | [0.4137 0.0611]' -
Seulududu w(0) | [0.7676 -0.0007]" | [1.0002 —0.0161]" | [1.9162 —0.9634]"

® HansABITTULRANBANH Y IMTLENTITA1 SNR = -10 dB

10

r{n)

_10 1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 600D 700D &000 9000 10000
Samples

=

su

Y

4.86 &ueyrufduiifien SNR = -10 dB

Using random initial

0 2000 4000 6000 8000 10000
Using technique [3]

0 2000 4000 6000 8000 10000
Using proposed method

4000 6000 8000 10000

Iterations

0 2000

JUN 4.87 nansfveniandayanfiduniial SNR = -10 dB
(u) sruuninsiruaReuluuAULUUEY (Na19) syuuninig
AvuaReulusuAunNds (5] (819) seuuiniinismuaeuly

Sugunlaiaus
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Using random initial, MSE of filter = 0.07954

0 500 1000 1500 2000 2500 3000
Using technique [5] , MSE of filter = 0.15266

0 500 1000 1500 2000 2500 3000
Using proposed method, MSE of filter = 0.043317
1 r . . . .
0.5
0 500 1000 1500 2000 2500 3000
Iterations

JUN 4.88 ANUAANAIANA1d830835TUURANDALARHEY Y 1LENNTA1 SNR = -10 dB
(VW) seuundinasninuaaulusudulbuud (nan9) seuuniinishvue
Roulususun1uds [5) (@19) ssuundmsnmualoulususuilaiiaus

Uth

Using random initial, converts in 270" iteration at 1565 ps

0.04
0.02
0

---------- Threshold of convergence ||

0 270 500 1,000 1,500 2,000 2,500 3.000

ﬂth

Using technique [3], converts in 410™ iteration at 2255 ps

0.04 | """"" Threshold of convergence ||
0.02 . .
ol ,.. ............... ... ..............

0 410 1,000 1,500 2,000 2,500 3,000

Using proposed method, converts in 210" iteration at 1082 ps

0044y + | Threshold of convergence |
0.02 : 8
0 e o —————
0 210 1000 1500 2000 2500 3000

Iterations
JUN 4.89 nasiuianaInMAtdesveIsEUUANegaadaaiduTILiA1 SNR = -10 dB
(vu) sguundnismmuaeulusuauLuLdy (na1e) seuuniinismvuaeule

a v aa i Aa ° ::4' a vy ayvo
LIUAUANIUIS [5] (319) ig'U‘UVlllﬂ’]iﬂTViu@LQ@UI%L?NG]UVII@U']LE#U@
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& A

N15918835EUUALDARF Y IUTILOLATAT SNR = -10 dB Tdnwazvesdoyn o

o

a & A

TMOUNYNIUNIUATIUN 4.86 neranishnenandaaaildunanifsgun 4.87 anguasiiu

FY 1

11 nansRNegandyyINIINNITIIuaReulu T IAULALISIAURAINE WYDIF gy 1auldl
| [y ~ Y @ 1 ! ag=t a J a [ d‘
wansafuieliiiuaLuANA1IweIwAarIsRsiasnAmALRanan A& aeslug U 4.88
nuinsivuaReulususundtaueiirmauRananiasaeslugsun s uleeign

A a = = ° i v v v =
wazllaNaTaNguN 4.89  Liemdnuauseukaziiafldlunisusuiinganiisimunsay
Tnefinainisinduladsaunisi (4.32)  wanslidiviinmsimuaeulyduduiiaueld
uuseukariIaluNsUTUAIgan sz autesiign 31n3UN 4.89  war19AIY
AnnaInMaaeswaInIsivuaaulususuuudiuazn s vuaReulusudunuis [5] 4

2 Ao

AEeARUTEIIN 1 UAT 3 ANUENAU NANNTIIRDITTUURNBALAN YR 1 TILENNIIAT SNR = -

10 dB aansaaguliFansei 4.44

Threshold = 0.007¢, (3)

= 0.007(0.4827)
= 0.0034 (4.32)

A1 4.44 KAN13TIRBITHUURNDALAAF N ONNTAT SNR = -10 dB

FEUURNDQLANF Q1NN FrimuateuluFudu
WUUEH 75 [5] Fala
i ¥e Uaus
MSE 989630504 0.0795 1.527 0.0433
MSE 9835¥uU 0.0041 0.7041 0.0041
f\i’ﬂmuiaﬂumiﬂ%’uLiﬁ@ﬁm’gzﬁmmzam (50V) 270 410 210
nandldlunsiuanidouluEusy (us) 0 178 32
nmaaﬂumw&'ﬁéamazﬁmmgau (us) 1,565 2,255 1,082

INNANITIEBITEUUANBgIandayay 1TaNTadiA1 SNR = 10 dB, 0 dB uaz -10

(UYL AT UNAVDIA U UAAUNIYIDNIDY TINE

T o

dB nulman1shinenandyyniidude

nsAvegandyaufiduninsirunteulusudun 3 Blinaanslaesinvesdyyialy

'
1A

Aafun weldlafiansuanIzY1e 500 SOULINVINISUSUMIAziuladaI1 n1sArue

' '
L4 = o = aa A 1

SouluSusuniiaueiAinuianainiai@eitosninisou amaliilaAinnuRanain

idvaeaietosNgataziloNasanad1ai1didereiinsaanudl nsimuneuly
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' '
a ¥ a

Susumbausldanlunisuududidanneivansaudosiian Swan1shuegiandayeyio

fdutidulvlumadentuldindyaaasiian SNR = 10 dB, 0 dB w38 -10 dB fimu e

a1

Wisuieunanisivuateulusudundnaveidiodyayiaial SNR areiudsagidunisig

[

= =1 dy
WSsueunal

=] o a [ a < o - a v Ao
f19199 4.45 NANIIIADIITUUANDNLAR @@JWNWLEJ@JGUEJ\“lﬂ’]’iﬂ'Wi‘IJG]L\TEJUl“ULi@JG]U‘VIU']LﬁUEJ

SNR , Frunusevlumsuiu | naildlunsusudng
- MSE ; ;
[w(0)-w s g R
(dB) WganzImLNgan | anmeiuvngan (us)
10 0.0634 0.0037 80 293
0 0.0630 0.0067 110 573
-10 0.0543 0.0433 210 1,082

4.3.2.4 sTUURNDQIANALYYIENLDN

® szuURnagLandyaseWiduisia1 SNR = 10 dB

N139198952UUANDALAN Tyoynuenl8udiien SNR = 10 dB finmstvundeuly
UG waTNANTISBRSYUUNE

AUl YUISUAY LEANIAIRISI9N 4.46

A13197 4.46 Wiguiiiaurmsilnesange vesszuuftegiandayaaievduniian

SNR = 10 dB
dun1sIuLUaIIaN
WITELNDS @wrusegneitldlunisiunn) 35 [5]
10,000 27
We3nd R, {0.5 0} [0.4148 0.0705} ;
0 05 0.0705 0.5852
LNwes Fy, [-0.0088 —0.0747]' | [0.4153 0.0665]' -
Fouluisudy [-0.0176 -0.1494]" | [1.0023 —0.0071]" | [1.0301 —0.8796]"
w(0)
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® LansINABITTULANagLandyaaevduTfiA1 SNR = 10 dB

s(n)
=

0 500 1000 1500 2000 2500

H
a
_1 L 1 1 1
0 500 1000 1500 2000 2500
2
o0
_2 1 1 1 1
0 500 1000 1500 2000 2500
Samples

JU7 4.90 FeyoynausenBufTiA1 SNR = 10 dB
(Uu) Feyeradevidn (nane) daiasunau (819)

Tryay1aeniduNgnIunIu

Using random initial

2F T T T T ]
Y & i
=
0 1 1 1 Il
0 2000 4000 6000 8000 10000
Using technique [3]
2F T T
eV
= 0k
_1 1 1 1 1
0 2000 4000 6000 8000 10000
Using proposed method
2 C T T
£ 1
=
D 1 1 1 1
0 2000 4000 6000 8000 10000

