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ABSTRACT

This thesis proposes the new design and implementation of IIR multiple notch filters by the
application of suitable pole placement technique. The initial step is to design the two IIR single
notch filters with difference notch frequency to find suitable pole that can control the pass-band
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s = 4 a a o
1IN IATIA0AT3 1ATATAUUADUNLABOF oo 90
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M3UYMN(@D)

Al W
4.9a HAMBUTUBINIYUIAVDIRINTBAFUAY TR LUV Multiple notch 1 BIF = 0.6
$1009A I TUTUNTU MATLAB ... eeeeeeeee e eeeseeesseeeeseeeeeeseesessseeeeneseseesssese 91
4.9b WOABLAUBINNIYLIAYBIFINTDAFIUAY TR 1LY Multiple notch 7| BWF = 0.6
21NN53A933982015 09 1AL ITAFAUUAOUNTUBOT oo 91
4.10a HAMDLALBANIIVLIAYBIAINTONTUAY IR UL Multiple notch 11 BIWF = 0.7
$1009A W TUTUNTU MATLAB.......oooooeeeeeee e eeeeeesseesssessesssessesssssssessmsssssessessmseseeeeees 92
4.10b HAADUAUDINIVUIAVBIAINTDUFUAY TR LU Multiple notch 7| BWF = 0.7
DINMI I3 98201A3 09 TAU ATV TABOT oo 92
4.11a WOABLAUBINWVLIAYOININTDUFUAY TTR 1YL Multiple notch 7 BIVF = 0.8
$1009AWTUTUATY MATLAB ... ieeneesesssessesesssssssssssssseseseeessesssssssseessses 93
4.11b HAADUAUDINNVYUIAYDIAINTOAFAUAY IR (UL Multiple notch i BIVF = 0.8
1M TA9598 AT 09 AT ATAUAOUVIAYOT oo 93
4.12a WOABUAUBINIVUIAYDININTDAUTUAY IIR 14111 Multiple notch 7 BWF = 0.9
31009 TUTUNTU MATLAB. ... oo O
4.12b WOABUAUBINNYMIAYOIAINTDUFUAY TR ULV Multiple notch #i BIVF = 0.9
3103379398 0A 309 1A ATV TYOT oo 94
4.13a HAABUAUBINIVUIAYBIAINTDUTFUAY TIR UYL Multiple notch 7 BWF = 0.95
31009 TUTUNTU MATLAB ....o.oocceceeoseeeeeeees oo 95
4.13b HAADUAUBINNVUIAYDIAINTBUFUAY IR U Multiple notch 11 BIF = 0.95
1NM3 33982003 09 AU ITAFAUNAOUV VDT oo 95
4.14a HOMDUAUBINVUIAYDIAINTBUFUAY TIR 11U Multiple notch 71 BIF = 0.99
$1009R W TUTUNTU MATLAB ....ooeceeeeee oo 96
4.14b HONBUAUBINIYUIAYBIAINTDUFUAY TR UV Multiple notch 1t BIF = 0.99
1NN3 3039809309 1ATATANIAOUVIYOT o 06
4.15 ‘laozunsumsaaneudya i Sine AIWE SOHz uaz 150Hz Az iy
Foyaanin Tl Taol9mnsousany IR wwy Multiple notch..............oooeveee.... 97
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AN

4.16a

4.16b

4.16¢

4.17a

4.17b

4.17¢c

4.18a

4.18b

4.18¢c

M3VYNN(EAD)

HaM3aANEUdYY Y Sine AW 50 Hz Az 150 Hz Mlzduindudyaiu

aau Il Tasl4@ansouFuay IR 1uY Multiple notch AUMANMSTIAY

AU AU AU INIT NI TN oo

HANSAANBUTYYIU Sine AIIWA 50 Hz 1oz 150 Hz Nzl uandudygiu

aau Iz la Taold¥@anseadaay IR 11Uy Multiple notch MMANNISIAY

NAUU AU QIR MU NI TN IO e

HAaMsaANOU YR I1Y Sine A2IWD 50 Hz ag 150 Hz Mlzthuindudyau

aau I le Tasl¥@anseaFaav IR wuY Multiple notch MUHANMTN

17 (7 (1 Py haiEN, et N 780NN 7 & /et 7 g, N,

o

WaMIaANBYday 19 Sine ATMIA 50 Hz ting 150 Hz fzthundudaaa

aa I le Taold@anseaFany IR w1 Multiple notch AMMANMIAY
Aeunlasuasdumisnsnana
HaMsaANBUTYL I Sine AN SO Hz 1 150 Hz ﬁﬂsﬂumﬁuﬁ'mgm

aan If il Tae19@anseafuan IR wuy Multiple notch AMMARNTIAY
wdaduunasdumiamsnaina
HOMIAANBUF YN Sine ATNE 50 Hz 1AL 150 Hz iz dygy
adw a1 Taoldianseadaay IR 1wy Multiple notch AMans
Huaue
WaM3aANBUT YA Sine ATWA 50 Hz 1Az 150 Hz ﬁﬂzﬂumﬁ'vﬁmtym

aaw Iiiniale TaeldanseaFainy IR Uy Multiple notch MumMdnmsiay
neun/dounasdumismsnaIna
HAM3IAANDUAYR I Sine AWE 50 Hz 1Az 150 Hz flshanfudayaa

atu IWfni218 Tau19danseuBauay IR 1wy Multiple notch AuMEnM3IAY
waalasunlasdumiamsnana
NAM3DANBU YIB! Sine ATWE 50 Hz 1Az 150 Hz flzhanfudayau

aau Tl TaoldanseauFuay IR wuy Multiple notch A1uNANNTISH

X1V
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a
NN

4,19a

4.19b

4.19¢

4.20b

4.20c

4.21a

4.21b

4.21c

MIUYNN(@D)

HaM3saANOUTYa I Sine AWA 50 Hz itaz 150 Hz Mlzuindudaygu
aan I 19 TaoldansouFauay IR 1D Multiple notch MUMARMIIAY
Aoun/asulasdumiamsanaina
HAN1IAANDUNYYIM Sine AMWA 50 Hz 1A 150 Hz ﬁﬂzﬂumﬁuﬁtymum
aan It le TauldsansoaFaa IR 1y Multiple notch AMENASIAY
nau/ounasdumisnisnaIna

HONTAANBUTYY IV Sine AWD 50 Hz 1oz 150 Hz nilzluandudyyiu

aau I la Tao 9@ nseaFamy IR 1wy Multiple notch MUMANNSTN

HaMIaANBUAYH Sine ANWA 50 Hz 11az 150 Hz ﬁﬂzﬂumﬁ’nﬁ'ﬂmm
at Il Tae 19 ans e uBaay IR 1wy Multiple notch AMMANMTIAY
Aown/douulasdumiaimsnina
HOMSOANBY T Sine AIA 50 Hz A 150 Hz fishindudoya
a1 Tau1$Wans ouBaiay TR 4uY Multiple notch AMMANMTIAY
wiudoumlasdumisnmsnaina

ar

HaMIaANBUAYR A Sine WG 50 Hz 1Az 150 Hz ﬁﬂzﬂumﬁumgnpm
At W10 Tao19@ans0uFeav TR 1Y Multiple notch AMMANMS A
Huaue
HAMIAANBUTYRE Sine A2IA 50 Hz 112 150 Hz fzthndudaao

aau i1 Taslsmnseuduay IR uuy Multiple notch MuHANNIIAY

AU AU AR AU INIT TN TN oo

HAN13AANDUTYY U Sine ANWA 50 Hz 1Az 150 Hz M)zt uundudaynw
d‘l ar 3 ar - 4 o =
aau Il Taold@nsoadaa IR 1oy Multiple notch amanMsIAY
was/asunilasdmmiansnaina
HANIAANDUTYYIU Sine AIND 50 Hz Az 150 Hz Mz huniudygnu
d' LY 3V as =Y d s :{
atuIdia e Taold@nseuFuay IR uuy Multiple notch mumdnns i

HNAUD
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A1 B13AIITYDIVDTA TMS320C31 DSP SHALEr Kt wovveveereeeeoeeeeesesesseeoeeoeesseseeseeseeseseeseeeeseees 110
1.2 UA0n 1ADZUNTUYDILDIA TMS320C31 DSP Starter Kit ..v.vmmmmmmveeveseeresereoeeeeeeeseessesessseee 111

1.3 MIvanUanuenNI1 1u Inua Microcomputer/Boot Loader

VDIUDTA TMS320C31 DSP SLALEr Kil.ooovvveorrooeeoooeooeseeeeeeeseeeeeeeseseesesessssesessssssessseseeee 112
1.4 TINTUTADZUNTUVYBIFY TLC32080 covmoereeoeoeoeoooeeee oo eossssssseesessssesssssseseseeeseeeeesees 113



] o
1.1 anuihanuazanumagveafym
VA oW 3 )
UAIANAINTBALY Notch amnsaad1alddisrsseuiaen udiinaninmsadiadiolans
A9 o w 1 [] a 1 -:i & ] - 9
suneniidesiaegnainszms(l] Tavmwizedistelundvesnnuiowmss Saeuiala
g ladralveglugivesdnseuduay (Digital Filter) uuy FIR w39 IR ualumsaii
o o o o ] o [ 3
AwAnsouFuavuuy FIR wiiveinane limmnsoadaldiuuuaisuaug 18 dntulums
o ar < é o = L
adnuznsziidasaInssusuavnyy IR Fmsoenuuummnsonizi ldvaeisivuesnuuy
Tasmanfasuginandinsesewinen(i] eenuuulavefuguaulifvesiinseuduavuuy
o o ' as 4 as  w
soaniaf2] uazesnuuy laumsiimuadumuaTwa-3136,8]  Fmseenuuudtisnde:
HiIBide uanddidesiaeguinlszmssusziisnsmavenolugag Passband i liminasi
yw L = 4 o o e 1 y
uazuennniids iansonuguldiivnanudesnsd ddesadinantaunsoudly
1 o ' 19 o oA 4 o o '
1A Tasmsnlaeudumiavesina Wegludumisiminzaudaziisasimsvenlusaa
¥ ]
Pass-band ANMaNNATIW tazHennTidaimsmmnsidmivauguoaimsvenlugis
4 @ 1 o' Y '
Pass-band I Tivinamuiidesns1ddndas fiethamsiszgnd ldnudanseay Notch 18un
o — 1 . ) oq 9 =
nsivadygusunuemeaIwn  udlumsdszgndldmnnalsziameniidyanusuniu
' & ol ety o o w P ' 4 e ¥ ° ﬂ Vv
wmanImianud Asdulunmsdisadyanusuniunmnnimiaanud e lusuiudes
o L= 4 A\ é H A
1ddnseaFauauiil Notch frequency MINATMTIIAINE (Multiple notch filter) Falunns
¥
DONUUUAINTDATFUAVIUY Multiple notch Wuannsanizh 1d Tasmsthdnseufaauuuy
Single notch 713 Notch frequency sitefiunAedAuAY ualumniwinseuFuaviuy Single
notch Mignoonuuumunanmsdunoufisziiman/dounadumiimsnaina mnded iy
muiearduiludnsouFuauivy Multiple notch WampUAUBIMIIVIAT IRz lause
mugueanmsvelilnnanuidens s uadnihdanseaduauuuy Single notch fign
ar - = d'. o ' A s L o 1 d. 1]
oonuuummanmsay laslimsnanunlasiuminmsnena Feernezdegludumisihi
manzey naedmaunuieaduiudInssuFuauuuy Multiple notch WAABUAUBINI
] ¥ " v L
e ldiuansenlugueasimsvnsIiivinanuidesns 1Efssneaudmniu ug

VA TAUIRNEZHIIAIWDTNOYTEN 19 Notch frequency SnsIMsvenses hiamnsanugy
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s n,; - -y d” [} L3 =) e -
FaiuImentinusHve IdineuenseenLUUAINTBUTUAY TIR LUV Multiple notch Taoh

" [ 3 P
NAABLTUBINNYUIATENIN Notch frequency annsanIugueasmsvneiiiiulaum
a0ams1d  TAoNIse0nNUUUIZHIRILTLING I TNANIMINE AULALHDANADINUTENINA

¥ ]
NIDUTUAVUUL Single notch Mmaeanhnnemaunu

d =
1.2 ez IngUszasnveanmsanmn
1.2.1 W NAUINS0ONUUVAINTDATFUAVLUY Multiple notch AIWITAMUAR NS
Ve o o d
Twa-a 15 Mimanzay Taoldaumamanuduius
1.2.2 andes1iAYDINISODAIUUAINTBUTAAVIUY Multiple notch A263FAmuA
aumua Ina-x1s
¥ b o - A Y e = a
1.2.3 ABIMIAINAINTOUFUAUIUY Multiple notch IHTinaiauialndifivagaunduin
neA

A o o a A ’q 3 9 4
1.2.4 W 1AINTDUFUAVLILLY Multiple notch Thlszgnaldaumedumsiwng

= =
1.3 AUUNAFIUVIMIANE

nanmsiauildeenuuuiinseuduauuuy  Single notch  tiptimnadiuilusanges
iFuauUUY  Multiple notch  dviideiiinegunelszmisfie hicmseniugusasimsvone
14929 Pass-band fin1Wd DC, 7 aTAMUATENIN Notch frequency 1§ #uiusuiudos
PONULVAINTBUFUAVUVY Single notch A238MsIngd TaedtfmuadmuniiaTnamom
ANUFUNUTUDIAINTOUTAAVUVY  Single notch ndedwuiuesdiadiudinies

IFa9 IR LU Multiple notch NW130AIUANEATINTVOI0TUT Pass-band 14

1.4 NQurIemIANUAANITluMIITY

a = o’dyo ° ] 4 ) [ a
niimusiinaueIsmMymawni ImafimnzaudmiudinsouFuauiuy Multiple
v o d ¥ A o Y ar (]
notch Tagardnaumsminnuduiusuazudaums oudilymunerdy sasweelusiaey
A N himanasiuinzaguhild uas Taummzedistafinnuinogszning Notch
frequency A1AUVUABUNITOBNLLLITUIIN NITOBALUVUAINTBUTIAY TIR LV Single notch
Ml Notch frequency A19AU TAvazMIMAIMEINITIN Inafimunz aua Toandefiy
IENINAINTOAUTUAUILY  Single notch BRIz IfansomugudaTImsvesluga
- { 4 - a & i > 2 4

Pass-band A0 DC, 7 uazhanudlagdnuilannudsmmaiu 3 anudlitivuany

z o a a i L\ ar J o w a o
A9IM3IMINTIAINTBUTUAY TR 1LY Single notch 713 Notch frequency e usNAD LRI



winliinaudinsouauay IR wuy Multiple notch HannsaaugueamMsvnelugg

Pass-band 1atiag Tnommwze01989 1492395212149 Noteh frequency

15 mmfs'ﬂmﬁumzm'"lﬁ‘ﬁmi?'niuﬁuﬂﬁ'n‘iinmmuﬁumu
M3e3197IN300FUAVUVY Multiple notch NA319910FINTDUTIUAVIDY Single notch
figneenuuumumdnmsidy Fadumianiing Inaoreezdeegludumisi imunzea
Nﬁﬂi)'l_lﬂ'uE)x‘l‘ﬁ'lﬁ’ﬂgu’cﬂmiﬂﬂ?ﬂﬂnﬁﬂ51ﬂ11ﬂ0101ﬁlﬁ0~1ﬂ1~1ﬂ’11ﬁé AunsadNaInNg e
\FaUauiuy Multiple notch TiA31991A@INTBAUTUAVLLY Single notch #i1¥mAiiamsm
dumismsne Inafimnzauesi i ansoniunusasimsvewlusa Pass-band Tavmmz