Iterations

JUN 4.91 nanshveguandeyansenlaunial SNR = 10 dB
(V) seuundnmsimuaRoulusuAuwuUEN (Na19) seuuniinis
Amuaoulasudua1uds [5] (619) szvuidnisivundeuly

SUAUNLAULAUD
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Using random initial, MSE of filter = 0.036914

1 T . . . .
0.5 .
0
0 500 1000 1500 2000 2500 3000
Using technique [5] , MSE of filter = 0.056039
1 T T T T T
0.5 1
0
0 500 1000 1500 2000 2500 3000
Using proposed method, MSE of filter = 0.00041122
0.01 T . r T :
0.005
0 500 1000 1500 2000 2500 3000
Iterations

JUN 4.92 ANUARNAIAMA1a83vedsTULALanandyy 10eWduTITA1 SNR = 10 dB
(uw) szvundnsimuateulySudusuudy (nan) ssuuniinsivunteuly
SUAURNES [5] (@19) seuuniinsivuateuluiusunlaiiaue

Using random initial, converts in 175t iteration at 794 s

0.04
0.02
0

1 1 1 1 1
0173 500 1,000 1,500 2,000 2,500 3,000
Uth

Using technique [5], converts in 180™" iteration at 904 ps

0.04
0.02
]

| --------- Threshold of convergence

0 180 500 1,000 1,500 2,000 2,500 3,000

Using proposed method, converts in 85" iteration at 287 ps

--------- Threshold of convergence

500 1,000 1,500 2,000 2,500 3,000
lterations
JUN 4.93 nasanuRanaInindaeuetsEuURNegandyy nsenaunia SNR = 10 dB
(V) spuuniinisimuadoulusuduluudy (A1) seuundnisivundeule

SUAUAILAT [5] (819) sruuniinisivuataulsusunlaidue
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nI1aessEUURNegandy g eaundA1 SNR = 10 dB fidnvusvesdynyio

e ANNgNIUNINAIIUT 4.90 leeranishveguandyaaeldufe duusedndiduaes

o

U IMARUNONBeATIUN 4.91 Feanunsaddyarnunansnauaunilnainnsindayao
dy o 9 4 d' =3 1 a a 1 Q' g o Ly | 5 Ql'u
Tluvieyius 95U 491 wiiudn dileaisiusurainsuiudumiiuidnyazves
[ = a 2" I~ o 4' Q' £ 1 aa aa al
anadanuraisuluidunaniannsiruakeoulusuAuvewAazId tnedseiu [5] o
(v a Q’lj | =3 Y d‘l a 1 a o d‘
ANwuLANURALNE U LAULATR LLazLmawmimmmmmmwa’mmaqaaﬂugﬂw 492 g
Wiuladalauga@uinnisiruaaulusudunuinausvinliAsfuRanaInfid@a oy
VA @IUNAANANURANAIANIRIHBININTUN 4.93 Avinfiansanidiuiuseukazanly
lunisusudndrganeimunzaulagiinaeinisandulasniaunisi  (4.33) Fan1samua

Reulvsurundausldiuiusevaznailunisusuiidgannenmuivautasiign 210

UM 4.93  Has9ANHANAIANIA1@091999n13A MU UL UL S UAULUUENLAENIIAAUA

o

Noulusuaunals (5] Agegauszanas 0.6 wae 1 MIUARU HANITIIABITEUUALDRLaN

FeyeyauoNdunTA1 SNR = 10 dB @wsaasulinemisnd 4.47

Threshold = 0.007¢;,, (3)

= 0.007 (0.9816)
= 0.0069 (4.33)

A13797 4.47 wansinaesszuuAteandayouenidusian SNR = 10 dB

FTUURNBQLANFILENLON FrimuaRouluiFudy
wuugy 75 [5] Fala
Ll Ueue
MSE 293967n594 0.0369 0.0560 0.0004
MSE 98998 UU 0.0345 0.0410 0.0354
Sruusevlunsusudiganmisfivmnzay (5ou) 175 185 85
nanildlunsAnaieuluEudu (us) 0 115 18
nansulumsidhganineianzay (us) 794 904 287
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® szuufuagandeyIaevduifiA1 SNR = 0 dB

n3danssEuURNenandyp aeldufiial SNR = 0 dB dnsimuaiteuls

Y

[

SUAY WATRANITINADITEUUAIU

AUl UISUAY LAAIAINITI9N 4.48

a1

] = ~ ] a s = ) 2 A
f19190 4.48 LU?EJ‘ULWEJ‘U@"IW’W"I@JL@@?W'NS] sU@\‘ﬁ%‘U‘U@I@J'E]@LaW fgiyﬂﬂiL@V\lL@@JV]iJﬂ']

SNR = 0 dB
dunsIuuesgan
W335 (@rurufegeaildlunisdiuan) 5 [5]
10,000 27
wm3ng R, {0.5 0} {0.4148 0.0705} -
0 05 0.0705 0.5852
nNABS F, [-0.0088 —~0.0747] | [0.4153 0.0665]' -
Houlvisusy [-0.0176 ~0.1494] | [1.0023 -0.0071]' | [1.0301 —0.8796]'
w(0)

® HaN1IIABITTULANDQand R IMEVIdNLAY SNR = 0 dB

FM signal with noise, SNR = 0 dB

0 2000 4000 6000 8000 10000
Samples

Ul 4.94 dyaauenBudisidn SNR = 0 dB
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Demaodulating signal, SNR = 0 dB
Using random initial

2 F m
0 1 1 1 1
0 2000 4000 6000 8000 10000
Using technique [3]
2 F T T =
g 1t 1
£ ok
_1 1 1 1 1
0 2000 4000 6000 8000 10000
Using proposed method
2 F T T ]
E 1
2
[} 1 1 1 1
0 2000 4000 6000 8000 10000
Iterations

JUN 4.95 nanshzeniandayaaievduniial SNR = 0 dB
(uw) sEuunfinsivuaRouluEuAuLULdY (DY) SEUUnEnTg

AMUUADULUBUAUANTT [5] (819) STuuninisivuaiauly

Sudunlaiaue

Using random initial, MSE of filter = 0.0338973

0.5 .
0
0 500 1000 1500 2000 2500 3000
Using technique [5] , MSE of filter = 0.057048
1 r . . : .
0.5 -
0
] 500 1000 1500 2000 2500 3000
Using proposed method, MSE of filter = 0.0034601
0.1 T r . T .
0.05 .
0 500 1000 1500 2000 2500 3000
lterations

JUN 4.96 AnuRana1AiAsderaITEULANagIanday e WLuTINA SNR = 0 dB
(VW) szuuniinsimuateulusuful gy (Na19) sEUuAinIsiIvue

44' a v aa i a ° P a v ayyo
L\‘i@u‘lﬁﬂﬁuﬁu@qwjﬁ [5] (@19) ig‘UUV]llﬂ']iﬂ']Vi‘UﬂNE]UI%L?@JG]UV]VLWU']L?{U@
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Using random initial, converts in 195t iteration at 848 us

0 190 500 1,000 1,500 2,000 2,500 3,000
Using technique [3], converts in 215" iteration at 1092 ps

| --------- Threshold of convergence ||

| 1 1 1 1 1
0 215 500 1,000 1,500 2,000 2,500 3,000
Using proposed method, converts in 120" iteration at 446 ps

--------- Threshold of convergence ||

120 500 1,000 1,500 2,000 2,500 3,000
Iterations

JUN 4.97 narnapuiianaInfasdevetsz UUANew@adaa e duilA SNR = 0 dB
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Demodulating signal, SNR = -10 dB
Using random initial

2 L
S
=
0
0 2000 4000 6000 8000 10000
Using technique [5]
1 F T T =
= OF
= A
= 2
_3 1 1 1 1
0 2000 4000 6000 8000 10000

Using proposed method

0 2000 4000 6000 8000 10000
Iterations
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Using random initial, converts in 250" iteration at 1107 ps

0 250 500 1,000 1,500 2,000 2,500 3,000
Using technique [5], converts in 310" jteration at 1455 us
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This paper presents a technique for finding the optimal initial weight for adaptive filter by using difference equation. The obtained
analytical response of the system identifies the appropriate weights for the system and shows that the MSE depends on the
initial weight. The proposed technique is applied to eliminate the known frequency power line interference (PLI) signal in the
electrocardiogram (ECG) signal. The PLI signal is considered as a combination of cosine and sine signals. The adaptive filter,
therefore, attempts to adjust the amplitude of cosine and sine signals to synthesize a reference signal very similar to the contaminated
PLI signal. To compare the potential of the proposed technique to other techniques, the system is simulated by using the Matlab
program and the TMS320C6713 digital board. The simulation results demonstrate that the proposed technique enables the system

to eliminate the PLI signal with the fastest time and gains the superior results of the recovered ECG signal.