281904 1u129721u0521 319 Notch frequency

1.6 VAUIVANMIIDY
1.6.1 POAUUUAINTBUTIUAY IR 1YY Multiple notch Aaonanns Inaifiuauouas
inadeesaueiadszanaradyanuAtasa TMS320C31
1.6.2 aﬂ‘%'umﬁuuwaﬂauﬁummammﬁﬁﬁ%’nmﬂua%’ﬂﬂizmawaﬁiymmﬁﬁnaa

TMS320C31 NUNAN1391a89828 115058 MATLAB

1.7 YUABUVRINM AN
1.7.1 ms3seisunoudail
1.7.1.1 finumanmsveadInsoadaay IR HUY Single notch AUMANMTIAY
1.7.12 ANYIMANNMIYDIAINTDUFAUAY TR LU Multiple notch AUHANMTIAY
1.7.1.3 90NULUAINTBAUFUAY IR 1LY Single notch Tau lHmatianmsmidumia
msm Inafimunzay
1.7.1.4 90AUUUAINTDUFUAY TIR 1LY Multiple notch 91NAINTDUTFIAVUVY
Single notch Taomsmidmuansa Inafivang o
1.7.1.5 99NUUUAINTBAFUAY TIR LU Multiple notch MUUANNITIAVAY
ninms ImiinauenaznSoudounamssiaesdan Tusunsy MATLAB
fumsaieeiedasueialszuianadyanaFuay TMS320C31
172 w3eailelumsive

1.7.2.1 voimlszuanadya uAinen TMS320C31 DSP Starter Kit
1.7.2.2 Tilsunsu MATLAB



1723 w30 lauringnuuasulawes (Dynamic Signal Analyzer)

1.7.2.4 ooda%alaalnl (Oscilloscopes)
1.7.3 F5fU52U59uMa

THANINAABIYBIRINTBUFUAILIY Multiple notch Had1993aunveialszuia
wadyguATAn TMS320C31 fieenuuudiendnmsdudundnmsiiuaueuaziinn

nfSoumeunuranisnaaedin1sinsy MATLAB



UNN 2

nguMsszaanadyaaay

s an

szunlszananadyanaduavilszneudsdinasdyanueuineniludyauinea

(Analog to Digital Converter : A/D) alszulana (Processor) ﬁ'mﬂmﬁmufmmﬂ“%‘mmﬂu

o

D100 (Digital to Analog Converter : D/A) 33 UUszu0Nad o 1B U VLUHUAIAAIAY

NN 2.1

Lﬁ )f‘)

@ A/D D/A —_—
%_) Converter_) psp |=> Converter Eal [( @

Sensors : Processing ' Actuators

MNN 2.1 ueURIeesEUUsEIady AT IaY

VNN 2.1 sz Idhdgygaenasnszgninlasiiudygnuaineads AD doya
AvnvavzgnAIu lasAlszuana uazHaf 1dnInmsUseuianaszgnds D/A Weuilaq

nauliludyapaouiasnsdely

¥
. =)

2.1 agyanowvyhisenisamanm [1,6]

o

] ! »
ar [ o =

) - a’ Y [ VI oo EURK & g A
dygnui luaeiiestezlanyuzdanini 2.2 Tavszmiuldhdyanuilideiionie

" 4 A o A A y 1 A ] { 1 s 1 =
wyAmMil o namikuudyapundeiewdziiszoznainiohiuluudazya Son

1 Ed "
32081a1M 191191 Sampling time, Sampling rate #30 Sampling periods daygaii lai
' P = o W o . gy ¥ = y
aotlosansaSonidudwudya il (Sequence  signal) i 14 wazaursoiouuny18d7e

i d
aumsngiamans ldvane jluuudaae i



nve

~12V! 1 1 1 1 1 1 1

Sampling instants (nT)

M 2.2 dyanaseiownsdygiu hidetios

¢ o = ¢
-1 uu“lugﬂﬂmﬁaﬂ%u (Functional representation)

Line=1.3
x(n)=<4,n=24 (2.1)
0,n>4
- L‘ldjﬂuct‘uz 1M1519n199 (Tabular representation)
n e ~2 71 0 1 2 3 4
x(mA ) T 0 0 0 1 4 1 0
- ﬁ"muhgﬂﬁﬁv (Sequence representation)
x(n) = {...O,O,I,ITI,I,O, 0,.0) (2.2)
x(n) = {0,1,#,1,0, 0,...} (2.3)
x(n)= {3,—1,—2,%, 0,4,-1} (2.4)
x(n) = {0,%, 4,1} (2.5)

aumsi 2.2 wag 2.3 Wudrunun 1ifiyn sy (infinite-duration signal or sequence) AIuaN3

:i o _ = e - .
N 240025 Li‘lumﬂmmnnqﬂw (Finite-duration signal or sequence)




2.1.1 Unit sample sequence

- a o

HOWATUNTN 2.6 nazlijldygiuanini 2.3

5(n) = 0,n#0 2.6)
o= Ln=0 .
8(n]
——04—0—0—04-0-:—[0-0—0-0-0-0-0‘—
0 n

NN 2.3 Unit sample sequence

2.1.2 Unit step sequence

s

- a o c{ = [ o
Hurmasaumsn 2.7 uaglzddyauaigin 2.4

- o

™) 0,n<0 @7
un)= .
L,n=0
u[n]
%‘-‘—:—[]—L]—L
0 7 n

MNA 2.4 Unit step sequence

2.1.3 Exponential sequences

o

itinudsaumsi 2.8 uaziizddygudinmi 2.5

x(n)=a" (2.8)



m...,,mum‘lllﬁlnH”

[y

‘H[””Hllg‘mmm..m

(c)

---,,TL‘.‘.‘.‘”HTT”
st

MNN 2.5 Exponential sequences x(n) = Aa”

@a>1; B)o<a<l; ()—1<a<0; (d) a<-1




2.1.4 Sinusoidal sequences

= o d:; a g o d..
UUUTUAITUNITN 2.9 ua:ugﬂﬁtymmmmwn 2.6

x(n) = Acos(w,n+¢) (2.9)

\lJ“l llll I Hl |

R

< ; .
NN 2.6 Sinusoi dal sequences
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r L 1 ﬂ.
p % ﬂﬂ‘Hﬂl:lﬁ‘ﬂ'lz‘lli’)x‘li’l’illuillu'lﬂ.lll‘l.l‘l.llhl'ﬂ't}mi)»‘lﬂﬁl'm'l [1,6]
2.2.1 Energy signal tiaz Power signals

Energy voadayaa isoiides x(n) annsam ldnnaumsh 2.10
= 2
E= |x(n) (2.10)
n=—o0
1Az Power YOy o luAiiioe x(n) ansant lannaumsh 2.11

1 ! 2
=h 2.11
P il_r)nm ST nsZ—N|x(n)| (2.11)

nnaumMsh 2.5 fmuald # eglugas —N e N Feaumsi 2.12

N
Ey=) |xn)|’ (2.12)

n=-N

unu E aaluaumsi 2.12 uazaunisn 2.6 1218 Power aaauns 2.13

P=lim

E 2.13
Voo QN 41 " &)

2.2.2 Periodic signals 182 Aperiodic signals

. v v
Periodic signals sequence ifudgyananifimudiiiomdaaumsn 2.14 uazuaasdaygio
Tadanmn 2.7

x(n+ N)=x(n) (2.14)

& - ) _—r < e o
1J8 N 1D Fundamental period tazdaun luiludsaunisi 2.14 suiludigunuy Aperiodic



11

n=0 n=N-1
NTs S

ra
Ty

MNN 2.7 Periodic signals sequence

2.2.3 Symmetric (even) a2 Asymmetric (odd) signals

MAudyanunauINAIHU(Symmetric) THvmAUMIN 2.15 Hgddyauanini 2.8

x(—n) = x(n) (215}

x(n)

o ST AP,

—4-3-2-1012 3 4

NN 2.8 Symmetric (even) sequence

=

draudayn i laauuiasiu(Asymmetric) U 1AIduNITN 2.16 T3dayim
29

x(—n)=~-x(n) (2.16)
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w
w
[ 5]

-
(=]

- e

N p—

w —

H ——

“op——e

D
-—
-

NN 2.9 Asymmetric (odd) sequence

2.3 msnsyimvesdyanamuylineiisamana (1, 6]
231 msiaeudun

= " ' o g ¥ Y o =
p1Fon ML Rdynun Iddsuiluaums lddeaumsi 2.17

y(n)=x(n—k) (2.17)
die k Wus iy (nteger)

Aaeenen 2.1 fvualddyana x(r) saaslunimi 2.10 11 () x(n-3) uag (b) x(n+2)

.

)

ol

—4-3-2-10 1

M 2.10 nsmldayana x(n)

IBMIVeININ (a) x(n-3) fmuald y(n) = x(n-3)
Nl n=-6
W(-6) =x(-6-3)=x(-9) =0
NIt n=-5
5) = x(-5-3) = x(-8) =0
Nt n=-4

V(-4)=x(-4-3)=x(-7)=0



Ml n=-3

W3) = x(-3-3) =x(-6) = 0

NSl n=-2
M-2) =x(-2-3) = x(-5) = -1
NIl n=-1
W-1)=x(-1-3)=x(-4)=0
N3l n=0

W0)=x(0-3)=x(-3)=1
nsal n=1

Y1) =x(1-8)=x(-2) =2
NIl n=2

W2)=x(2-3)=x(-1)=3
N3l n=3

¥(3) =x(3-3) = x(0) = 4
Nyl n=4

y(4)=x(4-3)=x(1)=4
NSl n=>5

W5)=x(5-3)=x(2)=4
N30l n=6

W(6) =x(6-3) =x(3)=4
NIl n=7 |

W) =x(7-3)=x(4) =4
Nt n=8

¥(8)=x(8-3)=x(5)=0
N5 n=9

Y(9)=x(9-3)=x(6)=0

Wm y(n) = x(n-3) Tdouiluns i 1ddanmi 2.11

1]

/A 211 nsmldyan x(n-3)

13
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IBmMInaal (b)x(n+2) Mmuald yn) = x(r+2) lumsmmaunsan 1duRonude (a)

waziouiuns i 1daanimn 2.12

:ll”d -

C ol 6-5-4-3-2-101 2 n

x(n+2)

3 2
2NN 2.12 nldyan x(n+2)

Aaeenan 2.2 Mmualidayenu x(z) uaaanalunmi 213 M@ x(n)  1ag (b) x(-n+2)

x(n)

4+

1] I[

"3-2-1 o1 2 3

MmN 213 naldaen x(n)

WBM3vensdl (a)x(-n) fmuald yn) =x(n) 9 n ilsswa -6 Ba 5 92 1ddaana x(-n)

HEAAIAINING 2.14

x(=n)

1
p——
L e

—f——
P p——
I e

MmN 2.14 naldyann x(-n)

ad = ° v a 1 n’: ' =S Y o
IBMIVINTY (b) x(-n+2) MHuAIA y(n) = x(-n+2) 1 n HAdaua -5 03 8 9214 Yo

x(-n+2) HAAIAININN 2.15

yn)=x(-n+2)

il

a -
NN 2.15 naldyn x(-n+2)

p |
1

-2-1012
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232 msuIn msgamazmsmnadyanunuylinenies (Adding, Multiplication, and

Scaling of Discrete Time Signal)

9 ar

- msuandayen 2 dyenu vie k£ dyanouthdlonu uaalddeaunisi 2.18 uag

auMsn 2.19

y(n) = x,(n) +x,(n) —0 <N <O (2.18)

y(n)=x,(n)+x,(n)+....+x,(n) —o<n<w (2.19)

v as

- msnudganu 2 dygu vie kdyapudidioiu uanlddsaunsi 2.20 uaz

aumsn 2.21

y(n) =x,(n)x,(n) ~0<Nn<® (2.20)

y(n)=x,(n)x,(n)...x,(n) —0<N<w 2.21)

ot

- msanadyapauiiumsiiunnadyga nsgildlasmsgudyanoudifuainmia

quUNIN 2.22

y(n) = Ax(n) —<n<w (2.22)

e 4 Wuma

2.4 szuunuyhifeiiieamana [6, 12]

svuunuy hisenioadl laozunsudaning 2.16

rT“ rT T IT“T

*(n) Discrete-time | Y(1)
i System
Input signal d Output signal
or excitation or response

MNN 2.16 lapzunsvveaszuunuy lideios
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ol -

" " 4‘
l.fl"E] x(n) lﬂﬂﬁﬂ]ﬂl’lﬂlﬂﬂﬂﬂﬂ?ﬂ Excitation 'U'éNi:‘IJ'IJILU‘IJ'llIﬂBmfN

o o a

[ a

) Wludyanaeananisnaneuaueavesszuuiuy lideies

o o a

1 - o ' a ar L o :
MINANA 2.16 susiiowaNuFIRUT sz B uRRi U WA AR 2.23

y(n) =1[x(n)] (2.23)

e 1 Hudanszii (Operator)

2.4.1 laszunsunlvuaasluszuulineiiies (Block Diagram Representation of
Discrete-Time Systems)
¥ Vv
Tuszuunuy luseiissaunsaunu 1dae laezunsuasae 1

- #2170 (Adder) lddmivuandyanaudnidloiuasnng 2.17

x,(n)

y(n) = x1(n) + x5(n)

xy(n)

d' Bt d‘.
an 2.17 'lﬂ‘ﬂ:,'uﬂ‘iHﬂ'liU?ﬂ‘lNﬁSUUu‘U‘UqUﬂﬂL‘NEN

o

g ci * - ' t:; ar o :i
- AINUAIN (Constant multiplier) 1‘§ammﬂmnu WAIUAINTAN 2.18

x(n) a y(n) = ax(n)

Ui 2.18 leezunsudaguasiluszuunuy hideio

. ¥ 9 @ o —

- AIgudy I (Signal multiplier) 1¥dmivgudyanaudidroiudsnni 2.19

x(n) /—\ y(n) =xy(n)x,(n)
X

x,(n)

ami 2.19 Taezunsudgudygaluszuunuyhidedios
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glﬁ_nnom_@ng}aﬁnmawnimmuﬁ

- MU (Delay element) 1H@MIUNUNTYYIUAININN 2.20

x(n) y(n) =x(n—1)

ﬂ' ar [ [ P
i 2.20 Taezunsudminaluszuu luseiios

v .
- A28 M1 (Advance element) 1FdmSudmuasa i v UsZUUaIn N  2.21

(%) y(n) =x(n+1)

-z ——

" v 3
o 2.21 laszunsudrdmiluszuu ludeiios
Y ] 4 3 ; d.'l =1 o [ a =
AIeenan 2.3 szuunuy liaoliesdidumsionana Aseumsh 2.24 wdiou laezunsy
1 | 1
y(n) =zy(n—1)+§x(n)+5x(n—l) (2.24)

M3 VAN 224 annsohuudoulaezunsy l@asnnn 2.22

x(n) !
_— - /:L :

—=— y(n)