1. Introduction

Nowadays, the number of patients with cardiac disorders
continuously increases. Certain inappropriate habits in daily
life, such as low physical activity, can lead to the risk factors
for heart disease. Moreover, the improper eating habits might
cause hyperlipidemia, incurrent disease of hypertension, and
diabetes. There are several forms of cardiac disorder, for
instance, coronary heart disease, enlarged heart, valvular
heart disease, and myocardial disease due to myocardial
infarction. The detection of these symptoms commonly relies
on medical professionals to diagnose various factors to
identify the exact abnormality of the patients heart. The
electrocardiogram (ECG) signal is a periodic waveform,
which represents electrical occurrences during one heartbeat.
Therefore, the interpretation of the ECG waveform is one
basic technique that is used in the diagnosis of cardiac
disorders. If an abnormality exists in the ECG waveform, it
implies that the heart is also functioning abnormally; then,
an in-depth diagnosis should be conducted. The ECG signal
is a voltage signal that occurs in cardiac myocyte; it results

from the exchange of the mineral concentration, such as
sodium ions outside and potassium ions inside the cell. The
amplitude of the ECG signal is typically very small (less than
20 mV). In the measurement of the ECG signal, the electrical
device, which consists of several circuits, is used to acquire the
signal. Although digital signal processing is applied through
the process of signal acquisition [1-4], unfortunately, the
acquired ECG waveform is still contaminated by the power
line interference (PLI). If the PLI's amplitude is greater than
1% of the ECG’s amplitude, it may affect the diagnosis of the
medical professionals.

According to the mentioned information, the PLI signal
usually occurs during the processes of ECG signal acquiring.
It distorts the ECG waveform and causes the difficulties in
the diagnosis procedure. By reviewing the existing literature,
various methods for cancelling the PLI signal had been
proposed. For example, the method which was proposed by
Levkov et al. [6] generates the reference PLI signal by delaying
the contaminated signal. This means that the reference PLI
signal and the contaminated PLI signal have equal frequency
and amplitude, but different phase. Then, the PLI cancellation
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FIGURE 1: Block diagram of the proposed adaptive filter for eliminating PLI signal.

is achieved by adding the generated reference PLI signal
to the input signal. However, this approach will gain the
dissatistying results when the frequency, phase, or amplitude
of the PLI signal varies over the time.

Using an adaptive filter is another effective method to
eliminate the PLI signal. The adaptive filter has been mostly
applied in signal processing [7-9] such as prediction, system
identification, equalization, demodulation, and noise cancel-
lation as echo cancellation [10-12], the denoising of heart
sound [13-15], and PLI elimination [16-18]. For example,
Widrow et al. [19] applied the least mean square (LMS)
algorithm to adaptive filter to cancel the 60 Hz PLI signal.
In this system, the amplitude and phase of the reference
signal are determined by using two adapted weights, which
will be adapted until the amplitude and phase are optimally
close to those of the PLI signal. After that, So [20] presented
the method called ASIC (adaptive sinusoidal interference
canceller). In this method, the PLI signal and the input
signal of the adaptive filter are defined in the form of
sinusoidal signals. Two adapted weights, which correspond to
the amplitude and phase parameters of the reference signal,
are adapted to obtain the best reference PLI signal. Although
the amplitude and phase parameters of the reference PLI
signal are directly adapted, the ASIC technique does not
provide the good result in the case of the time varying PLI
signal. This occurs because the adaptation of amplitude and
phase in the ASIC technique is not independent.

In 2008, Kanachareon [21] proposed a method for PLI
cancellation where the PLI signal and the reference PLI signal
are defined as the summation of cosine and sine signals. The
reference PLI signal of the system is generated by adapting the
amplitude of cosine and sine signals. Based on this approach,
even the PLI signal is time variant; it can be eliminated.
However, this PLI cancellation system may not work effec-
tively, if the initial condition is not proper. In other words,
the drawback of this technique is that the performance of
the adaptive system depends on the proper initial condition.
Later in 2009, Koseeyaporn et al. [5] proposed an enhanced
adaptive algorithm for PLI cancellation in ECG signal where
the two first samples are employed to find the best initial
value of amplitude and phase of the reference PLI signal. With
the defined initial conditions, this proposed technique can
quickly eliminate the PLI signal. However, if the difference

between the amplitudes of the two used samples is more than
the average amplitude of the ECG signal, it will cause the
improper initial conditions.

In this paper, a technique to obtain the initial weights for
LMS based on the adaptive algorithm is presented. The initial
weights are determined by representing the adapted weight
equation in the form of the difference equation. With this
technique, it can be applied for PLI cancellation. The paper
is organized as follows: a technique for finding the optimal
initial weight and the method for defining some variables are
described in Section 2. The results of computer simulation are
given in Section 3. Finally, Section 4 is the conclusion.

2. Method

2.1. The Proposed Method Based on Adaptive Filter for Elim-
inating the PLI Signal. The proposed technique for elimi-
nating the PLI signal, which corrupts in the ECG signal, is
based on the adaptive algorithm. The block diagram of this
technique is shown in Figure 1 [22]. The recovered ECG signal
e(n) and the corrupted ECG signal s(n) can be written as

e(n) =s(n) -1i, (n), (1)
smy=dn)+i(n), 2)

where 7,.(n) is the reference PLI signal which is generated
by the system, d(n) is the original ECG signal, and i(n) is
the contaminated PLI signal which is assumed to be a single
frequency sinusoid. For the PLI signal, it is expressed in the
following equation:

i(n) = a(n)cos(wn+¢(n), (3)

where «a(n) and ¢(n) are unknown amplitude and phase,
respectively. Mathematically, (3) can be rewritten in the
following form:

i(n) = a(n)cos(wn) + b (n)sin (wn), (4)
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where a(n) and b(n) are the amplitude parameters of the
cosine and sine terms, respectively. The relationship between
the variables of (3) and (4) is given by

(n) = \a* (n) + b* (n)

w0 )

(5)

¢(n) = tan”" (

By using (4), (2) is rewritten to be
s(n) =d (n) + a(n)cos (wn) + b (n) sin (wn) . (6)
And the reference signal of the system is rewritten as
i, (n) = a, (n) cos (wn) + b, (n) sin (wn) . (7)
Let a,(n) and b,(n) be the adaptive weights of cos(wn) and
sin(wn), respectively. Thus, the recovered signal as shown in

(1) is given by

e(n) = d(n) + a(n)cos (wn) + b (n) sin (wn)

(8)

- a, (n) cos (wn) — b, (n) sin (wn) .

From (8), if the adaptive filter can adjust the adaptive weights
a.(n) and b,(n), respectively, to a(n) and b(n), the recovered

signal e(n), therefore, is d(n). The parameters a,(n) and b,(n)
are adapted according to the following equations:

de* (n)
1) =
a.(n+1)=a, (n)+u, 30 () )
= a, (n) +2u,e (n) cos (wn)
de* (n)
b 1)=0b -
P DB g 10)

= b, (n) + 2ue (n) sin (wn),

where y,, u;, are the step size values of the adaptive algorithm,
whichis 0 < p, p, < 1.