- VA o
i 222 laszunsuvesszuyluaoiosnuaumsn 2.24

Y o e o ' o P = Y o~
HagnIuIaunITn 2.24 ﬂ1ﬂﬂ1"ﬁﬁx‘lﬂumiﬂ 2.25 ﬁ'lm‘ml'ﬂﬂu'lﬂﬂzuﬂillllm'l‘IUﬂQﬂ'Mﬂ 2.23

y(n) =% y(n—l)+-%-[x(n)+x(n—1)] (2.25)

82880
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Black box

z i
x(n) 0.5 E
=1 H

mun 2.23 laezunsuvesszuy hideiisamuaunsi 2.25

2.4.2 viavesszvunuy linenies
2.42.1 VULV Static
d’ () ] o & ar c{
Wuszuun ltvuieanus Faunsueessuunaad 1AaITunIsn 2.26 Lazaums

[
=

n 2.27

y(n) = ax(n) (2.26)
y(n) = nx(n) + bx’* (n) (2.27)

2.4.2.2 38VUUUY Dynamic

]
-

o ] o & — o 1 a o
dhuszuuiimissanuidmuedaiiuszuuiiannsoduiinmdunaniseidne f

nawru lud) aumsveeszuusEuMsh 2.28 — 2.30

y(n)=x(n)+3x(n-1) (2.28)

yn)= Y x(n—k) 2.9
k=0

y(n) =ix(n—k) (2.30)

2.4.23 320UHUUHIANINT (Time-invariant system)

dmualit Wuszuylideiies x(n) SuBunavesszuy yin) Whiednavesszuy
Faaumsii 231 Sriimsmisdunadu xek  Suerdnaiildgamisd iy ynk
wuiReatuBunaRsaumsh 232 aunsoaql i@z lidedier uszunlideidiosd

wysaunm

x(n) 5 y(n) {2.31)

x(n—k) I y(n —k) (2.32)
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Vv
'n [ ' o [ ) s
wozszuunounagnriaelyl x(n-k) ualdiedwavesszun hiviiy yo-k) szvmiudly
dv . . . . <
52U linsaual (Time-variant system w3io Time-varying system) NINWN 2.24 1AAY

fro0193z0v Tuaaiiosnulsmunawas luudsaunm

y(n) =x(n)—x(n - 1)

*E £
+

“Differentiator”

(2)

x(n) y(n) = nx(n)
f;\ *Time” multiplier
\[j
(b)

x(n) y(n) = x(—n)

—_— T —

“Folder”

(c)

x(n) M y(n) = x(n) cos wgn YO0
+

Cos won

(d)

2 2.24 ez luaeiteanulsmunaas Wudsauna

(@) szvumlsaunm () - (d) szuuh bilsmunm
2424 szvunuuiFaduuas luiFady (Linear and nonlinear systems)
szuy hisaewuuiFaduszdesdinuauiaaoandosiunannisves Superposition

AIAUMIN 2.33 n3eesuw ldnanInn 2.25

tlayx,(n) +a,x, ()] = ayt{x,(n)] + a,7[x, (n)] (2.33)
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xy(n)

mwi 225 szuut dusruidadunarszoui liflguanidaeandestundnnisues

Superposition 3PuszvLLUL TT Uy

2.4.2.5 321UV Causal Lol Noncausal

FLUVMVY Causal iHuszuvead1a eI aliqumsvosseuudsaunisi 2.34

y(n) = Flx(n),x(n-1),x(n-2),.....x(n=k)...y(n-1), y(n-2),....., y(n— k)]
y(n)=2x(n)+4.5x(n-2)-3y(n-1)+0.5y(n-2) (2.34)

< v ¥ a v a a - o
Wi IdNI2VMUY Causal w1lsznoudiumendunailagiu sunalusdaniemianalu

¥ I3 '
pAMNNIY s2UUR Tt uasaunisn 2.34 9252 VUYL Noncausal

2.4.2.6 32UULVY Stable 10232 UULVY Unstable
o a o 2 1o a ' et o '
53“1]“1“3Tﬁﬂﬂﬂluﬂgﬂ'l]ﬂuw%ﬂzlﬁusz'U'UU']J’J Stable ﬁ')u5’$UUﬂn181ﬂﬂﬂ1H

¥
YuiiudunavilusEUUIUY Unstable

- ' oA < ” .
2.4.3 maeuneszuyhineiiies (Interconnection of Discrete-time Systems)
N3z lA 2 dnvuzie MIFouABITUVIIIDYNTN(Cascade) AINTNT 2.26 LLAZNS

FOUABLUVVUIY (Parallel) AIUAAIAININN 2.27

MW 2.26 Msveuseszuy hireiieuueynsy
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NN 2.27 Maseuneszuy luaeiioauuuuIuy
TunsIFouAosZUURININN 2.26 Wonbluaums laasaunisn 2.35 - 2.36

»(n)=1,[x(n)) (2.35)
y(n) =1,y (n)] (2.36)

UNUANNIN 2.35 asluannsi 2.36 9 1Aaums y(n) Aaunsn 2.37
y(n) =, {z,[x(n)]} (2.37)
dmuald 7, = 7,7, 9218 y(n) Aeaunish 2.38
y(n) =1, [x(n)] (2.38)
Y A o d' ar 1 d. ar n’: == Y
HazIMIAAUNITUY 7, 71 7, A1 p(n) sznasunilas lddnindsag1an
B E T (2.39)

o 1 < - '
wennniitszuy 7, uazszuu 7, iWuszvuiulsaunmie 18 7,7, wio ¢ iduszuuiuls

AUAAWAITUNTN 2.40

x(n—k) Dy yy(n — k)

nn—k 2 yin—k)

x(n—k) e=h4 y(n — k) (2.40)
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[ A " = 9 o P
'd'l'llﬂ'lil‘b‘ﬂllﬂE)il‘]J'Ui$‘U1J1]14'INL'\JUIJLﬂu'(‘fllﬂ'h"lﬂﬁ\!ﬁUﬂTi1’! 241

y3(m) =y, (n)+y,(n)
=1, [x(m)]+7,[x(n)]
= (7, +7,)[x(n)]
=7 ,[x(n)] (2.41)

4
We 7,=1,+1,

2.5 maannznszuyhineriieamanamvuid aduuazudsmunan [6, 12]

2.5.1 Convolution Sum

' ar [ 4 [ a o
i'ﬂuﬂ'ﬁﬂﬁnﬂﬁ‘luizﬁq'mﬁﬂJﬂal'lmll'UU"lﬂﬂﬂlﬁﬂQ x(n) NUHAADUAUBINNDUNATUDI

seuv liaoios A woulaasaunsn 2.42

y(n)= ih(k)x(n -k) (2.42)
k=—0

d‘ = - w (] 4.
e hk) fo "ﬁﬂﬂuauﬂQ“'NﬂHWﬁﬁ'“aQ53””1”?\3[“9\1

x(n) Ao dyanauuuy bidenio

AIMTVUITVVUUY Causal N30 Convolution IXMAIUFTUNITH 2.43
y(n) = h(k)x(n-k) (2.43)
k=0

td
. = & o 1
‘N‘E]ﬂﬁl'lﬂﬁ?mﬂ'ﬁ Convolution ﬁ'll!'l‘iﬂlﬂﬂu'lf’l’ﬁﬂllﬂﬂﬂudﬁiﬁllﬂ'ﬁﬁ 2.44

y(n) = h(n)* x(n) (2.44)

wa . A

wﬂ o

- f}ﬂlﬁuﬁaﬂﬁﬁﬁuﬁ (Commutative law )

x(n)* h(n) = h(n)* x(n) (2.45)
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Wowthu laezunsy laaaninm 2.28

xm) | ¥n) h(n)

Y

NN 2.28 AuauaMIadun

y(n)=x(n)*h(n) (2.46)
y(n) = h(n)* x(n) (2.47)

- AUANVANIIIANGY (Associative law)
[x()* By (M]* by (n) = x(n) * [y (n) * By (n)] (2.48)

Wouidlu laezunsulddaninm 2.29

x(n) - ) x(n) W) = ¥

— ) f—= <> — e = T

(a)
 xh | o), *(n) )

e ) ] ) e <> ] k) - by —

®)
MNA 229 uauiAinMIvAngy
- Distributive law
x(n)*[A (n) + hy(n)] = x(n)* b (n) + x(n) * h,(n) (2.49)

NNEFUNSH 2.49 aunsoowilulaozunsy lasaning 2.30
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= )

x(m) x(n) h(n) = y(n)

hy(n) + hy(n)

i hy(n)

MNA 2,30 AUANIANITNTZIY

faeean 2.4 smualiszuunuy ludeilodinanouausameduwad A(n) Aanmi 2.31 &

o ] v & d’qn ﬂ o
m‘nua“lm:ummu'lmmumuuam!m U x(n)= %,2,4 HINAADUAUDINIUDIANA

I

NN 2.31 HanpuaUBINBUNadVessz VY TR oLl B

h[n]

n

ad o - = A 3 3.
NS ‘hlﬂ'liﬂ'Iﬂﬂﬂﬂﬁﬁuﬂx‘lﬂ‘lﬂm‘mﬂﬂ i]z'l‘liﬁllm‘m 2.43 DI YN A(n) uaz x(n) AL

A1 n GUALT 0 INaUMIH 2.43
y(n) =" h(k)x(n-k)
k=0

N5l n=0
1(0) = h(0)x(0) + A(1)x(-1) + h2)x(-2) + AGW(3) + « v e ...
Y0)=2+0+0++...=2

Astl n=1
Y(1) = ~h(0)x(1) + A(1)x(0) + A(2)x(-1) + AG)X(-2) + vevrennnnnns
W1)=4+140+0+.....=5

sl n=2
Y(2) = h(0)x(2) + A(1)x(1) + A(2)x(0) + AGX(-1)+ vvvvnnnnn...
V(2)=8+2+0+0+...... =10

nstl n=3
¥(3) = h(0)x(3) + A(1)x(2) + A(2)x(1) + AG)X(0) + v vvvvevrnnnn.
y(3)=0+4+0+0+....... =4
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A58l n=4
¥(4) = h(0)x(4) + h(1)x(3) + A(2)x(2) + h3)x(1) + .........
W =0+0F0F0+ <4 yosnens =0

Fotune 18 yon) = {2,5,10,4,0,...}

26 Tnsardavesszuuuuyhideriamanan 6, 12]
261 Tassadavesssuusaduiinlsmaa (Structures for the realization of linear
time-invariant systems)
svvuBaduindsumunaezdaunsdaunsi 2.50 uazvi ldoudulassadeld

AN NN 2.32 (a)

y(n) =-a,y(n=1)+byx(n) + b x(n-1)
v(n) =byx(n)+bx(n-1)
y(n)=—-a,y(n—1)+v(n) (2.50)

DA 2.32(a) Wudrszuy ldusneeniiu 2 szunTeo vin) Wigaseudouaznnguiauia
msvanguluiade 2.5.1 imsadunszuuluniwi 2.32a) Tdidudanmi 2.32(0) leadui
udmuBszuiia 2 ssuvansaldimieiuiu1d iifiSoudu Tnssadralmi1dsanm

1 2.32(c) naz@owiuaums 18asaunsh 2.51
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x(n) y(n)

w(n)

(®)
for (Y Ll 1) oo vy v |
P . B
2
—a, » b]
i wn—1) t
(c) [
st 2.32 Tassadavesssuuidadunlsauna
w(n) =—-a,w(n-1)+x(n)
y(n) = byw(n) +bw(n-1) (2.51)

5o Tnsead1anuaaIfean i 2.32(a) Iuilulnsead19uuunse 1 (Direct form 1) dIuUnINA
v ’
2.32 (c) vuisenNInsaadiauuase I (Direct form II) Lo onszULITAFUNLLTA
v ¥ '
1221 NTLUVIUVY Recursive [6, 12] uanmnﬁszuuﬁuﬁu‘nuﬂsmnnmmmiﬂwuu‘iuzﬂ

aun1sna I 1ddsaunish 2.52

y(n) =—ia,‘y(n—k)+ibkx(n—k) (2.52)

k=0
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M i 5 -
fmuald v(n) = bx(n—k) wnumasluaunisi 2.52 v 1ddaaunsi 2.53 uaziin)
k=0

Wwoulnsaadralasaning 2.33

y(n) = —i a, y(n—k)+v(n) (2.53)
k=1
x(r) b v o)
[ \
71 21
b, =a
Y i 5 Y
7! e
el fa %
bar -1 —ay 1
e - + + |- ~
Y 1
P 7!
by ‘ . —ai, N

1] ' A
2NN 233 Tasaariaunuass 1 voeszuy luAiiowuy Recursive

HAZINANNITA 2.50 nazaun1shn 2.51 ansoudaslasead 1 uuuase 1 aannd 2.33 1y

TATIANAVVASTI T HININN 2.34
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x(n)

¥n)

)
%
©

i " -

—"al W(ﬂ - l) bl

|
2
(&)
£
£
|
)
S
1.5

+
A

!

| |

P
LN TR S

\
)

—0y_-2 wn — M) bM |

@4 , - M=N—-2
z-—l
(e
71
—4n, w(n—N)

i 2.34 Tasaadauuuase 11 vesszuy luaoimioay Recursive

= 1 o 1
2.7 NQEYMITNAIDENA [6-8]
] [l ' I v
Tunmsnlasudygyrandeiomisnar lhiludyaa ludeiosmananiy suily
9/ =1 ] Y ' " é d‘ ] s 1 - " o Y as =
9ADINMIGUAIBEIN (Sampling) HnNWD TuMIguAIng 1 Tavh hivhIddygugaio
] v
Joyanding liudeuilulaumquimsquaiadne  (Sampling theory) vouTUUOY
J " 1 o - A‘ = E=l ! as o
(Shannon) #4na12 1391 drdyapaFgiinu x(r) Faluuuadaniiy £, uda szamnsam
"o " a - 9 ] a9 oo w =3 P a " e [ =
msgualedn lasdaanuild higydedoyandiiy ndeiioanuilumsqualens £ &

AIANNNTOMNAVABANVEININD £, AIAUNTN 2.54

fi 2 2f, (2.54)

r ¥
] "

@ o v ow < 4 E
Tasmlewimsquaiededasnnud £, =2, wod demnnudiizond anuid

¥
= - e g [ "o ] a o
vl.uﬂ’)'dﬁ(Nyquist frequency) azmuna 7, =1/2 £, visonn mmmqnmamﬂumﬁﬂ
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] a wa A 1 ] = 9 = .
(Nyquist interval) uﬁ‘lu‘n1411;]nmﬁan'ﬁ'mﬁmwa-umﬂsmgmsm"'lmi'lummu (Nonlinearity)
i a " ' o 4 | e ' o | a o
fomdannmsqualntis Suinldanudlumsqudleda £, mnnhmanwdluaiaa £,

J 1 1 1 1 0’/‘ :" a s . o Ll 4 1]
Ju'l dausziismunniumiatuausudneazan l ldimssmuasnuiveu

x(1) X » x(nT) = xss(’)' t=nT

fs(®)

MNN 235 MIquaAls Ty uFIgluu

! 1w ' & o @ {4 y
NN 235 uaasnsguatesnie IuTawunmdinaemsgudyyiunaeiiioanialal

4

ar o s - o é 1 dd'ﬁ ar 1 ar - = 1 N o
x(1) fudduvesduwadniiamioo £.(0) Tﬂuweuwammazmﬁum‘lﬁummﬂNmmu T

a ad vy
IUMN mmmsmmuhmuaum*ﬁ

f®=> 6 (t-nT) (2.55)
VAG
AN
Al
% AR 0 AR e

MNN 2.36 dyaNuguAInnI

y o - & A g ' [ 1
uaziiiohimsudasyiies movmsmaanasuniudues £ (7)) 1214

F.(@)=3{£.() ?”ia(m-nm,) (2.56)

a o

< . - o = ) a
yanaas Iiinud WeinsanluTawuanud mnaduanudvesdynu 7 () Wuduwad

AN Tl uuinuauBIBuiY Aan i 2.37(0)
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X(w)

>0

-fo Jo
(a) anlnaiuvesdyanonsagiunu x(r)

L]

an o
T

F, (@)
0

1
N
£ 2%
=

3
T

(b) alnasuvesdygaguatedia £ (1)

X (@)
U=y,
ax 2~ 4 RROY \ xe iy AL
T T T Y T - =

(©) anlnasuvesdygnui lAnnmsguaiodi x g ()

MNN 2.37 mnaiuvedygueINmaguaIedie
] v
1A x, (o) Wudyanauildninmsguied daiu

x, ()= f.()x(t) (2.57)

ozt v X (o) Wumnaduanuiives x(r) iileennTuTasmmmdnanai 1dvnnmsgudedig
¥ '
Wumsquiuvesassdyane duiululawuanudsaiiunisiiaeuTag#u (Convolution)

voaanainues £ (1) uaz x(t)
X (0)=F,(0)* X (@) (2.58)

m‘.iﬂﬂuh@.‘ffufruﬂﬂilﬂulmujﬂﬁdmﬂﬁ 237 Fanadnsi IReziuhanasuveadaanail
TRnnmsquaaetie X () llumsthanlnasuues X (@) mnassaviamng fu'laaes
VUUALANNE @ F9NmNA 237() sxiituda danuivesdyauguaietie £ () id
Houninamd lundadei lissiweaisaznguuesanadudnouiy waiin 1y

4

a = Y o as a 4 Py =1 ' =
nanNuAaou lvesmnasuvesdygisududinaiiiiyoiTonan nan1sioaads



31

o

4 4 o ' P
(Aliasing effect) WONINT N NT 2.37 daudas IHIHUIIHAABUAUDIAINDYDINIIINT DY
o ] - ﬂ:d.d. o - Al : '\ a A c;d 1 =
AYYIULYIUAY *a::xmaﬂauﬁummmﬂnunﬂywmﬂumu A LTUFINUANNIANUATIANUD

& id'a ' R = e
flu 27/T wie £,/2 GnnudiiGondn anuiiy Famsiinaneuaussanudiidnuuy

o 4 1w U ar o
Lﬂumumﬁ'mmmmmiqumamaﬁtytymuwm

2.8 ﬂﬂﬂ‘lﬁﬂad'lﬁaﬂlﬁﬂﬂ [6-8]

TumsiinngiszuuiFuudeiiosmann guauifvesszuulu Tamunar waunse
WoueBiolaoldaunsiFaoyWus (Differential equation) 1IRBITLIUTZULIFIAYALE
aumsnaaaduiiies (Difference equation) 1314 lumsesuisgmauiavesszuyluTau

A Al 4 o ar t:: - s H
1281 FITUNIHAANAVITTDIOUAUN 7 nuso@ou lddaaunisn 2.59

W)= b x(n-k) > a, y(n—k) fss

s e

Taod x(n) Wudrdudygruvidr y(n) duddudygruviesnuas g, b, 1iud

dulszdng aumswaseannsanaaslugiaunmsileidusoToulasldgumnianismia

NANVBINIHaUFARITUNITN 2.60 — 2.61

a,x(n) <> a, X(z) (2.60)
ax(n-k) e a,[z"‘X(z) (2.61)

MNTUMIN (2.59) e ldqaauiamsulasurass 18

(D= Zbkz'* X(2)- Zakz"‘ Y(2) (2.62)
k=0 k=1

tngaumaiodoudeglugdaumsilenduco o

¥(z) Z bz

k=0

- m (2.63)
X() (1+Zakz'k]
k=1

H{2)=
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2.9 msudaauwa [6-8]
o lﬁl " . A = 1
M3ulauaa (z-transform) veadgauh luasiiiosmunsotiniveylusiveseynsy
; T 7 _
DYUA (Power series) AIAUMSTN 2.64 (FunauMsh 2.64 1191 MItlaausAUUUATY (Direct z-

transform)

X(z)= i x(n)z™" (2.64)

= ar

ez Ao Aw5IHaEeu (Complex variable)

x(n) o MAVTYY IV (Sequence signal)

UATIMTUTZU VY Causal Msu)asusavesdgyanun ludeiiiosaunsodon 1ddsaunisi

' v
2.65 (3UNAVNTIIN 2.65 1171 MILaYAAIUIAY (One-Side z-transform)
X(z)=) x(m)z™" (2.65)
n=0

s 19 4 = A ar 4
malasuravesdygiuuuy liseosdounnu ldongUuuunils Asaunsi (2.66)
X(z)=Z{x(n)} (2.66)

5 o ' o v o o é’ a0 a

uazINENNISN 2.64 uaz 2.65 seinldmansulauas NiveynsuouA Aniuseiin z i
¥ tEd

A Xz) midmevlaiSunar z 9191 Region of Convergence (ROC) Tauan z Hvziiauily

IMIUTIFoU

o

#120819N 2.5 M1 z-transform YDAy 104 1ABITIBIVY Finite-duration

x(n) = { 12 5,7,0,1}

WM nnaumsn 264 X(z)= Y x(n)z”"

n=—w

AU X(2)=...4 022 +02' +12° +227' 45272 4722 4027 +127°

X(2)=142z"+5z22+7z2 +127° (2.67)

v )
a4 ROC Yum'ldnnaunsh 2.67
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2.9 1 .1
X(2)=l+—+—F+5+— (2.68)
zZ Z z z

] . ¥
NNAUMIH 2.68 Wuuile z =0 121 X(z) mar hilddniuteagd1ddh roc Afe yaqds

4 4 o 1] r
V04 z 003U z = 0 Fudie z = 0 9 Id X(2) mia 'l

A208197 2.6 M1 z-transform YOIF YR IY 1ABILBVY Finite-duration

x(n) = {1,2,;,7,0,1}

BN Mnaumsn 2.64 X(z)= Y x(n)z”

n==w

wld X(2) =122 +22'+52° + 7z +0z 2 +1z7° (2.69)

X(2)=z*+22'+5+7z" +27 (2.70)

ROC m1l@nmnaunmsin 2.70 daaums vz 1a

X(z)=z2+2zl+5+%+—:—3 (2.711)

v ¥
vinerumsi 2.71 sxiu1dhdh z = 0 uie z = 00 sz I X(z) w18 dniudeasd1d9

=] '
ROC i %91z ondu z=01ag z=00

M08199 2.7 W1 z-transform Y83 & (n)

M3 Amuald x(n) = 5(n) ={....0,0,1,0,0,0,0,0,..... (2.72)
MINAUMSH 2.64 X(2)=") x(n)z™

X(2)=..402* +0z' +12 40z +0z7% +....

X(2)=1 (2.73)

@084N 2.8 N1 z-transform V84 & (n— k)

ms dmuald x(n) = 8(n) ={...,0,0,0,0,...,0, 1,0,0,0,....} (2.74)

VINAUNIT 2.64 X(z2)= ) x(n)z™

n=-w
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X(2) =....+02% 02! +02° $ 02~ 4020 4. 21 550" 4 07" ...

X(@2)=z"*

@0eNaN 2.9 M1 z-transform YOITRYRY I

1 0<n<w
x(n)=
0 n<0

x(n) = {L,LLLLLLLLLLL.....}

NNAUNITN 2.64 X(z)= ) x(n)z”™"
n=-m

X@=l+zt 422422+ 420 +...... 2
X(z)=1+l+L+L+L4+ .........

4 2'2 23 z

NNAUMIBYNIUDTUAAIAUMSA 2.79
14 A4+ A2+ L+ A+ L+, = |4 <1

Jaaumsn 2.78 Inuléddaaumsn 2.80

2 3 4 5
X(z)=l+[l]+(lJ +[l) +(1) +(-1—J + 48438
z z z Z Z

Mouduilssansaumsh 2.79 fuaumsh 2.80 9214 X(z) Asaunisn 2.81

1 1
X(z):_1=l_ -~
o z
A

i <1 w30 1<|]
z

(2.75)

(2.76)

(2.77)

(2.78)

(2.79)

(2.80)

(3.18)

¥ v ¥
eann z WudulsiFadoudaiua z MhF Xiz) miald wies1 ROC v09 X(z) awsn

weou'lddanini 2.38
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P ~Pole of X(z)

Regionof
COI'WCI'!CI'ICC

2NN 2.38 ROC 493 X(2) ludogan 2.9

A208191 2.10 1 z-transform YIdYY x(n) = a"u(n)

VNANMITN 2.64 X(2)= D x(n)z™" 914 X(z) Avarumsi 2.82

n=—m
X(2)=a’2"+a'z ' +a’z2 +a’z 2 + . +a"z2™" (2.82)
2 3 n
a a a a
X(Z)=l+—+—;+—3+....+_
n
zZ 2 V4 Z

X(2) :”(SJ*E) +(§) ++[-‘21) (2.83)

nnauMsvessynsueuan 2.79 Tunsdin 2.9 MmildTaaunsi 2.83 18 nudsaunisi

284 Tav 4=2
zZ
X(2)= 1% El <1 (2.84)
Z
X(2)= 1_‘112_, lal <|4| o (289)

1 ROC NN9A1 z ANINAN a

A386197 2.11 M1 z-transform veadRygIal x(n) = sin(nw T )u(n)

. e —e™ e +e™
M35 NAUMS sin(x) = — cos(x) = Ty
J

VN 2.64 9214 X(z) Maaunisn 2.86
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@ e_,mwT _e-;wnT = .
X(2)=), — (2.86)
n=0

n=0 n=0
x@=5( e} -3 s) a8
2.] n=0 n=0
NAAUAITYRIBYNINOTUAT 279 Tunsdii 2.9 MilHSaaunishi 287 T8 Inudaumsi
2.88
L 1
X() =L _ , (2.88)
(2) 27 _(]-—e"wrz") (l—e"‘wz‘l J]
1| z z
X(z)=— — | — :
(2) 27 _(z—e’w] [z—e"’"’r )]
2 =W mT 2, LI i
B p R €2 : ) | & =4 (2.89)
B (55 ZGR AN |
0 wr o~ jwT
X(z):i (ze £ ze -‘)T
2% &g I z2eil |
- B ejwi" _e—ij
g b =?_zz ~ze™" —ze™ T +e""Te'f‘“T]
= JwT [\ =T
X(z)z_z_ 2 ; W ‘ T
252 S e(e i e g1
Dt AL i, (2.90)
z° =2zcos(wT)+1
2.10 faanvAveImsilauva [6-8]
2.10.1 paeniAnnmihu¥udy (Linearity property)
WerAIRaTunIsh 2.91
Zlax,(n)+bx,(n)] = aX,(z) + bX,(z) (2.91)

2.10.2 AauANITIABY (Shift property)
fmuald y(n)=x(n—-m) m=0

Mianaaaues y(n)=Y(z) Wouunmu'ld Aaaunisn 2.92 uaz 2.93

¥(z)= i y(n)z™ (2.92)
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¥(z)= i x(n—-m)z™" (2.93)

n=-w

fnualiszuuns@anesuudussuuNDY Causal ARNUANNITN (2.93) @usoould

InyAaaunIsn 2.94 - 2.97

Y(z)= ix(n—m)z‘" (2.94)
Y(z) = :o"'[x(O)+x(1)z" +x(z7 + . x(1) 27" (2.95)
Y(@)=2"3 x(m)z ™ (2.96)
Y(z) = X(;;:"" (2.97)

2.10.3 AaanlAnN3Usza (Convolution property)

i]'lﬂﬁllﬂ'liﬂﬁﬂ'ﬁﬂizﬁ'm
y(n)= )" h(k)x(n—k) (2.98)
k=-
¥(n) = h(n)* x(n) (2.99)

mmsudasuan x(n), h(n) Wi x(z), Az)widmsiszan Ssaumsi 2.100
Y(2)=H(2)X(2) (2.100)

& o a 1 a4 [ e.;
Fawamsudasuravesiensudyan ludoiisidimnseh 2.1
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Entry z- transform Region of convergence
Discrete-time Sequence X(z)
number x of X(2)
1 o[n] 1 All z
2 uln] 1 12> 1
1=z
] —u[-n—1] = <1
1-2°
All z except 0(if m > 0)
4 8[n—m]
or ® (if m<0)
5 a"uln] ; |2| >|a]
1-az”
6 —a"u[-n-1] r . |z| <|a|
1-az”
az—l
7 na"u[n A z|>|a
[ ] (l_az—! )2 | [ ' !
az!
8 —na"u[-n-1 —_— zl<|a
[ ] (1 _az-I)Z | | | |
1-[cos ]z
0 cosm,nluln > 1
Leosynluln} 1-[2cos @, ]z + 27 o>
. [sinw, ]z
10 sin @,njuln >1
[sinynjuln] 1-[2cos @, )z +27 4
R 1-[rcosa, ]z
11 r" cosaynluln >
[ oluln] 1-[2rcosw, )z +r’z? >
i [rsina, ]z’l
12
L sin wyluln] 1-[2rcosay)z™ +r’z™ ez
a', 0sn<N-1 —a¥z N
13 . maz |2|>0
0,  otherwise 1-az™
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2.11 msiaanaalugiiavaiv (6-8]
dyanauuy hiseiios x(n) nieszuunuy hideiiea y(n) musadoulieglugy X(2)
¥ o
wie Y(z) 1dlavmsuasuaa f X(z) wie Y(z) tiiledalieglusiimudiu (Rational)

= o o v
fT']ll'liﬂ‘]J?)ﬂ‘i1UﬁzLE]Uﬂﬂﬂlﬁﬂ‘ﬂﬂlz“llﬂ@ﬁfgﬂg’]mltﬁ%’i:ﬁuuvlﬂ

2.11.1 Twauazd1s (Pole and Zero)
Humsiim X&) wie Yi2) Tudaumsma z uaziihdnouves z Tudsudumiaaaly
a ] H ° =) 1 1 o Y a
FEUNLAAIFIFOU (Complex z-plane) A1 z MluMmasuvuAuiTon N F15 unududydnyal
] = o 1 - ' [ s ar '3 ' o 1 PoE |
0 1 z MlumaeuvesdiuGond Tna unudodydnual x WumImdi s Inauazdls

VoI YIU

s | c; 4 o ' A
Mavenan 2.12 Woudumuanisna Inauazalsvesszuy H(z) =
—ig —Z

M veaums Hiz) awnsadaaums n lddeaunisi 2.101

205
H(z):—l%— (2.101)
(z- 5)(2 + 5)

1 oA 14 ' 1 ' & 14 @ ' 1
VINAUMISN 2.101 WuNF15zegnd i 0 uay /i dauInariuszegndumis 2 U