2.2. A Technique for Finding the Optimal Initial Weight. This
technique realizes an adaptive filter as the linear combination
filter, which is depicted in Figure 2. The error signal of the
adaptive filter e(n) and the reference signal X(n) of the system
are given by

e(n) =dmn) —-x(n)),

() =X" (m)wn) w



4 Computational and Mathematical Methods in Medicine

x1074
_ 1000 a1 400
z . 8 .
2 | & 2 g
2 1800 2 < =
g g ¢ 4300 £
2 - 3
5 .t600 &8 2
: BT DI {200 §
L L & 3 200 &
& T {400 8 & 2
a gt g g
g ot 1 3 S 2
g P 200 = = 1 100
g ¥ 1 o = g
; 2 &
= : 0 0 : : : . . 0
0 10 20 30 40 50 60 70 80 90 100 20 25 30 35 40 45 50
The number of samples used to calculate the initial weight The number of samples used to calculate the initial weight
""" MSE (10dB) -+~ Number of multipliers -+~ MSE (10dB) =~ Number of multipliers
— MSE (-10dB) ..+.. Number of adders —— MSE (-10dB) ..+.. Number of adders
(@) (b)
x107*
—F 1 400
3 b,
= g
5 1300 8
- - I
. -
S 05f 1200
—
g L I ,8
=] . g
< I
o - 1100 2
3 i &
0 . . ] 7 J 0
20 25 30 35 40 45 50

The number of samples used to calculate the initial weight

—— MSE (-10dB)
--+-- Number of adders

(©)

FIGURE 4: The relationship between the MSE and the number of mathematical operations versus the number of samples used in calculating:
(a) with no constraint, (b) with acceptable requirement, and (¢) the intersection of the graph for finding the number of samples.

0 1000 2000 3000 4000 5000 6000 7000 8000
Samples

FIGURE 5: The ECG signal employed in the simulation.

where d(n) is the desired signal, X(n) is the input column E [( d(n) - xT (n)w (n))z]
vector of the adaptive filter, and w(#) is the adapted weight
column vector. The weight vector is adapted by -E [ 42 (n)] _ 21.5 w(n) +w' (m) R w(n).

98 (w () 5 )

ow(n) (12) Let E[-] be the expectation operation, r,, the cross-

correlation between the desired signal and the input signal,

where y is the step size value, whichis 0 < y < 1,and &(w(n)) ~ and R the al.lto.correlation of the input signal. By replacing
is the mean square error that is determined by (13) into (12), it yields

wn+1l)=w(n)—u

wn+1)=w(n)
=E[e?
= E[(d () - (n)*] K ow (n)
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FIGURE 6: Comparing simulation results of using the Matlab program for SNR = —0.35 dB. (a) Contaminated ECG signal and recovered ECG
signals. (b) Adapted weights of the cosine and sine signals. (c) Squared error signals.

=w(n) — u[-2ry, + 2R, w(n)]

=w(n) +2ur,;, —2uR,  w(n).
(14)

When the system reaches the convergence state, w(n + 1) =
w(n) converges to w,, which is the optimal adapted weight,
and can be defined by

Wo =W, + qurdx - 2.MRxx"Va = R;chrdx' (15)
This equation is called the Wiener-Hopf equation. By consid-
ering (14), it can be rearranged in the form of the difference
equation as

w(n) = [I-2uR, Jw(n—1)+2ur,, )

w(n) — [I-2uR,  Jw(n—1) =2ur,,.

In the form of difference equation as given by (16), the natural
response equation is found to be
w, (n) - [I-2uR,,]w,(n—1)=0. (17)

Letw, (n) = r"C, where C is a constant vector. By solving (17),
it is found that

'C-[I-2uR_|r"'C=0,

(18)
r= [I - Znqux] :
Then, the natural response is
w, (n) = [1-2uR, ]"C. (19)
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In addition, the forced response equation, which is consid-
ered from (16), is

wp (n) = wy(n—1)[1-24R,,] = 2urs..  (20)

In this paper, it is assumed that R, and r;, are changed
very slowly when compared with #; therefore, these two
parameters are considered as constants. By defining w(n) =
A, the forced response is solved as follows:

A- [I - ZMRxx] A= z.urdx
(21)
A=R_

xx¥dx:

Hence, the impulse response of the adaptive filter is

w(n) =w, () +w;(n) = [1-2uR]"C+ R rs. (22)

xx¥dx

From (22), by defining n = 0, the constant vector C is found
to be

w (0) = [I - ZMRxx]OC + Ra_calcrdx =C+ Ra_olcrdx’

(23)

C=w(0)-R .ry,.

By replacing (23) into (22), it yields
w(n) = [I-2uR..]" [w(0) - R ir. | +Rrs.  (24)

where w(0) is the initial weight of the adaptive filter. By
letting w(0) = R_.r,, and replacing it into (24), the impulse
response of the system will be

w (l’l) = [I - ZHRxx]n [R;)lcrdx - Ri)lcrdx] + Ri)lcrdx = R;alcrdx‘

X. X. (25)
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FIGURE 8: Comparing simulation results of using the Matlab program for SNR = —9.47 dB. (a) Contaminated ECG signal and recovered ECG
signals. (b) Adapted weights of the cosine and sine signals. (c) Squared error signals.

By considering (25), it is seen that the adaptive filter has
converted to convergent state at any n.

2.3. The Performance of the System in Terms of MSE Related
to the Initial Weight. From the MSE given in (13) and the
impulse response of adaptive filter given in (24), it is found
that

£ (w(n) =E[d* ()]
—2ry {[T-2uR,]" [W(0) - R irs | + Riry, |
+ {[I - ZMRxx]n [W (0) - R;_calcrdx] + R)_calcrdx}T

X Rxx {[I - ZVRXx]n [W (0) vy Ra_cslcrdx] + Ra_calcrdx}

EGw(n) = E[d® ()] + {[1- 2uR,.]" [w(0) - Rilrs, ]}

X Ry, {[I - Zlqux]n [W (0) - R)_colcrdx]}
- r;xRa_c;lcrdx'
(26)

From (26), it implies that the initial weight w(0) affects
the MSE of the system. The minimum MSE will be achieved,
if the second term of (26) is close to zero. Figure 3 illustrates
the MSE of the system versus the number of samples, which
is used to determine the initial weight (dashed line). It is
seen that the more samples, the less MSE of the system.
From Figure 3, when the number of samples is more than 30
samples, the minimum MSE is approximately achieved.
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2.4. The Method for Finding a Proper Number of Samples to
Calculate the Optimum Initial Weight. It is well known that
the initial weight is an important factor for the convergence
rate of the adaptive filter. In addition, as shown in the previous
subsection, the number of samples for calculating the initial
weight is related to the MSE of the system, which indicates
the efficiency of the adaptive filter. It, thus, gives rise to a
question regarding how to find a proper number of samples
for determining the initial weight.

In this paper, the number of samples used to calculate the
initial weight will be determined by using two criteria as the
number of the mathematical operations and the acceptable
value of the MSE.

The number of mathematical operations, multiplication
and addition, for calculating the initial weight, is shown in
(27) and (28), respectively.

Consider the following:

INE
Number of Multipliers = (N + N2) (m+1)+ N>+ R

(27)
N3
Number of Adders = (N + NZ) (m-1)+N*-N + R

(28)

where N is the number of input signals of the adaptive filter,
which is 2 in this case (cosine and sine signals), and m is the
number of samples for calculating.