1 o = r ci
—3 m'lﬂwuumszmmwﬂ FNNINT 2.39

$m  z-plane

MNN 2.39 Anmuan s InanazdIsvesszuuludlieonan 2.12



fI08aN 2.13 MR MmN Iwanazd lsvesdyann x(n)=a"u(n) ; a>0

IBMI 1INM19N 2.1 z-transform Y9I x(n) Wou 1AdseuNITN 2.102

1 z
X(z)z ==
l1-az z—a

i lidouas z -plane 1Adan i 2.40

Im(z)

o

4

/NN 2.40 Aunuan s Inauazd lsvesszuuludiedan 2.13

feeai 2.14 MAWMLINITe Inauazd Tsvesdgya u

an; 0$nSM—1

x(n)=
0 ; elsewhere

40

(2.102)

IEMS MHUANUN 7 SUAUIN 0 D9 M-1 32 1Aaun3 z-transform AITUMIN 2.103

X(z2) =Mz_:]a"z""

X(2)=Y (az)"

n=0

2 3 M-l
X(2)=1+£+(£) +(3] - +[ﬂ)
z z z z

UM 2.105 1alvy [12] Asaunsh 2.106

=I\M
P i
1-az
i 2 quaasanurunaz iy
MM M M
X(2)=— M- Ml
z" -az z" (z-a)

(2.103)

(2.104)

(2.105)

(2.106)

(2.107)
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Waumsn 2.107 mwizeeuimeuilud lsuazmwzdruuudoudlu Tnagan i 2.41

Im(z)

M-1 poles

# Re(z)

MNN 2.41 Sumdansng Inanaza 1svesszuuludieteh 2.14

fEaN 2.15 MM x(7) NNTLUIVUYA AINIWH 2.42

’i
y
7

NN 2,42 Aumdansa Inauazd svesszuvludieian 2.15

ey :i I Ad U L] o ldl -] =y - ld' o ] '
BN VNN 2.42 wohiialieg 2 @ Tao z, eghgaduiianieagidumiia o du z,

ral o ' s Y o o
agNAMMIY reos(ap) Wou IS 2.108 uaz 2.109

Z,=0 (2.108)
Z, =rcos(w,) (2.109)

dmiulwaningii 2.42 ey 2 dlae P, egfidumia re’® dau P, agndumus re’®

= - a P
Wou 1ARaauMsn 2.110 uazaumsn 2.111
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B wyp'™ (2.110)
B =ril™ (2.111)
nnaumsh 2.108-2.111 s luSouiiu Xe) WR&seumsi 2.112 oz 2.113
X(z):G(Z_Z')(Z_Zz) (2.112)
(z-P)z-P)
_  (z2—0)(z—rcos(w,))
X@ =6 = ooy (2.113)
e G fumiagil uazonaumsii 2,113 mansadagy I8 lmideaumsd 2.114
X(@)=G z(zfrcos(a)o)).
(z—re’™)z—re”’™)
-1
X(2)=G 1 ik cos(m")z -~ (2.114)
1-2rz" cos(@,)+r"z

HAZINAI1AN 2.1 (T07 11) z-transform YoIEUMSsN 2.114 annsoutaailu x(n) 1dea
quMSN 2.115

x(n) = G[r" cos(wyn)u(n)) (2.115)

2.11.2 anuaduaINiuMINRUHEIVeIIN

Aunuaved Inaluszuuuea aunsotvenanyuzyeIdAudyy 1y Time-domain
A o o . ar 1 o : o o
18 Fednuuzvesdwudygruibatuamsodnon ldnnnisulasusanndu (nverse z-
9 as n'
transform) HAZIAAY 1AAININA 2.43



z-plane

0 1

z-plane

0 1

z-plane

x(n)
*UJJLLo P {o
x(n)
0 n ‘ 0

Lol

n 0

z-plane

1

z-plane

1

z-plane \

-
2
L

m‘vm 2.43(a) ﬂ’nllﬂ'uﬂ‘uﬁi“’H’.IN'FIMM“Q'H?NTWE‘]HUWIFIU WY

x(n)

z-plane

=_TIUTT.T1'1-" {‘;\ -
o

H v w o " o ' @ o W
ﬂTﬂﬁ 2.43(b) ﬂ'ﬂl.lﬁll'wu'ﬁ‘J'SH'J'N?HI.WILN'UBQT‘Wﬂﬂlm']ﬁ‘ﬂ WY




z-plane x(n)

K \
=
L
[ =]
A
' =
-
-—
[
>
~
=

z-plane xn) . _

////:‘\\\\
L
p——————=8
A—
ad
—0
—1_
l——e

W, P, =
1 0 l l 1 l n
A . N\, & S
z-plane () "'\
r . 28
////’ A h V& QTT I
\\\:: 1 oted n

MR 2.43(d) ANUFUTUS sz R umives Iwafudwudya

44
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2.12 m3mas z WY (Inversion of z-transform)
Wumsulas Xz) aduilu x(n) hl4 3 a0l
- fi'ﬁeqﬂsuaﬁ'uﬁ (Power series method )
- IBUUNIAYAIUEDY (Partial-fraction expansion method)

- Residue method

2.12.1 mamasuyanniiudiiTeynsueriun
o ar . é ﬂy
fnuald X(z) 11U z-transform ¥®4 Causal sequence AIAUNITN 2.116 Faaun1sil

annsadaliiflueynsueriudlugy z uie 2* Tavldnsnisun (Long division)

-1 ) =
A, T 2=+ Uizt ... +a,z
0 T4 ’ 2 = N = (2.116)
by+bz7 +byz ...+, Z

X(2)=

dieminsmseaunsh 2.116 92 18M X(z) fadunsi 2.117
X2 =x(0)+x(Dz"' +x(2z 2 +x(3)z> +..... (2.117)

Aethen 2.16 wlawyannAuvesdygadsaunsi 2.118 Taold3seynsuoiug

1¥2% 156

X =
=7 0356122

(2.118)

. v
IEmMs vnaumsn 2.118 Mmsmsea ldaeaelii

1+3z” +3.6439z72 +2.57562> +...
1-z7" +0.3561272| 1+ 227" 4+ 27
1-z~' +0.3561z
327 +0.6439z7
3z -322+1.0683z
3.6439z% —1.0683z7°
3.6439z7 —1.0683z +1.2975927z™*
2.5756z72 -1.2975927z*

1w 1dfdiney X(z)=1+32"+3.643927 +2.575627 +..... uazvinguautaves

z-transform 9% 1871 x(n) AAAUMIN 2.119

x(0) =1;x(1) = 3; x(2) = 3.6439; x(3) = 2.5756...... (2.119)
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& ° ' { Ao w ' d o a
1Uﬂ15ﬂ1ﬁﬂ‘]']uu€nﬂ'ﬂ11ﬁﬂ1 z 1uﬂUﬂ15ﬁ 2.118 uﬂ’lﬂmﬂuu’)ﬂﬂﬂuﬂ'lﬁﬂﬁﬂnﬂ'ﬁ“

¥
2.120 Tanh 2% guinneanaAbiazdId HAIIINITNIS

22 +2z+1

—— (2.120)
2* —z+0.3561

X(2)=

Werimsnisez 14

14327 +3.64392z7 +2.57562 +...
22 —z+0.3561] 22 +22' +1
2z —2z' +0.3561
3z' +0.6439
3z' —=3z+1.0683z”"
3.6439-1.0683z"
3.6439-3.6439z" +1.2975927z>
2.5756z7"' -1.2975927z
2.5756z"' —2.5756z* +0.91717116z>
1.27800721z* -0.917171162"°

A 1 d.. U L L s
Faoziriu 1@ ldnnmsmsenee 18 X(2) uag x(n) viidu usnisuasuaarniudae
3 ' "
Freynsunriuaiinusroui Idveuduay iduaums x(n) Taq uasedhudiaylaosy
4 o Wi ' :
10 x(0), x(1), x(2),.... MIMIniRAT9g 1A x(n) nitesm dniudidesmsma x(n) lavh

= o Yo u’: = J
nuMUIN i]t‘ﬂﬂ?l‘l]'lu‘iuﬂiw'l'tlﬂﬂﬂ'liﬁ'l'illll'lﬂ‘lmil‘ljﬁ'w

2.12.2 msudasusanniud eI susniayaIudes
v .

Wlasiaaums X(z) Weglugiimudaudesnimivihaunisidagy 1duas iy x(n)
Tao19¥A1379 z-transform  Wo1501 X(z) seaumsdi 2.116 msdagdaunseziylua
o ] 4 ] Ya 1 dy
muruaved Inaluszunuusaduineon 1daade 113

¥ "
- a3 Inalidumishidiu aumaX(z) aumsi 2.116 annsadagllddaaums

1?; 2.121
X(z)=B,+ ky -+ 2 — 4.t G ~ (2.121)
1-pz= 1-p,z 1-p,z
X()= By S, Cut
27 Py AZ= Py Z=Pu
& Coz
X(2)=B,+), (2.122)

k=1 Z— Py
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= ' J A o L) " : o 4:;
- N3G INABYIINANUINAIBYA MUY dums X(z) aumsh 2.116 a@wso

dagul1ddsaunisn 2.123

m D
XO= 20y

wazm D, mlaninaumsi 2.124

Y
" (m—i)dz™

[(z -p)" X(Z)ka

' o o ar | & L o ] 1 o ] d.
uadszuunsedudygad Inmnnndmilsdaasdumisves Twasgludumisiian

{2.123)

(2.124)

v
o

v ¥
nuuag hidiudreduguszuull Inananua 3 @ §Twa 2 Aegdmmiueinudiudn 1

o ' o ' o ' ' o P o
apgauazdumiamsiamums lugliedaudesnez 1gaunmsi 2.122 uag 2.123 s2uiu

" o _ o o ] -& s o 1 ' 3 ' .:: o’ [
uadszuunIeddudya ad Inaunndmilswuazdumisves Iwasgludumisiariu

b L4
waz lidhiudeduuszyuliina siaua 3 @ §Tna 2 Megdwmuadvadududn 1 §a

agauazdmmismsiaaums luglirvdaudesnsz1daumsi 2.122 uag 2.123 sufiu

Meenan 2.17 wilasuwanniuvesdyan X(z) dsaumsh 2.125 Taol$35usnisudiudes

-1
z

Yo
(&) =035, 7 — 03757

wms hidswes z luaumsi 2.125 Willuwan T 22 quanen

VA
z%-0.25z -0.375
MMsuoniryaugoy ldasaunisn 2.126

X(z)=

X(z) = )
(z -0.75)(z +0.5)
X(@z) I C, C,

— = +
z (z -0.75)(z +0.5) z-0.75 z+0.5
smualdaunisii 2.126 ey F(z) Asaumsi 2.127

1 il -gallonk -
(z =0.75)(z +0.5) z-0.75 =z +0.5

F(z) =

(2.125)

(2.126)

(2.127)
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m C, 1 (z-0.75) ﬂmwaaﬂ“luﬁumsﬁ 2127 914

1 _o Ca(z-0.75)

z+0.5 ' (z+0.5)

(2.128)

unum z mnu 0.75 aaluaunisn 2.128 1da € daaunmsh 2.129
1 4

C,=——=—=0, (2.129)
0.75+05 5

] U Y ar 1 Y ar 4
daum C; eusanm lameisidenumsmia C; 1aa C; asarumsin 2.130

C = _*_ 0% (2.130)
-0.5-0.75 5

unus Gy uaz G, aaluaumsn 2.126 14

0.8z i 0.8z
z-075 z+0.5

X(z)= (2.131)

113199 2.1 wlas X(z) Tuaunsh 2.131 aduidu x(n) ladeaunisi 2.132

x00=24[ 0.8z &Sz]

2-0.75 z+0.5
x0ﬂ=03[mJ$"—pﬂqu, n>0 (2.132)

A0eaM 2.18 dasusannAYeIdryanu X(z2) Asaumsi 2.133 Taold 3T uonrvduden

2
Z

T (2=0.5)z-1)

X(2) (2.133)

3BmMs Mnaumsi 2.133 wuhuszuusased Tna 1 Segidumis 0.5 waziiTna 8n 2
AMdouiuagidumia 1 ieRnsandumisvealna udamsuonisududesveaauns

X(z) v9ngdmuaunish 2.122 wazaumsi 2.123 1dasaunisn 2.134

2 K, N K, K,

Sh (z-0.5)(z-1)? " z-08 =1 (z-1)°

(2.134)

vaglaumsn 2.134 Ini
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X() _ z K, K , K,

== : (2.135)
z (z-05)z-1)° z-05 z-1 (z-1)
fmualdaumsi 2.135 Sawimy F(z)
F(z) z K, K, K, (2.136)

= = + +
(z-0.5)(z-1)) z-05 z-1 (z-1)?

Wi K, 11 (2-0.5) guanealuaumsi 2.136 uazunu z = 0.5 s2lda k, Aaaumsi

2.137

g % +K2(z -0.5) +K3(2 =0.5)

@ —1)7 N\ 2721 (z —1)
—_ ) 93 = (2.137)
z-1* (0.5-1)
M &, midnnaunsi 2.123 Gunmi =1y auanoa luaumsi 2.136
F4 K, (z -1)*
= +K,(z -1)+K 2.138)
z=0\5"">z~0.5 SA- - (
WL TR 2.138 iUy zuasimum z= 1 14 K, Saumsi 2139
Gaipd
ZrN o A DEETE NG L )
dz |z -05| dz| z-0.5
-0.5- -0.5
2:'2 93 f,= : ¥o=—2 (2.139)
(z =05  (1-0.5)
M K, m&nnaunisit 2.138 Taomsunu z=1 14 K, faaumsit 2.140
w2 2lAILNAS (2.140)
TN | = 0.5 '
unum K, K,, K, aaluaumsi 2.135 uazth Z HUANDA
2 2
X () s z 2z (2.141)

z-05 z-1 (z-1
Tm15199 2.1 daa X2) Tuaumsii 2.141 nduily x(n) 188 saunms? 2.142

x00=2m5Y—2+2n=2Bn—D+m5T], n>0 (2.142)
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2.12.3 mamasusanniulauis Residue
¥
MsndaausannAuAI03THA x(7)  92QPUNUAILNITBUNININATUIBY (Contour

integral) AIAUNITN 2.143

x(n) =$ [ X (2)ez (2.143)
C

e ¢ AndumamsdudininasuseuTwaves Xiz) Weglugihmudiunas Indluiou
(Rational and polynomials) MIOUNINTNATUTOUAINUMIN 2.143 Amouvzgrunueylugy
r a g 9 - < a .”, " 9 oA

AWSITFIFOUAIWN YYD Cauchy’s residue [12] A11UDIINA1 171 x(n) NADNATINYDA

MM Residue a1z TnaluuSiom c vosflansu 2 X (z) Woulddsaunish 2.144

Res[F(z), pk]— ( [z 2 F(Z)L N (2.144)

1) a’z”"

e F(z)=2""X(z)

Aa0e19n 219 1935 Residue uilaa X (z) Tuaumsi 2.145 Wiy xm)

zZ
)= 0755 +05) s

WMs Amuald F(z)=z"X(2)
2"z 2"

F()= =
(z=0.75)(z+0.5) (z-0.75)(z+0.5)

(2.146)

[ ] v ¥
VINAUMSN 2.146 WUN F(z) BInoagn 0.75 uaz -0.5 ANIUMINI Residue 92529

T ° 7 Nt 9 o £ a1 o ' o ) o
waaosimmuail laoldaunisn 2.144 Faezlian m=1 Inandmmue 0.75 a1 Residue 69
AuMsN 2.147

Res[ F(2),0.75] = (z—0.75)F (2) (2.147)

n

Res[ F(2),0.75] =
0.5

WU z=0.75

0.75"
Res[F(2),0.75]=—2 =2(0.75 ;
[F(2),0.75] T 5( )" (2.148)
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TwaN@wmua -0.5 A1 Residue AIANMIN 2.149

Res| F(z),—0.5]=(z+0.5)F(z)

z

Res[ F(z),—0.5]=
z—0.75

HNUAT 2 =-0.5

(—0.5)" 4 )
Res[ F(2),—0.5]=————=——(—0.5)

(2.149)
—0.5—0.75 5

Vv " '
AU x(n) WIMAVNATINYDINITI Residue N INANNAWNUIVDI F(Z) Aderunsi 2.150

x(n) = Res[F(z),0.75] + Res[ F(z),—0.5]

x(n) = %(0.75)" —g(_o.sy' =0.8[(0.75)" = (<0.5)"] (2.150)

08197 2.20 1935 Residue 1las X) luaums 2.151 Wi x@)

2

z
X(2)= 2.151
(2) (z-0.5)(z-1)* ( )
Bms dmuald F(2)= 2" X(2) seaunsh 2152
n-1_2 n+l
F(2) k<l : (2.152)

T -05)z-1 (2-0.5)(z-1)’

e o ' -t w 14 e 1 o -
vNaumMsn 2,152 semuldd Fz) Gna 1 degidmmis 0.5 smualiidhu p, uosd
Tnadn 2 ddndouiuegidumis 1 fimualdidu p, Residue voaInaiidgumis p, 4

NAUNITN 2.153

n+l

z
(z-1?

Res[F(2),0.5]=(z-0.5)F(z) =

UNUAT 2= 0.5

(0.5"™"  (0.5)(0.5"

RCS[F(Z)>0'5]= (05_1)2 - (05)2

=2(0.5)" (2.153)
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' ¥
fdwmia p, Tnadeunuey 2 Akl m luaumsi 2.144 HAwMAY 2 AT Residue

yo4 Inandumia p, mldnnaunisi 2.154

Res[F(z),l]zg—z[(z—l)z F(z)]: %Lz_" ;.5] (2.154)

0.5)(n+1)z" —z""!
(z-0.5)

Res[F(z)1] ==
unum z=1

(1=05)(n+DI" =1 _ (0.5)(n+1)-1
(1-0.5)* (0.5)
Res[F(z)1]=2(n+1) (2.155)

Res[F(2),1]=

N v v
x(n) ANOHATINYDINIIN Residue N Inansaosdumuadou ldasaunisi 2.156

x(n) =Res|F(z), p, |+ Res[F(z), p, |
x(n) =2(0.5)" +2(n+1) =2|(n=1)+(0.5)"] (2.156)

Jq‘/ = ¥ a;
2.13  WanyuvesszuuBaaunudsmaunm
Tumsmimareuausamuedayavesssuuilsmunmamsanszi 18 1auldmanms
A ' 1 =Y
Convolution HIMININLABINT LAV x(n) wag h(n) uannpuaulAvoINIsulauaa

o o P
midnmsnimaneuausImamanan 1dsnaumsi 2.157

Y(z)= H(z)X(2) (2.157)

e Y(z) fio msuasuwsaund Output sequence y(n)
X(2) Ao M3su/auwavos Input sequence x(n)

H(z) fio msulauwaves Unit sample response h(n)

v
auiudiim x(n) uaz h(n) Aannsomal X(z) uaz H(z) 1@Taomsulasuaa
wazilorinnguiudsaumsi 2.157 Mz'ld Y(z)uazansama y(n) 18 Taomsurasuaa

AR Y (z) uaz Tumanduiudhiam x(n) uag y(n) Aawnsonia H(z) 1daseunsh 2.158

_Y@)
H(z)= X (2.158)
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Lﬁammﬁ?’ﬂmuﬂzxﬁu'lﬁ"i'lf]tufmﬁﬁwwznuﬂgunﬁmu"lﬁ’ 2 anvmzae h(n) uay
H(z) lav h(n) ﬁ'mzo%‘muﬁqqmﬁuﬁﬁumszuﬂuTmuunm a9 H(z) 920501004
auaudAluTamuusa Swdiieiwds H(z) was h(n) fumﬁauﬁ'mﬁumﬁaéﬁuﬂuaz
Tann wozTaoiaTezdon H(z) luaumsii 2.158 91 Hafduszuy (System function) W30
Wﬁ%’udw'ﬁau (Transfer function)

dmivszuuilunuuiadunasiaidulse@ntnefl (Linear  constant-coefficient
difference equation) A3AMMIT 2.159 aunsaldqaauiivesmsulasaa@ouiiuilaiau

owlon H(z) 1ddseunish 2.160

y(n) = —Z a,y(n—-k)+ Zbkx(n k) (2.159)

k=1
Y(z)= —i aY(z)z™* + ib,‘ X(z)z™
Y(z)(] + iakz‘* ) = X(z)(ibg‘"]
k=1 k=0

Y(z) Zb,(z'

k=0
= N
At Iy, 3
k=1
M
PR
H(z):L%— (2.160)

1Az sUUNIMIUY Non-recursive Aaaun1sh 2.161 amrsawonduiansdusiolon'ld

ATUNITN 2.162

y(n)=Y" h(k)x(n—k) (2.161)
Y(z)= i (k)X (z)z™*

Y(z)= X(z)[ih(k)z‘*)

k=0

H(z) X()

M
=> h(k)z™* (2.162)
k=0
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2.14 wamdUaaIManmvaszuunuy liudaisamanm

MIHININFUTTVVIRZHARDUAUDIVD Unit sample snualiszuunuy lideiiod

AUNTHAANAITUNITN 2.163
1
y(n)= o y(n—1)+2x(n) (2.163)
I¥msutausa uilasaunmsi 2.163 uazdaauns AN TusZ VLA IaUNITT 2.164

Y(z) =%z"Y(z) +2X(z)

H(z)= ; ' 12 (2.164)
(2) <&
2
AIUNAADUTLBIVOY Unit sample 1 1d9naumsh (2.165)
2
¥ (2= i X(2) (2.165)
 PAsa S
2
iloBuNAYeTEUY x(m) =5 (n) Aty X(2)=1 %18 Y(z) fwaunsi (2.166)
v
Y(z)= (2.166)
A
l-=z
2

1AM 2.1 gwsauas ¥(z) Wiy yn) (h’s’qm?i 5) faaunish (2.167)

y(n)=2(%J u(n) 2.167)



215 ANUTUNUSITHINANUDNUYUVUSTINULFA [6-8]

o w ' A o 3/ o P
ANUAUNUTIZSHINANVONVYVUUISUIDLYR llﬁﬂ‘ﬁ.lﬂﬂ\'lﬂ'lW'ﬂ 2.44

A 1m(2)
(z=})
30, o
R 8
0’\
\\%\ 2
% oT =0
(z=-1) @ Re (2)
Ta,
- ”‘ '
(==} >

! @ o d ' o
ﬂ'lﬂ;l 2.44 ANUAUNUTITHINANUDNUYUDUITSUIULYA

vt 244 szrulddngm o szeglusie 0-2n wazluszuyhideiissnwdduves

= ' e ' ;J.r.; Y = o 1 ]
TTVVILUAUMANY @, uannwdnawsolsaulavsiluszvussiinuiios

3
@ e

Med 22 ANuduRUTIEHINANNEA UYIUU TSI ULYA

@ ar o " 'w ¥ 1 ' ..’,’
WUANUFUNUTIZNINANUDAUYHVUTZUULEA 9200 1UTN 0—nt 1M

L
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)
INTHU

Frequency (Hz) o (rad/s) Y ol (rad)
0 0 0
f./8 w,/8 /4
f, /4 w,/4 n/2
3f,/8 3w, /8 I /4
f /12 w, /2 T
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lﬂl L) d‘.
2.16 N‘ﬁlﬂ'é)llﬁ‘l-l‘é)ﬂﬂ'J'lNﬁ‘IliNizU‘U‘hJﬂi]luBQ‘I’INI’JEH [6,7]

Ansanienduaiolou H(z) Aaaumsi 2.168

by +bz" +bz7 +.....

H(z)= = 2
I+az" +a,z™ +.

(2.168)

] ' ¥ .
1"Nﬂ'l'5H'IH?WI'E]‘]J’ﬂ'u'ENY]Nﬂ’J'IlJa‘Ut'N‘i3‘1J‘1JI.L1J'1J1ilﬂﬂlﬁfNuuilzllﬂu z=e aslu

H(z) faaunsn 2.169

by +be”” +b,e™” +.....

o

H(w) =

1+ae”’” +a,e™
H(w)= H () + H (o) (2.169)

g e A o a 1 e o =
WIHUNITAUNITN 2.169 1]51.'53ﬂElﬂvllj'?‘l"lﬂﬂ'l“lﬂ'H‘iﬂ‘uTH‘ﬂiquﬁzﬂ'lﬁlﬂuﬁl']u’lul‘lﬂ‘%ﬂu

4 - ' o w
%Q1Nﬂ']i14'lﬂﬁﬂE]U’CT‘IJﬂ\WINﬂ’n!m1)3111.Nﬂ15ﬂ'111’)ﬂlﬂﬂﬂl‘ﬂuﬁﬂﬁﬁﬂﬂﬂlzﬁﬂ

2.16.1 WandUaURINIIVUIA (Magnitude Response)

o 3 " oo 'S - = a a
A 1d Tasmaduysalvesaunisi 2.169 Wou lddaaunisi 2.170

|H(0)| = Hy(@) + H ()’ (2.170)

2.16.2 wanduaueamuwa (Phase Response)

° P 4
Auan Idnnaun1si 2.171 FwaasuausimunasrgnunudIs O(w) nie LH (o)

o H(w)

O(w) = ZH(w) = tan o

(2.171)
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o 1 A - . -
fI98149N 2.21 inumamuaummaﬂ'nnmmuzuu'luﬂmuaqmﬂumm 2,172

Hgyst2 (2.172)
Z
sol fmuald z=¢”
Jjo
H(w)= “ji =%+1
[ e
H(w)=1+e " (2.173)

HAZYINAUMI e’® = cos(w) + j sin(w) AUauMsN 2.173 aansadouln lddsaumsi 2.174
H(w) =1+[cos(-w) + jsin(-w)]
H(w) =1+ cos(w)— jsin(w) (2.174)

VnauMsh 2,174 sewuhdniduiwannisie B, (o) =1+cos(@) nazamiily

¥ "
IFadouno H (w)=—sin(e) AN UNIADUTHBINIVINAIIMAIAUMIN 2.175

|H(w)| = \/ [1+ cos(a))]2 +[- sin(a))]2

|H(w)| = J1+2cos(w) + cos?(w) +sin’ (o)

wagHanouausImaaweu ldnnaumsn 2171 Tashasuaussaassuau

f
’ |H(w)| =2+ 2cos(w) (2.175)
|

WIFOUDINAUMST 2.174 Laas IaAsaunsi 2.176

-sin(@)
1 +cos(w)

O(w) = ZH(w)=tan™ (2.176)
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Py a A P ' ' o q ¥
HAZINAUNISN 2.175 wazaunsn 2.176 wenldounlan @ Tuge 0-7 Ml

WounsmHanoUTUIMIALD 1ddanmn 2.45

05 1 1 1 Z
“o 01 02 03 04 [ 08 07 08 08 1

= *i 1+z
NN 2.45 HARDUAUDINNANNDVRNZVY H(zZ) =——
z

feehai 2.22 I INAABUAUDINANNANINANTHARS

y(n)=09y(n-1)+x(n) (2.177)
sol aumsii 2177 annsawdasliidlu H(z) l@deaumsi 2.178

Y(2)=0.9Y(2)z™" + X(2)

X(2)=Y(2)-0.9Y(z)z""

X(2)=Y(2)[1-0.9z""]

@i

=~ 1097

(2.178)
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unumm z = asluaunisn 2.178

1

H(@)=1=05.7

NAITUURWIZAIY

1-0.9¢77° =(1-0.9cos @) + j0.9sinw

Himduysainaaunsi 2.179 nazyuaaaunsh 2.180

ll - 0.9e"“’| = \/(1 —-0.9cos )’ +(0.9sin @)’

|1 —0.9e‘f‘"| =J1.81-1.8cosw (2.179)
A OIE Y 2 fogih \WTAEL( (2.180)
1-0.9cos@

Aaerunsi 2.178 aziinn Magnitude Response A9AUNITN 2.181 LAzl Phase Response

AITUNITN 2.182

1
H(w)| = (2.181)
[ (@) J1.81-1.8cosw
09sinw
O(w) =—tan™ 2.182
(@) 7 1.81-1.8cosw ¢ )

W liSsuidunsmnansuausaniannud 1asenng 2.46



04 0s

oe

frequancy in pr units

DA ----

015
& 02
s

-03
0.35

04

MNA 2.46 HAADUAUDINIANUDVBITLVY (1) = 0.9y(n—1) +x(n)

2.17 In33a319fInseusuav IR [6-8]

ar [ = Y -& d. 3 =
AnsesdygnauFany duinseagtuuumilsignesnuuuinzaiieiiuTanwsaaoa

ilaezunsumamauaming 2.47 nngldyanadaglum x(@) dudygudunavesin

Ed
nses  dygutizgnasiuissulasdyapandiglnuiiiludyaiauduny  x(n) uaz

s - qy (] 9 o ]
dyanausaaytzgnaud s wanlumiaelszanana

an v o o
wadn lannsmuandnaily

td
dyguousuay  y(n)  nniusgadeRumninanlasdyeneusuaulfidudyaian

g TRdyanaueranavesinseaiudyaandsgium y()

X(t)
Analog
Input

Input
Filter

ADC
with
sample
and hold

X(n)

Digital

Processor

y(n)

DAC

[

Output
Filter

y(t)

[l
Analog

Output

= o v a 5
NNN 2.47 llﬂﬂdvlﬂﬂtllﬂ‘i Hﬂ'l‘iﬂ’]&']u'llﬂﬂﬂ’lﬂ‘iﬂx‘ll‘]Nlﬁ‘U'ﬁUE"I‘u

¥ v
ANTBUFUAVITY3ZNBVAIBIN5TADUNUTIU (Basic Elements) Aane 117l

77190 (Adder)

#1129 (Delay)

AIAW (Multiplier)
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@

o d df n‘: o e a
manymmmmﬂﬂizﬂanwugwm 3 A7 ANNINN 2.48

Multiplier Adder Delay of unit of time
x(n) k x(n) » 2
g Jox(n) x(n-1)

a o - - o 49 ¥ ' o a
MNN 2.48 uﬂmmﬂﬂiznﬂnwumum 3 ﬁ1ﬂ1‘]ﬂ{|uﬁ?ﬂﬂi:ﬂﬂﬁﬂlﬂﬁﬂ?ﬂsﬂal‘ﬁﬁmﬂ

aunsandun1oTou (Transfer function) ¥esmnsesdynatlounduiFuay aunse

v
Woudluaums[6-8] At

H(z)=—40— (2.183)