In this study, the intersection between the graph of
the MSE of the system and the graph of the number of
operations (multiplier and adder) is used to determine the
proper number of samples used for calculating the initial

weight. From Figure 4(a), it is the relationship between the
MSE and the number of mathematical operations versus the
number of samples used in calculating with no constraint.
To determine the proper number of samples, the graphs of
the MSE at the SNR = 10dB (general case) and the SNR =
—10 dB (the worst case) are considered. In this figure, there
are 4 intersection points which may hardly be observed. For
Figure 4(b), the graph is obtained by setting the conditions
for the MSE to be less than 0.0001 and for the number of
mathematical operations (multiplier and adder) to be 400.
The number of samples is defined from the intersection point,
which is the largest one. It is obtained from the intersection
point between the graph of the MSE at the SNR = 10 dB and
the graph of the number of adder operations. It is clearly
illustrated in Figure 4(c) that the proper number of samples is
30 samples. The selected number of samples, thus, is 30. After
that, the initial weight is shown as follows:

d= [d(1) d(2) --- d(30)]; input signal

X =[x 1) 5@ - x 30)]"; cos(wn)
X = [x,(1) %,2) - x,30)]"; sin(wn)
r,, = E[dx, dx,]" (29)
Tx, x'x,
R, =E

T T
X X)X,

-1
W, = Rxxrdx'
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3. The Simulation Results

In this section, the simulation results are presented. The pro-
posed technique and two other techniques for determining
initial weight, which are the technique of using random initial
and the technique proposed by Koseeyaporn et al. [5], are

used to compare the performance of the adaptive filter. The
simulation results will be separated into two parts as follows.

3.1 The Simulation Results of Using the Matlab Program. The
clean ECG signal employed in the simulation is illustrated
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in Figure 5. The adaptive filter is set up to eliminate the PLI
signal which corrupts in the ECG signal, and the step size
parameters defined as p, and g, are 0.032. The simulation
results of using the Matlab program are depicted in Figures
6, 7, and 8 for the SNR at —0.35, —4.79, and —9.47 dB, res-
pectively.

The recovered ECG signals as shown in Figure 6(a),
which are obtained from three methods, are in different
waveforms. The results show that the proposed method is
superior to other methods, due to the lowest MSE. The
number of samples to reach the convergence state in each
technique, which is considered from the adapted weights
of the adaptive filter, is given in Figure 6(b). In Figure 6(b),
the numbers of samples used for the convergence of the
reference cosine signal (a,(n)) are 67, 71, and 36 for using
random initial, the technique of [5], and the proposed
technique, respectively. The numbers of samples used for
the convergence of the reference sine signal (b,(n)) are 74,
60, and 60 for using random initial, the technique of [5],
and the proposed technique, respectively. The squared error
signals obtained from the compared techniques are depicted
in Figure 6(c). The results of the simulation for the SNR at
—-4.79 and -9.47 dB are demonstrated in Figures 7 and 8,
respectively.

3.2. The Simulation Results of Using the TMS320C6713 Digital
Board. The PLI cancellation results from the TMS320C6713
digital board are depicted in Figures 9, 10, and 11 for the SNR
of the input signal at —0.35, —4.79, and —9.47 dB, respectively.
By considering from the beginning state of these results, it
illustrates that the proposed method can eliminate the PLI
signal with the fastest time which is accordant with the results
of computer simulation.

4. Conclusion

A technique for finding the appropriate initial weights for the
adaptive filter is proposed in this paper. The initial weights are
determined by representing the adapted equation in the form
of the difference equation. The derived analytical response
identifies the appropriate weights for the system and shows
that the MSE depends on the initial weights. The proposed
technique aims to be applied for PLI cancellation in ECG
signal. The results obtained from computer simulation by
using the Matlab program and the TMS329C6713 digital
board show that the adaptive filter based on the proposed
technique for obtaining the proper initial weights can be
applied in PLI cancellation and provides better performance
than the compared techniques.
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Abstract— 1In this paper, demodulation method by using
adaptive filter with initial condition is proposed. In the proposed
method, message signal is recovered from amplitude and phase of
reference carrier signal. The initial weights for adaptive filter are
determined by representing the adapted weight equation in the
form of the difference equation. The results obtained from both
computer and TMS320C6713 digital board simulations
demonstrate that the adaptive filter based on the proposed
method provides faster convergence time and smaller error than
the use of traditional condition.

Keywords—demodulation; LMS adaptive filter; Weiner Hopf
equation; initial condition

1. INTRODUCTION

Using an adaptive filter is one effective method to
demodulate message signal. The adaptive filter has been
mostly applied in signal processing [1] such as prediction,
system identification, equalization, noise cancellation [2] and
demodulation. For example, F. F. Yassa et al. [3] proposed
an adaptive synchronous amplitude demodulation technique
but it can demodulate only AM signal. Later, FSK
demodulation using an adaptive recursive digital filter was
proposed by M. J. Werter [4] and an adaptive demodulation
method for QAM signal was proposed by L. Yanxin and H.
Aiqun [5]. The algorithm which has been widely used for
adaptive is based on least mean square (LMS) because it is
simple and consumes low computation. Fundamentally, the
performance of the LMS algorithm depends on two factors
which are the step size ¢ and the initial condition of weight

w(0). Both of them affect the convergence rate and the
residual error of the adaptive algorithm.

In general, the LMS algorithm employs a constant step
size but many researches had been studied on the algorithm
whose step size can be varied [6-7]. The principle is that large
step size is used at the beginning stage in order to speed up the
convergence, and then the smaller step size is employed to
obtain a least residual error. However, the initial condition is
another important factor to the performance of convergence
that cannot be neglected. Although the appropriated step size
has been selected, the adaptive algorithm may not converge
due to the improper initial condition. The proper initial
condition can promote the convergence rate of the algorithm.
In 2009, P. Koseeyaporn et al. [8] proposed an enhanced
adaptive algorithm for PLI cancellation in ECG signal where

978-1-4673-9749-0/16/$31.00 ©2016 IEEE

the first two samples are employed to find the best initial value
of amplitude and phase of reference sinusoid. This technique
is only applied for the reference sinusoidal signal. In case that
the first two samples are more different than the average
amplitude of the ECG signal, the best initial value may not be
obtained.

A new method for demodulation is thus proposed in this
paper. It is based on using LMS adaptive filter which employs
the adapted weight equation in the form of the difference
equation to determine the initial weight [9]. With this method,
the recovered message signal can be quickly detected. It
provides faster convergence time and smaller error in both
cases of without noise and with noise when compares the
results of the technique proposed in [8].

The organization of this paper is as follows. The
demodulation method based on adaptive filter and the
technique for finding the optimum initial weight is mentioned
in section 2. Section 3 shows the results of computer and
TMS320C6713  digital board simulation. Finally, the
conclusion is given in section 4.

II. PRINCIPLE

A. Adaptive algorithm

The block diagram of adaptive filter for demodulation
adapted from [2] is shown in Fig. 1. From Fig. 1, the

modulated signal d (n) whose carrier signal is for amplitude,

phase and frequency modulation can be respectively expressed
as

d (1) = m(n)cos(ne,) )
dlr) o— S eln)
cos(w,n) HFﬁ?ei?t:Ze(n) i w, (n)
NN ° y(n)
Adaptive
sin (a,n) °—>Filter? w, () ° w,(n)
N\

Fig. 1. Block diagram of adaptive filter for demodulation.



dpyy (n) = cos(ne, +m(n)) )
d,,, (n) = cos(nw, + j m(n)dn) 3)

where m(n) is the message signal. By considering amplitude

of (1), phase of (2) and frequency of (3), it is seen that these
characteristics of the carrier signal are directly proportional to
the message signal, which are amplitude modulation (AM)
signal, phase modulation (PM) signal and frequency
modulation (FM) signal, respectively.

To demodulate these signals, the block diagram in Fig. 1 is
employed. The error signal e(n) and the reference carrier

signal y(n) can be written as
e(n)=d(n)=y(n) )
y(n)=w, (n)cos(@.n+w,(n)) ()

where w, (n), w,(n) are adapted weight for amplitude and

¢
phase of the reference carrier signal, respective.

The error signals of the demodulation system for AM, PM
and FM cases are shown in (6), (7), and (8), respectively.

e (n) ={m(n)cos(nm,)} —{wu (n)cos(naw, +w, (n))} (6)
epy (1) ={cos(nay. +m(n))}—{w, (m)cos(ne, +w,(n))} ~ (7)

e, () = {cos(na)c + [m@m) dn)} ~{w, (n)cos(nas, +w,(m)} (®)

By considering (6), (7), and (8) at the convergent state where
e(n) is zero, it yields

AM demodulation case:

w,(n) =m(n) C)

w,y(n)=0
PM demodulation case:

w, (n)=1

w,(n) =m(n) (10)
FM demodulation case:

w,(n)=1

w,(n) = jm(n)dn (11)

From (9), the reconstructed message signal of the AM case
is w,(n). Similarly, from (10), the reconstructed message

signal of the PM case is w,(n) and (11) shows that the

message signal is integrated, the reconstructed message signal
of the FM modulation is obtained by differentiation of w,(n) .

In order not to confuse the step size variable (x) of the

system for this application, 4, and 4, (0 <M, M, < 1) are

defined as the step size of the system that are used to adapt the
amplitude and phase of reference carries signal, respectively.

The adapted weights w,(n) and w,(n) are adapted according
to (12) and (13), respectively, as

w (n+1) = v, () -1, 5 ((’;))
=w,(n)+ Zﬂae(:z) cos(n@, +w,(n)) (12)
a 2
w,(n+1)= W"’(n)_wﬂ—&)ai—((nn))
a ¢

=w,(n)—2u,e(n)sin(n@, +w,(n)). (13)

B. A technique for finding the optimal initial weight

In this subsection, the technique for finding the optimal
initial weight is briefly described [9]. From Fig. 2 [11], the
error signal of adaptive filter e(n) and the reference signal

#(n) of the system can be given by
e(n)=d(n)-x(n) (14)
&(n)=X" (n)w(n) (15)

where d(n) is the desired signal, X(n) is the input column

vector of an adaptive filter, and w(n) is the adapted weight
column vector and adapted by the following equation

0 & (w(n))
W(n"rl)—W(l’l)—ﬂW (16)
where 4 is step size thatis 0 < g <1 and §(w(n)) is mean

squared error which can be determined by

E(w(n))= E[e2 (n):|

= E[d2 (n)]—Zr{l_w(n)+WT (n)R_ w(n). (17)

Let E[e] be expectation operation, r, be cross correlation

between the desired signal and the input signal, and R be
auto correlation of the input signal.

By replacing (17) into (16), it yields

w(n+1)=w(n)+2ur, —2uR _w(n). (18)
w, (1)
% (n) o ﬂ(
o
x,(n) o )z) e(n)
: w, (k.
x, (n)

Fig. 2. Block diagram of adaptive linear combination filter.



When the system reaches to the convergence state as
discussed in [11], w(n+1) and w(n) are converged to the

optimal adapted weight w, and thus
w, =R_r, (19)

This equation is called Wiener Hopf equation. By
considering (18), it can be rearranged in the form of the
difference equation as

w(n)=[1-2uR_ w(n-1)=2ur,. (20)

The impulse response equation of the system is shown in
(20). For the natural response equation, which is not
influenced by the forcing term 2ur, , it is written as follow

w,(n)—-[I-2uR_|w,(n-1)=0. 21
By letting w, (n) = r"C and solving (21), it is found that
r'C—[I-2uR_|r"'C=0
r=[I-2uR_]. (22)
Then, the natural response is
w,(n)=[I-2uR_] C. (23)

From (20), the forced response is influence from the forcing
term 2ur, therefore the forced response equation is

w,(n)-w,(n-1)[1-2uR  |=2pur,. (24)

In order to determine the impulse response simply, the
wide-sense stationary is used in this study which its auto-
correlation does not change. In addition, let r, be changed

very slowly over n therefore these two parameters are
considered as constant. By defining w, (n)=A, the force

response can be solved as follows
A-[I-2uR_|A=2ur,
A=R]r,. (25)
Hence, the impulse response of adaptive filter is

w(n)=w, (n)+w, (n)

=[1-2uR_]'C+R]r (26)

xxdx”

From (26), by setting n =0, the constant vector C is found
to be

w(0)=[1-24R]'C+Rr,
C=w(0)-Rr,. 27)
By replacing (27) into (26), it yields

w(0)=[1-24R_]'[w(0)-R]r, [+R]r, (28

where w(0) is the initial weight of adaptive filter. By letting
w(O) =R_r, and replacing into (28), the impulse response
of the system is

w(n)=R]r,. (29)

Let us consider (29), it is seen that the adaptive filter has been

converted to convergent state at any » .

III. THE SIMULATION RESULTS

In this section, the simulation results are presented. Three
techniques for determining the initial weight selection are
employed to compare the performance of the adaptive
filters. One technique is the random initial value. Another
technique proposed in [8] is employed to determine amplitude
and phase of the reference sinusoid by using the first two

samples at n7, and (n+1)7, as shown in the following
equations.
v((n+1)T) =V, sin(@(n+1)T, +6) 31)

where 7, is sampling period. The amplitude and phase of a

v(nT, )=V, sin(onT, +6) (30)

sinusoid can be defined from the following equations:
2
+1)— M
v = VZ(n){[V(" )N V(")}] (32)

Nv(n)

[v(n+1)—Mv(n)}

where M =cos(a@T ) and N =sin(aT}).

tan (wnT. +0) =

(33)

These two techniques will be compared with the proposed
approach in this paper. For the simulation, it will be divided
into two parts which are:

A. Simulation results of using Matlab program

The simulation results for demodulation are shown in this
subsection. The information signal employed in amplitude
modulation, phase modulation, and frequency modulation is
depicted in Fig. 3. The step size parameters are defined as g,
and 4, =0.032. The obtained results are shown in Fig. 4-15.
In this paper, the convergence time is considered from the

number of samples that is counted from the beginning state to
the state that the difference between squared errors at n—1

and #-is less than 0.0003, that is |e’ (n—1)—¢’ (n)| < 0.0003.

For the proposed approach, the number of samples used for
calculation the initial weight is 30 samples, as discussed in [9].

1) Demodulation results of AM signal: The AM
demodulated results shown in Fig. 4-7 illustrate that the
proposed technique provides the smallest MSE of the
recovered message signal and requires least number of
samples to reach the convergence state, compared to other

techniques for both cases : without and with noise at SNR = 2
dB.



2) Demodulation results of PM signal: Fig. 8 and 10
demonstrate the PM demodulated results obtained from
Matlab simulation. Fig. 8 illustrates the recovered message
signal of the PM signal without noise. The recovered message
signal for the PM signal with noise, where SNR is 2 dB,
depicted in Fig.10. The squared error graph shows the iterative
number used to convergence state for PM signal illustrated in
Fig. 9 and 11. The recovered waveforms, MSE and convergent
time obtained by using the proposed technique are better than
other methods.

3) Demodulation results of FM signal: For the FM
demodulated results, the waveforms of the recovered message
signals obtained by each method as shown in Fig. 12 and 14
are not different but the MSE measurement and the squared
error in Fig. 13 and 15 shows that the results of the proposed
method is better than the other two techniques.

The results given in Fig. 16 and 17 illustrate that the
proposed method not only demodulate pure sinusoidal signal,
but also demodulate composite signal e.g. rectangular and
triangle signals.

B. Simulation results of digital broad TMS320C6713

Demodulation results of the AM signal, the PM signal and
the FM signal on digital broad TMS320C6713 are given in
Fig. 18-20, respectively. In this subsection, the convergence
time is considered from the beginning state to the state that the
error of demodulated signal is less than 0.05. The time
convergence of each technique is shown in Table IV.

In Fig. 19, although the result of the proposed method and
method using technique of [8] are not different, however, the
waveform and the time convergence obtained by the proposed
method are better than others methods, as clearly seen in Fig.
18, 20 and Table IV.

From the results obtained by computer simulation and
digital broad TMS329C6713, it can be concluded that the
proposed method provides better performance than the
compared techniques.