(2.184)

vinauns (2.184) W ldamensieq Iniuazidiou Idegluglvesmunmianadia|a ds

AuNIN (2.187)

N M
Y(2)=) b X(2)z™* =) aY(z)z™* (2.185)
k=0 k=1
Y(2)=b,X(2)+bX(2)z" +..+b X(2)z* —aY(2)z”" -...—a Y (2)z7* (2.186)
N M
y(n)=Y bx(n—k)- D ay(n—k) (2.187)
k=0 k=1

P o =t 9 LY = (=1 v
NNAUNIN (2.187) by InssadvesdinseusuaviniSonn

Tasaar3 131 UA 53 I (Direct Form I) A0 2.49
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x(n) |

1
I
r
I
I
|
1
I
I
|
|
|
|
|
l
I
|
|
l
|
l

.Y

MNA 2.49 uaas InssadevesinsosdyanatleunduFuaviuuase |

)

w(z)

1

H(z)™=

H(z)

Auanea luaumsi (2.184) s¢ 14

w(z)xbo+b,z"+ ........ +byz
w(z) 1+alz"+........+a z

o (Z) \»v(z)xl:v(,+b,z’l Forerns +b,z7"

X(z) wz) 1+az +....+a,z"

X(2)=w(2)+aw(z)z” +....+a,w(z)z™

w(z) = X(2)-aw(z)z" —....—a,w(z)z"

Y(z)=bw(z)+bw(z)z™" +....+ b,w(z)z™"

(2.188)

(2.189)

(2.190)

(2.191)

(2.192)
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NNAUMIN (2.191) tazaums (2.192) awnsor ldwewiu Tassadevesninses

Faavisond1 1n59a3191u1Ua39 11 (Direct form I1) AININA 2.50

b, n
T > » +
!
-a b
pr'] _al
“ T s
1
z
% %
' |
|
¢ —Ay_, bf-l
+ - « a8
Y
-1
z
0/ ghial) by

M 250 uaas InssadevesiinsosdyanatounduFuavuuuass

usiiipanndInsesdyruteunduFuay il Tassadiavuase 1 elisuudisy

a J = ) 1 o = QJ 3 ' =) " W ) ﬁ(
(RN IIAGIM A11A (Dynamic Range) voaduilseansanniu nafe mduszdandlu

= 1 ar

LA
mow a vilifnnnuazdulszanslumeu b sxfianiooi IdidluilaymedannTasmne

¥ b
-

a1 luseean1sUszuana daulunisnaassvsldinisdsuinssadavesiins g

o

dyapaflounduguavlmilaodaliiilnssadaduiunvu danmi 2,51

o

@
»  H(z2)
x(n) ¥ H,(2)

|
|
L— 3 H,(2) —>®M>

M 2.51 uaas IassadavesiansesdyanailounduBuaviit Tnssadralunuusun
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a 1 " ar o Y e 9 q’
Tunwh 2.51 vziriu1dn dnsesdyapaflounduFuaviitilaseadrauduuuvvuuil
¥
wilsznouan H,(z),H,(2),......., H,(z) wazmolu H(z) uaazaatieeiilnsaadiads
mnd 2.52 lumstalassadavesdanseuduas v lnssadradunuvvuiise 1nad
- ]

.‘d 1 o 1) 4 o z o
et lawniinvesdulszaniiianfoorh I hiduilywuile ldfunadnlszuanauuuga

NAouAIN (Fixed Point) H3BILUYANATUNABY (Floating point)

L
H
+ e (4
z—l
4, b,
+ Je—= N »— -
>1
x(n) ~a, [
H2( ) b!ﬂ
3 f > ~f+\— C-[.)—»
= ¥(n)
z
i b,
+ ki k Y %
g
_azé l
+ H*¢(Z) béo o +
[ €
- B b,
+ ) ke ¥ J
o]
-aké I

ﬂ' 1 o o ar _=
M 2.52 uaaslnssaddesvesiinsesdyanailounduiFuavuunviiy



UNN 3

N39DNUVUAINTDAF AV IIR HUV Notch

3.1 MIN39UTAUAY TR VY Single notch

HANDUAUDINTIAIUD (Frequency response) Y94AINT DUFUAY TR LU Single notch

ansnesue ldnsaunisn 3.1 uaziandunivTou (Transfer function) AITTUNITN 3.2[6-8]

H(e/®)= {0= @,

1, otherwise S
1-2cosw,z”' +2z72

H(z)=h 9 3.2

@)=5 1-2rcosw,z”" +riz? —

4 =) o @ 1 a a .
o H(z) Ao HanduaioTouvesraniousuay IR 11U Single notch

- ~ )
@, AD YHUDI IWa-F 15 UUsTUILIYA

7 A0 320eMeIzn 3 INanugAR UHAYYIZ U VLA (Origin)

o ' { o ] e (Y =
i]’lﬂﬁﬂﬂ‘]fﬂﬂ']UTﬂuﬂ'mﬂﬂﬂ'liﬁ 32 'nzﬁmuwu<'|ms’.nﬂwa-m'i‘iuus:mmwmmmww 3.1

1
05 o Q=000
© P ass
o r=08:
E 1] Sty [ e W W o T . , .......
s ;
E x
. Xx _.
05 s
.
-1 -0.5 0 0.5 1
Real Part

d‘ L3 ' ar
NN 3.1 ANUINITN INa-F 15veadInTousuay IR

UV Single notch AowlasuutaimsnadmuaIna
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1 1
0 01 02 03 04 05 06 07 08 O 1
Normalized Frequency

NN 3.2 HAADUTUDINNUUIAVDIAINTDAUTIAY IR

111 Single notch NouAsuLaINIsTNId ML Tna

NN 3.1 Aunan3 N Iwa-3 15903@9n300FUA% IR LU Single notch H190NILIL
ar a 1 1 o oA o & i
Amanmsay yuvesIwa-alsezavegludumiafeniu Fwanouaueameunafiyy
[ { & =1 '
®, =0.27,r =0.6,0.7,0.8, 0.9 A 0.99 LAAIAININN 3.2 HezHiu 1A IHARDLAUDINA
¥ATUHI9 Passband 2 liaumnasiuuazds liannsamugudaamsvens i ivuaniy
v
dpamsld dniulunsniugudnsimsunisuesdinsouduay IR wuy Single notch 143
¥ 5‘1’ o 9 - 3 ] A L)
vamMuABININY i ldTaemsn/aoudumiamsnaInafteguuszsinunsalfinus au
uaaslddsaumsin 3.3 s 3.5 uazHAADUAUBIMIIVINAYDIRINTOUFUAY TIR LY

Single notch N lanlasudwmuanisnaInaldimuzaunanadanini 3.3

1-2coswyz™" + 272

Hy(z)=b 3.3
v (2) ‘1-2rcosd,z” +riz2 e
2
wozcos”‘{l-'_r cosmojl (3.4)
r
1 1
b = ——=— B
iy (3.5

fvuald

| 1=2coswe + e
o AT Sj0), .2,.-2/0
1-2rcosage™” +rie
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1-2cosw,e/™ +e 27

ze—zﬂr

1-2rcosd,e '™ +r

2

die A(z) Ae NadFudwlouvesdinsouduay IR wuy Single notch Haulasuanma
msnaInalimaunz ey
=) aes
w, 79 yuveIFls
&, Ao yuve Inandvhmsnlasudumia

b, Ao mdulszAninNvesdinseauFaay IR uuY Single notch

Magnitude

1

Normalized Frequency

NN 3.3 WAADUAUBINNVYUIAYDIAINT DUFAUAY TIR

111 Single notch Hauavudumuamsnalna

3.1 MINT0UFUAY IIR VYU Multiple notch

AINTDUFAUAY IR HUY Multiple notch 1iA91NA51NFAINTDUTAAVMUL Single notch
NADAMAUY WaRDLALBINIIANUAYDIFINTDUT UL Multiple notch 1115005118
I&&saunsh 3.6 uazdnihdnseuFuaviuy Single notch Aoufivgnlaounlasdumians

neTwa nadrauiudinsoauFuavuuy Multiple notch 92 18flasFumo Tougsaunis 3.7

. 0: o.w
Jjo = ] & R/
HM(e ) {1 s otherwise (3.6)
k 1-2cosw, z ' +z2
H — b L
u(@) E,[( "1-2rcosm,z”! +rzz”2J 3.7)
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- o ¥ ’
nnaumsi 3.7 swmuald @ =027, o, =037 uaz r=0.7 szldnansuausimavuia

FININN 3.4

Magnitude Response

Magnitude
o ©o o - = =
2 @ @ = N » O

2
[

% 01 02 03 04 05 08 07 08 09 1
Normalized Frequency

MNN 3.4 HOADUTUBINNIUIAVBIAINTOUTUAY IR HUL Multiple notch

-:i Y Y a | - 0 ° d'
NT31991NAINTDUFAUAVUVY Single notch noUIIMSIUAuUIag

Aurdan1sneing

vnaumsh 3.3 Tamsn/aounlasiumismsnelna vesinsouFuaviuy Single notch
uaziimammnedi e l9nunueas1Msve10uEas Pass-band Taoldaunmsi 3.4 uag 3.5

diodwnadruiudinseuFuaviuy Multiple notch 92 1alanFus 1o Toudaaunisi 3.8

- $ 1-2cosw,z™! +z72
H(z)= b & 3.8
(2) 1,,_,1.[ "1—2rcosa")“z"+rzz'2J G3)

naaumsh 3.8 fmuald o =027, @, =037 uar r=0.7 ¢ ldwanouausimaving

AININN 3.5
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Magnitude Response

- a o
- N B o

Magnitude
@

e e o
» o

e
"

% 01 02 03 04 05 08 07 08 08 1

Normalized Frequency

AN 3.5 HAADUAUBINIIVUIAYBIAINT BAFAUAY TIR UV Multiple notch

NA$199INAINTDATUAVUVY Single Notch Maainisildvunilaq

AUMUINIT N Ina

VNN 3.4 il HanouuBMINIIAYEIRINTOATUAIL Multiple notch 7
a$19910AIn30UFUAVUVY Single notech AoumMTIAsuasumiamsena sas1ns
Vi DC, 7 UAZAAREYSENIN Notch frequency Tignnsoniugu R maiii
wuilngz i Inavesianseaduauiy Single notch gna1veyludumiaimuzay s
dalidmneit b, dmfununusasIMsueeluge Passband Iuiuwalidanseusuay
U Single notch %zﬁwﬁﬂﬂUﬂ‘u'EN‘H'N‘IJN‘Iﬂ‘ﬁlﬁﬂiﬂ111'?1’111!1915ﬁu%}’ﬂf‘?ﬂ"lliﬁm‘liﬂﬂ‘lllﬂu
Sasmsveeiinwd DC uor 7 14 uansdanmit 32 sufudeiuatafiudanses
HuavY Multiple notch fve Idkaneuaueamannai liaunsanugusasinmsves
AMuAsndaiina1nnuda

FIUAMA 3.5 HAABUANOIMIVLIAYDIRINTDUT ARV Multiple notch fig319916
nIouFUAVIY Single noteh waNhIMsWAvulasdumismsneIna waziinsmimad
b, MUANEATINT YW TUYIN Passband WuTiSsIMsveieiinud DC, 7 aunsanugu
18 udednlsfinuiinnuifiogssning Notch frequency Tiansonugusanmvneld
mifufinud DC wavamid 7 18 Audhdinseuduavuuy Single notch FinAedEY
ALeziiNaRBUAUBIMINIATI AL IASAY LAY NS ORILANSATIMIVOTATNE DC uay 7
Rudafian maraidhisuiidennnndumisesTnafildounlashliassnd b, W4
AMIVAIVAUOATINITVOITUTI Pass-band gamImInANuFuRLTveISATIMSVEwRWIE
AR DC a7 [4] Fimehdnuasimnzmsenseenuumnmziansouduaiuy
Single notch W11 Mo wnaA I wansuFaavLY Single notch MiuNAeTUTUITE

a¥aifudanseudauaviuy Multple notch Aumiisves Tna gneenuuulineludnuueiilis
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anuduiusiusaluna linanouaueimevinan 1alasnnud5enine Notch  frequency

s ] 9
'aﬂim‘lwmu"lummmﬂmf]u'lﬂ (5]

s a - V C; o
3.3 M30BNIUVAINIDUTAUAY TIR UV Multiple notch MaHanMINTNaHD
HOABUAUBINIIANNAVDIRINTBUT UL Multiple notch HAAIAIAUNITN 3.9 LA

AanduioToussaunisi 3.10

E(W):{O —— (3.9)
1, otherwise

~ 2 i~

H(z)=]]H,(2)

n=l
~ : 1-2cosw, z”' + 272
H = b ! (3.10}
(2) IJ[ "1-2r,cosd,z”" +r2z7? ] ’

nnaumsi 3.10 siuldhdnseuFaunuuuy Multiple notch HAINMIAINT0
iFuaunUY Single notch AeddUAY Tavlumsesnuuudnsouduavuuy Single notch

wervhadiuiludinseuFuavuuy Multiple notch 9UANARTUNSBONLUYSINTOUTUAY

e

LUV Single notch 92 11/fle in1ud DC uazfinud 7 viisasimsvers liwhdu venainii
Y a o o a4 ' a 4 a & a
WADIUNITIAIVAUDATINITVNUNANNDNBYITNIN Notch frequency INUAUBANTIININA
luvmziidinsousaavuuy Single noteh i llazlimsmuguéasmsveummeiinnmi
: Al B’I n‘ o o =} J r - i
DC uaznud 7z winiu unzfdingdnidszaauiisfedinsoufauauiuy Single notch #
b4 1 v ] ] 1
nAeMALIMIIY §A5IMVewHANNE DC AMD 7 uazfinnuasErIe Notch frequency
o a do § o o (Y] 4 a - i a
wAvaliauduiusAL ez Igasinisvnofinnwd pe anud 7 wasiine
51779 Notch frequency UDIAINIDUFUAUUVY Multiple notch mugn'lﬁ’ﬁwmmn
Y 4
ADIN3 1A
drimualddanseauBuaviuy Multiple notch § Notch frequency T1AI11E @, ®, Wz
v L '
A7MW05¥N 313 Notch frequency @, ANTUAINTDUTUAVLLIY Single notch N91MADAIAY
ar = s 1 A i ar
fuszApaiidauiuesdIuilo Noteh filter 1 #33 Notch frequency 1M1 @, 1132 Notch filter 2
& - " LIWOR - i
#93 Notch frequency ININU @, AMUBATINSVIIWNANUDANUOI Notch filter 1, Notch
filter 2 A% Multiple notch filter TWITOUAAIIAAIAITIAN 3. 1UASHARNDVAUBINIIVUIA

UAAIAININD 3.6 LATNIWN 3.7 AU @_IARIAINNITN 3.11
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0, <0, <o, (.11)