IV. CONCLUSIONS

This paper presents a demodulation method based on
adaptive filter. Its initial weights are determined by
representing the adapted equation in the difference equation.
The results obtained by using computer simulation and using a
digital board show that the proposed method can quickly
detect the message signal. It provides faster convergence time
and smaller error in both cases of without noise and with
noise. However, at the beginning state the proposed technique
needs a set of signal samples in order to calculate the proper
initial condition, thus the adaptive filter based on the proposed
technique will start after a set of signal samples is ready. It
should be emphasized that the analysis and results in this
research are only for LMS algorithm and for the system whose
auto correlation and cross correlation are not changed or
changed very slowly compared to n . The proposed technique
is thus suitable for PLI cancellation [9] and analog
demodulation e.g. AM, PM and FM signals. For the case that
these conditions cannot be hold, further studies will
investigate whether or not the advantages of fast convergence
and small MSE mentioned above still exist.

TABLE I. MSE AND NUMBER OF SAMPLES USED FOR THE CONVERGENCE
STATE IN THE CASE OF AM SIGNAL

Without noise With noise, SNR =2 dB
Method MSE Number of MSE Number of
samples samples
Random 0.0163 83 0.0161 54
Technique of [8] | 0.0084 85 0.0157 54
Proposed method | 0.0025 4 0.0087 21
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TABLE II. MSE AND NUMBER OF SAMPLES USED FOR THE CONVERGENCE
STATE IN THE CASE OF PM SIGNAL

Without noise With noise, SNR =2 dB
Method MSE Number of MSE Number of
samples samples
Random 0.0060 103 0.0094 39
Technique of [8] | 0.0183 78 0.0210 105
Proposed method | 0.0025 23 0.0093 37
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samples samples
P P Random 4.1 8.6 7.3
Random 0.0023 24 0.0008 49 Technique of [8] 34 66 63
Technique of [8] 0.0003 5 0.0002 9 Proposed method 57 6' 3 5' 3
Proposed method | 0.0003 1 0.0001 7




The squared error of FM demodulation with noise, SNR = 2 dB
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Fig. 15. The squared error for FM signal demodulation
(with noise, SNR =2 dB)
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Fig. 16. Demodulated signal for sine, rectangular and triangle input signal
(without noise)

Demodulated signal with noise, SNR = 2 dB
Input signal: sine signal, MSE = 0.014956
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Fig. 17. Demodulated signal for sine, rectangular and triangle input signal
(with noise, SNR = 2 dB)
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Fig. 18. The result of AM signal demodulation on digital board
(without noise)
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Abstract—This paper presents a novel method for OFDM
demodulation based on LMS adaptive filter. In this proposed
method, data symbol is reconstructed from amplitude of reference
signal without using fast Fourier transform and thus this method
can be applied for real time system. In addition, the convergence
rate of adaptive filter can be promoted by using the proper initial
weights. The proposed technique will be applied for BASK-OFDM,
BPSK-OFDM and QAM-OFDM demodulation. The obtained
simulation results of the proposed method compared to the
conventional scheme show that the proposed technique can be

applied for real time processing of OFDM demodulation.

Keywords—adaptive filter; LMS algorithm;
OFDM; demodulation

initial weight;

I. INTRODUCTION

Nowadays, the amenities in communication technology are
required such as multimedia mobile communication, high speed
internet, video conference and public digital broadcasting. These
communications on high data rate digital communication system
requires wide bandwidth [1]. Then various techniques are
developed to achieve high efficiency of bandwidth usage.
Orthogonal Frequency Division Multiplex (OFDM) is one
technique which can support high data rate communication [2].

OFDM technique provides more efficient bandwidth usage
compared with the same number of subcarrier conventional
frequency division multiplexing (FDM) [3]. The data transfer by
using OFDM is developed by the ideas of parallel data
transmission [4]. It is based on dividing the data into subgroup,
each subgroup is modulated with a difference subcarrier which
is orthogonal to each other. So, the overlap (aliasing) is passable.
Since the original OFDM was presented [5]-[6], many
researches have been continuing launched. In addition, after a
technique by using inverse discrete Fourier transform (IDFT) for
modulation and discrete Fourier transform (DFT) for
demodulation OFDM signal was proposed [7]-[8], OFDM has
become a standard of transmission in many communication
systems ever since. Later, IDFT and DFT can be reduced their
mathematical operation by using IFFT and FFT, respectively
[9]-[10]. Among these developing OFDM researches, most
researchers focus on improving the performance of OFDM

978-1-5090-0629-8/16/$31.00 ©2016 IEEE

system. For example, the using of wavelet coefficients instead of
Fourier coefficients was introduced by [11], while a dividing
block data to a small subblock for improving data rate of
transmission and reducing mathematic operation was presented
by [12].

In present, the adaptive filter is employed for demodulation
in many researches such as an adaptive synchronous amplitude
demodulation technique proposed by Fathy F. Yassa et al. [13].
Later, Michael J. Werter presented FSK demodulation using an
adaptive recursive digital filter [14] and L. Yanxin and H. Aiqun
proposed an adaptive demodulation method for QAM signal
[15].

In this paper, a new technique for demodulation OFDM
signal is proposed. It is based on using LMS adaptive filter
whose initial condition of weight is defined according to the
technique proposed in [16]. By using the proposed method, the
FFT for reconstruction OFDM signal is not required. The
OFDM demodulation using the proposed technique can rapidly
reconstructing data symbol and working in real-time system.

The organization of this paper is as follows. Section 2
mentions the principle of OFDM and the OFDM demodulation
using adaptive filter. The computer simulation results are shown
in section 3. Finally, section 4 discusses the conclusion.

II. PRINCIPLE AND METHOD

A. Orthogonal property of OFDM system

Generally, the subcarrier of OFDM system is orthogonal to
each other. This technique, a signal in each channel is generated
without interference. By using a Fourier transform, which is

F(@)=[3 x(t)e™dt (1)
where x(t) is the analogue signal whose amplitude is for

example, A volts for symbol “1” or —A volts for symbol “0”,
during the symbol period T, second. The result of integrating

(1) is given by



§ Tw

T,
= AT, sinc (S—wj )
s ‘ 2
2

To obtain the orthogonal property of the sinc function F (@), it

which results in

is defined that TY;) =zn where n=12,3,...

F (@) will be zero when
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The selection of w depends on symbol period or data rate.
Thus, carrier frequency arrangement can be provided by

PN
fu=titg 4)

S

where f; is the minimum subcarrier frequency using in the
OFDM system.

Fig. 1 illustrates the frequency spectrum of orthogonal
subcarriers using (4). From Fig. 1, the peak of each subcarrier is
not interfered to each other. The conventional block diagram of
OFDM is illustrated in Fig. 2.

From the block diagram shown in Fig. 2(a), the input digital data
is divided to N subgroups and demodulated with N
subcarriers. The digital data rate is m bit/second, therefore, the

data rate of each channel is % bit/second. The digital data is

transformed to the data symbol, and then the real part of OFDM
signal ( S(n)) by using IFFT will be transmitted. According to

Fig. 2(b), s(n) signal is transformed to d, by using FFT, then
the digital data can be reconstructed from d, .

The OFDM signal in the form of continuous time is
expressed in the following equation:

s(t) = R{Ni d ejz”ﬂ’} )

From (5), if the OFDM signal is passed through the sampling
T
process whose sampling time N‘ , it means that there are N

samples in 7, seconds. Hence, the OFDM signal in the form of
discrete time can be written as

s(n)zRe{gdkejM:’n}. (6)

k=0
. . PR S,
And (6) is normalized with e it yields

N—

s(n)Z%Re{

1 jzlrin

de " (7
k=0

This equation is the IDFT equation. From (7), d, is coefficient

of the exponential function. Therefore, the data symbol can be
reconstructed by using DFT which is

N-1 k

= Z s(n) eiﬂ”v (8)

n=

d

Fourier transform is the process of transformation the signal in
time domain into frequency domain. It is related to the complex
function which is

orthogonal subcarrers

Fig. 1. Spectrum of orthogonal subcatrier in OFDM system
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b) OFDM received using FFT

Fig. 2. The conventional block diagram of OFDM system
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e =cos(@n)* jsin(wn) )

where in term of COS(a)n) is real part and sin(a)n) is imaginary

part. In present, OFDM system employs inverse fast Fourier
transform (IFFT) and fast Fourier transform (FFT) for
modulation and demodulation, respectively.

B. OFDM demodulation by using adaptive filter

In this subsection, a new method for OFDM demodulation
by using adaptive filter is explained. The block diagram of the
proposed adaptive filter for OFDM demodulation is shown in

Fig. 3. The output of the system e(n) is

e(n)=s(n)-x(n) (10)

N-1 k N-1 k
X(n) =  cos(2r—n)+ ) b, sin(2mr—
x(n) ;ak cos( N n) ; , sin( N n) (11)

where S(n) is OFDM signal, fc(n) is reference carrier signal of
the system, a,,b, are adapted weight that is amplitude of cosine

and sine signal, respectively. In (6), the data symbol d, is the
complex number that is

d =4e%=1+j0, , k=0,1,.,N-1 (12)
By using (9), the variables of (12) are given by
I, = 4, cos ¢ ,0, = 4, sing, (13)

where [/, is inphase component of data symbol, O, is

quadrature component of data symbol and ¢, is angle of data

symbol.
From (12) and (13), (6) can be rewritten as

Nl j2ﬂ'£n
s(n)= Re{dee N }

k

-0
N-1
= Re[z (A4, cos @, + jA, sing, )

k=0

kel

N-1 k
= [Ak cos @, cos(ZﬂﬁnJ

k=0
. . k
+4, sin ¢, sin Zﬂ-ﬁn

Nil(—Qk )sin[2ﬂ'%n} (14)

+
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Fig. 3. Block diagram of the proposed OFDM demodulation
By replacing (11) and (14) into (10), it yields

., cos(Zﬂ%nj+§(—Qk )sin(2ﬂ'%n}

k=0 k=0

N-1 k N-1 k

—Y a, cos(Qr—n)— > b, sin2r—n 15
24, cos(2mgym) = 3 b, sin(27- o) (15)

By considering (15) at the convergent state where e(n) =0

N=1 k N-1 k
=> a,cos| 2r—n |+ ) b sin| 2r—n 16
2 ( NJZ ( Nj (1)

From ( 16), it is seen that a, =/, and b, =—Q,, it thus
implies that the data symbol can be demodulated by adaptive
filter in the form of adapted weight a,,b,. The parameters a,

and b, are adapted according to the following equations:

de* (n)
da, (n)

a(n+1)=a,(n)+u,

=a,{(n)+2,uae(n)cos(2ﬂ'%n] (17)

b (re) =)

=b, (n)+2,ube(n)sin(27r%nj (18)

where u, , u, are the step size values of the adaptive algorithm,
whichis 0 <, , 1, <1.

III. THE SIMULATION RESULTS

The simulation results for OFDM demodulation by using
adaptive filter with the optimal initial weight are shown in this
section. The simulation is obtained by using MATLAB and the



algorithm of adaptive filter is based on least mean square
(LMS). The step size parameters are u,,u, =0.032 defined

from the intersection point between the graph of misadjustment
(M) and the iteration number of weight adjustment process (7)

[16]. The proposed technique and the conventional technique are
used to compare the reconstructed data symbol with noise at
SNR = 5 dB. The sample number of 43, 38 and 84 samples are
employed to finding the initial weight according to the technique
given in [15] for BASK-OFDM, BPSK-OFDM and QAM-
OFDM, respectively. For the simulation, it is assumed that 1
symbol has 10 bits so there are 10 subcarriers where the
fundamental frequency is 0.01z radians. The data symbol
employed in BASK-OFDM and BPSK-OFDM are shown in Fig.
4 and 8, respectively. For Fig. 12 and 13, the inphase
components and quadrature components of QAM-OFDM are
depicted.

For demodulating BASK-OFDM signal, Fig. 5 depicts the
BASK-OFDM signal with noise at SNR = 5 dB where the
reconstructed data symbol is shown in Fig. 6. From the result,
the proposed method can reconstruct data symbol more accurate
than the conventional method. The behavior of adapted weights
of the adaptive filter is depicted in Fig. 7. From Fig. 7, the
number of samples, which is used to reach the convergence state
after employ the proper the initial weight, is 53 samples. By
considering Fig. 7, the proposed method can stop process and
reconstruct data symbol after 53 iterations has been processed,
whereas using of FFT method must wait for all samples of the
symbol in order to start process and also needs all of them to
reconstruct data symbol. It implies that the proposed method is
in the process to reconstruct the data symbol while the FFT
method is still waiting to completely collect all symbols and
reconstruction process has not yet been started. Similarly, for
demodulating BPSK-OFDM signal and QAM-OFDM signal, the
results are demonstrated in Fig. 9-11 and 14-18, sequentially.

IV. CONCLUSION

This article proposes a new method for OFDM demodulation
by using adaptive filter with the proper initial condition. The
simulation results show that the proposed technique can
reconstruct correct data symbol for BASK-OFDM, BPSK-
OFDM and QAM-OFDM compared to the conventional
technique for the case with noise at SNR = 5 dB. The adapted
weight of adaptive filter shows that the proposed technique can
stop adapting process and reconstruct data symbol after the
adaptive filter reaches to the convergent state. Contrarily to the
conventional technique that all samples of the symbol are
required for reconstruction, the proposed technique can
reconstruct data symbol after the adaptive filter reaches its
convergent state in a concise time. Comparing to the
conventional technique, the proposed method can be applied for
real time processing due to the properties of adaptive filter.
However, it should be noted that in term of mathematical
operations, the proposed technique requires more operations
than the conventional one.
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Fig. 5. BASK-OFDM signal with noise at SNR =5 dB

Reconstruction data symbol for BASK-OFDM at SNR = 5 dB

L — Data symbol
—=+ FFT method
1.2 —® Proposed method |
o 1
°
2
S 08f
E
<
B osf
A
H
5 0.4r
=z
0.2-
0 Yim, ? +
3
02 . . . I I I I !
0 1 2 3 4 5 6 7 8 9 10

Channel

Fig. 6. Reconstructed data symbol
for BASK-OFDM signal with noise at SNR =5 dB

using 53 samples to reach the convergence state

2 T T
T | | | | | | | | |
51777\777\777\777\77\ | o
5 | | 1 T T
% | | | | | | | | |
o L I L L 1 L L L L
0 10 20 30 40 50 60 70 80 9 100
1 T T T T T T
B
8
50 T T T — = T ]
2 | | | | | | | | |
~ 4 1 L 1 L 1 L L 1 L
0 10 20 30 40 50 60 70 80 90 100
1 T T T T
3 | | | | | | | |
E’O | | | o | ]
S T T T T T T | | [
° | | | | | | | | |
® 4 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

Samples
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Data symbol employed in BPSK-OFDM
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Fig. 11. Adapted weight of adaptive filter for BPSK-OFDM

Inphase data symbol employed in QAM-OFDM

Amplitude
o -
—»o
o
.

-3 L L L L L L 3
[ 1 2 3 4 6 7 8 9 10
Channel
Fig.12. Inphase components in QAM-OFDM
Q data symbol ployed in QAM-OFDM
s =
n i

Amplitude
g =)
o—r]
o——|

5
Channel

Fig. 13. Quadrature components in QAM-OFDM

QAM--OFDM signal with noise, SNR = 5 dB

Amplitude(V)

10 20 30 40 50 60 70 80 920 100
Samples

Fig. 14. QAM-OFDM signal with noise at SNR =5 dB

Reconstruction inphase data symbol for QAM-OFDM at SNR = 5 dB

—+ Inphase data symbol
4| —= FFT method
—=& Proposed method

%)
L

~
L

Normalized amplitude
o B-
—eo+
e+
.

I I I I . . . . I
0 1 2 3 4 5 6 7 8 9 10
Channel

Fig. 15. Reconstructed inphase component
for QAM-OFDM signal with noise at SNR =5 dB



Reconstruction quadrature data symbol for QAM-OFDM at SNR = 5 dB
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