M31913.1 6A3IMIVWHAIND DC, ), @,,®, 4ag 77 Y83 Notch filter 1, Notch filter 2

1132 Multiple notch filter

Gain at frequencies :
DC @, @, @, /1
Notch filter 1 k, 0 k, - k /a,
Notch filter 2 k, = k, 0 ak,
Multiple notch filter kik, 0 k.k, 0 kik,

o a,,k,, k, Wlusmnan

@, ' - F 4

MNN 3.7 HAADUAUBDINIIVLIAVDI Notch filter 2
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Fntumsadedansoudauaviuy Multiple notch 398utudoaad1a Notch filter 1 uaz
Notch filter 2 1¥TgaiauiiAdaiina1au MseenuuVeI3UIN Noteh filter 1 Tavazdeam
fumismsmadwadivnnzay  dalumsmdumisves Inafiszuamsmoonidumes
dmfieyy @ wazszuzvinnngaduia # Tasmsmge @, szldfanducoloudsaums
i 3.12 nasdasIMsveinE DC Haziinnwd 7 amsad 3.1

y _ -1, -2
H(2)=b 1-2cosw,z” +z

'1-2rcosd,z”' +r’z"

5 (3.12)

ANU0 DCunu z=e’° 9214

i, (e’°)=k, <K 1-2cosa, +1

1 o
1-2r cos@, +1’

k[=bl( £358% ] (3.13)

1-27, cos@, +r

NANUD 7 unu z =" 3214

ﬁl(ejx):_/g_:bl 1+2cosa~1,+12
a, 1+ 27 cosd, +n,

23 2+2cosw, (3.14)
Y1425 cos , + 12 '

MNAUMSH 3.13 wazaumsi 3.14 aunsadnndagdImienia cos@ uaz @ 14w
aunIn 3.15 Daaumsi 3.17

k —p|__2-2c0s, 2+2cosm,
I = s [=ab = 3
nCcos@, +r, 1+2r, cos@, +n,

2—-2cosw, g, 2+2cosw,
1-2rcos@ +r’ ) '\ 142rcosdd, +r
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(rlz +1)(al _1+cosa), +a coSCD,) (3.15)

cos @, =
21 (a,+1-cosw, +a,cos®,)

a,—1+cosm, +aq,

3 ]
D Farfum cos@ munsooulnildfaaumsii 3.16

° ¥
mmualv 7 =
a, +1-cosm, +a,cosm,

) (r,2 +1)
COS @), =T~l] (3.16)
n

l(rf-&-l
24"

—
~

@, =Ccos” (3.17)

o 1 [ ; 1 P dao 1 .
1A cos @, ATuMIh 3.16 imuaaaluaunsi 3.12 sz 1afsAdun v Touvea Single notch

filter 1HaUaANAISN 3.18

1-2cosm,z”"' +272
I-(R2+ 1)Lz + 7227

H,(z)=b, (3.18)

NNAUMSIN 3.18 unuAIAImAMIAL DC, 7 uaz @, TAReaumsi 3.19 Gaaumsi 3.21

) 2—22coscol z (3.19)
1=(r2 +1)4 +1,
2+2cosm
=ab . (3.20)
h=ah L+ (77 +1)] + 72
_ -, | p-2ie,
k=5 1-2cosme’™ +e (3.21)

1- (?’12 + 1) le % +rle /%

o T ° 3 @ o o o =] =‘
awuae lvziimsm r, Tavlumsmezldanuduiusvesaums 3.19 nioaumsa 3.20

J ar H 4 H d‘
AuMs laaumsvianuanmsh 3.21 iwenlFaunisn 3.19 1IPaUNISN 3.19 Lazaumsy 3.21

vinndaguImilveglugdmduysel (Absolute) TAdsaums 3.22 uaz qunisii 3.23
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2
2—2cos®, |
k|*=|b ! 3.22
i ]l—(r12+1)l, +r,2| -
] 2 -jo, -2 jw, ‘2
PR P cosw,e ‘ “+e ‘- .
I 1| ' l——(rl2 +l)lie"’“" +r,ze'2"”‘| =

MINTUMIN 3.22 uazaunsh 3.23 Wndougy) vl lddsaunisi 3.24 Saaumsi 3.26

2 . 2
Ik, lz S 2—-2cosw, S 1= 2cosmle'f’”' +e M | (3.24)
l—(r,2 +1)] +r,’] l—(r,2 + I)I,e""" +r,’e'2‘“"|
K2 =p? (2-2cos@)’ —p? rXARX +X, ] (3.25)
R Q=1 4220 +A~17 ) K 4 4+ 47+ Y,
(2-2cos@)’ ) X AKX, + X, (3.26)
Q=1 + 2,707 +(1=1)* )\ rPF +4r°Y +1'Y + 452 +Y,

il XHE, ((cos2a)c —1 cos@,)’ + (I sin@, —sin 2mc)2)
X, =2X,((cos20, ~1,cos @,)(1 -1, cos ,) + (I, sin », —sin 2, )(/, sin w,))
X5 X, ((l —1 cosw,) +(/ sin a)c)z)

Xy =(1-2cosw,cos ®, +¢c0s2@,)’ + (2 cos @, sin @, —sin 2w, )

¥ =(cos2w, =/ cos®,)" +(I sin w, —sin2a,)*
+ 2(cos2a, ~1, cos ,)* (!, sin w, —sin 2a,)*
Y, =(cos2w, ~1,cos w,)’(1-1, cos @,) + (I, sin , — sin 2, )’ (1, sin w,)
+ (cos2w, 1 cosw,)(1-/ cos @, )(I, sin @, —sin 2@, )’
+ (cos2m, —1 cosw,)* (I, sinm, —sin 2w, )/, sinw,)
¥, =8((cos 2w, -/, cos @, )(1 -1, cos @, )(/, sin @, —sin 2@, )(/. sin @, ))
+6((cos 2w, ~1, cos ,)*(1-1, cos @,)? + (I sin @, — sin 20,)'(I,sinw,)’ )

+2((cos 20, -1, cosw,)* (I, cos w,)* +(1-1, cos @, )* (I, sin w, —sin 20,))
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Y, =(cos2w, — 1 cosw,)(1-1 cos @,)’ + (I, sin w, —sin 2@, )(/, sin w,)’

+(cos2m, -1 cosw,)(1-1 cosw, )(I sin w, )’
+(1-1] cosw, ) (/, sinw, —sin2w, )(/, sinw,)

Y, =2((1-/ cos@,)* (] sinw,)’ )+ (-1 cosm,)" +( sinw,)*
nnaumsi 3.26 Sagulmiend - 1&dsaunsii 3.27

i (X010 -1 @-2c0s@)” )+ 182X, + X, )1 -1) - 4¥,2 - 2c05)?
+rt ((X, +2X,+ X )X1-1)? Y2 —2cosm,)2)+(x,(1 -1)* - X, 2-2c0s0)°

+ 2 (O +2x,)0-1)? ~4¥,2 - 2c050)?) = 0 (3:27)

VInAuMsi 327 Wi 7 iml&enmsudmunssenuhiifneusnndmite ug
ANTTu$IMIUT (Real Number) tazvnauiiuswiudedou (Complex Number) U#fAoUT
uiviaves 7 uszdesiliszumados (Stable) TagdumuamsneInaszdvseglurnay
seiimilomiog (671 Aufusesuiudoudens r mwzaridluinauswasiisiesnd
witarinfu wazdrdugaiieszimsmmni b sz laounud r aeluaumsi 3.3

N30auNIIN 3.14 uaad laasaunisn 3.28 uasaunisi 3.29

1-2r, cos @, +7,
2-2cosw,

b=k

(3.28)

b _k 1+2nrc0sd +7

(3.29)
| a, 2+2cosw,

i Amuald Notch filter 1 s Notch frequency @, =0.27 , @, =037 k=1 ung

a,=0.7,0.8,0.9 uaz 0.95 v ldnanouauoINIULIARINING 3.8
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Magnitude Response

| | |
ol L I g R E——
: : ! at=0.7
'] R Ll s Snaie s e W
1
1

Magnitude
1
]
¥
[}
f
|
1
i
i
I
T
i
i
I,
i
i
]

- r
i
I
L
i
|
r
|
L
|
|
]
S

a1 =09
al =0.85

B

0.3 0.4 0.5 0.6 0.7 0.8 0.8 1
Normalized Frequency

— |

AN 3.8 NOADUAUBININVLIAYDS Notch filter 1 el ¢ =0.7,0.8,0.9 uaz 0.95

v 3.8 vt 18 hiind o, o, ueg 7 wdsamsveenuiidmue wagly
nsnldoumlasi g, Widunniulaelisudrindnils szdenaliinndisves Notch filter
upuaniumNeALIMAN g vziina TAUATIROUUUATEVEY Notch filter FonATASH a7
Band width factor : BIVF 1ag@ M3 UNT00M1UY Notch filter 2 150 18 ludnuaizi@oniiy

N1308NLUY Notch filter 1

3.4 $129619M13590NILVAINTBATIAY TIR UV Multiple notch

AmualddansouFuaviuy Multiple notch HHADY AL OINIIANDAWANM T 3.30

0; ®=02r0,=037

H(e™)= { (3.30)

g otherwise

VnAuMsT 3.1 deni @, =0.257 uaznnAIsed 3.1 9218 k=1, k, =1uagiim
BWF =0.7 Notch filter 1 9231 @, =0.27 @U Notch filter 2 951 @, =0.37 nniuld
UM 3.12 - 3.29 iilerFunTouuss Noteh filter 1 (a2 Notch filter 2 I8 saums# 3.31
Haz NS 3,32 AIUHAABLAUBINIIVLIAYEA Single notch filter ITOIAAITINTNT 3.9

HAZNIND 3.10

1.150437 -1.861446z"" +1.150437z2
1-1.237098z7"' - 0.676525z2

H(2)= (3.31)
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7.y D663712-0.7802407” +0.663712: -
T 1 2318822 +0.7790662 :

Magnitude Response

agnitude

01 02 03 04 05 06 07 08 08 1
Normalized Frequency

M 3.9 HNAADUAUBINIIYUIAYBA Notch filter 1 DOAUVLAMUHANMINUUTUD

Magnitude Response

18— e

Magnitude

0 01 02 03 04 05 08 07 08 08 1
Normalized Frequency

NN 3.10 HAADUAUBINIIVUIAYDY Notch filter 2 DOAUUUAINHENNT I LA YD

¥ v
110111AINTBUFUAVVY Single notch MameandedRuiuee ldfsnFua o Touvesda
NIBUFUAVUUY Multiple notch AITUMIN 3.33 drudumuaIna-315uazkanoUaueIN

YWIANTAIAINING 3.11 UAZNING 3.12 AdiAY

0.763559-2.133080z"" +2.9794922z% —2.133080z + 0.7635592*
1-2.468980z7" +2.979551z72 —=1.797181z> + 0.527058 2™

H(z)= (3.33)
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Pole/Zero Plot
4 R - PRt )
"o‘
.
o
0.5 %
=
o
o
P N ST RS, S |
£ |
o ’
@ :
E |
-0.5| '
X
."0" ‘
= : \ ‘
-1.5 -1 -0.5 0 0.5 1 1.5
Real Part

MW 3.11 Anian15213 Ina-3 15909820 590F UV Multiple notch

DONUVVAINHANMS NI UAUD

Magnitude Response
1.8, ' : : .

14
1.2}

o 1

b= i

3 | i

e 0.8/ i

g | ;
= 06
0.4

0.2 i : 1

| ' ! ¥ i

nl i i o man o ik i !

0 01 02 03 04 05 068 07 08 08 1

Normalized Frequency

MANA 3.12 HOABUTUBINIVUIAYDIAINTDUTUAVUVY Multiple notch
DOALUUMYHANNMITMINAUD

3/ "

huriadode Talfiverims Tilsunsy MATLAB a3 197 INSDUTAAVLUVY Multiple notch A2
wanmsiinaueiazofounamsadatundnmsdy TawAnsouFuavuuy Multiple
notch vxiinaIaARaUNISR 3.30 Amualis @, =025, BWF=0.7,0.8,0.9,0.95 9214
fumiamsnalwa-dl5uaza 7,r,b uaz b, fwseR 32 nmiuszhmsadeianses
IFUAUUY Multiple notch AmuManMsANAouaznaImIAsuasiumuniseIna
AWANNsH 3.7 wazaumsi 3.8 uazlden nst, NNATIN 3.2 FIHAABLAUBIMIVL NG INTBY
[Ba18uUY Multiple notch e 13 endnmsidunaznanmsiminaueuan1ddann 3.13 -
AMA 3.15
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@13197 3.2 AUNUIVDA Pole 1AZA b,,r, 493 Notch filter 1 Notch filter 2

N Notch Filter 1 : @, =0.27 Notch Filter 2 : @, =0.37
BWF Pole n b, Pole 7 b,
0.7 |0.619£0.542; | 0823 |1.150 | 0.616£0.632j | 0.883 | 0.664
0.8 | 0.664+0.540; | 0.856 | 1.058 | 0.585%0.665; | 0.886¢ | 0.744
0.9 |0.714+0.546) | 0.899 | 0.994 | 0.567+0.709; | 0.908 | 0.838
0.95 | 0.745+0.554; | 0.928 | 0.975 | 0.564+0.741j | 0.931 | 0.975

Magnitude Response
18/ e NS NNt

____________

______________________

| = a1 =098 I

| i—

! L
0.4 0.5 0.8

Normalized Frequency

= L |
0.7 0.8 0.8 1

MNA 3.13 HOADUAUBINIVLIAYDIAINTDUTUAVLVY Multiple notch

ponLUUMUHANMsIAaNnouMIasulasdumy s Twana

a,=0.7,0.8,0.9 uag 0.95

Magnitude Response
16 I I T
| ) \
1.4+ TSP S S e Vs -~ !
| T [} ] I
T N . VY N [ | S e _ W L S ! _J
& ] [} | i |
¥ 1 ¥ 1 L] f
& =5 T e e m—" | ‘
- \‘ \ ] 1
2 \ /
) | : (7 | i l |
o 1 - lh 14 7 _.l N/ - | - Al i
| i W | | 1
=== =YL b o e b a1 =07 [
| ! '¢_-’ || ———at=08
S — -a1=09 |
§ : || ——at=0.05
o 1 [ o i i 1 | L |
0 0.1 02 03 04 05 06 07 08 0.8 1
Normalized Frequency

PN 3.14 HAADUAUBIN VU IAVDIFING

DUFUAVLUY Multiple notch

DONLLUMNUANMSIANHAIN T Asutasd e Inana

a, =0.7,0.8,0.9 ung 0.95
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Magnitude Response

Magnitude

al =0.7

——a1=08
) al=09 |
al =005

| I
— N —
0.4 0.5 0.8 0.7 0.8 0.9 1
Normalized Frequency

MNA 3.15 WAADUAUDINIVLIAYDIAING DAFUAVLVY Multiple notch

POALUUMUHANNINHUAUDNAT g =0.7,0.8,0.9 1Az 0.95

34 ﬂ1‘iElﬂﬂ!!'l]‘l]ﬁ’.!ﬂiE)Q!%Qm‘llﬁ'lﬂi‘l]il!ﬂﬁﬂ MATLAB

v ¥
mM3eenuuUAINIouFuaviiy ludnadudnseuduavnuy IR vie FIR dlof 11y

'
o I

o Ll o ' o = Q( J

Meuge szlanugunnnnuas e lunsdurammdulszdninntuuazii Temai
a a = Py ' o a

vwAawmalamn  Tuinendinuiit 1819 1sunsy MATLAB snaelumsmduiszdns

AL DIADINANTITINITY

3.5 M500AIULAINTDUFAUAY [IR BUY Multiple notch 781151054 MATLAB
¥
lumsesnuuuAINTBUFUAY IR 1LY Multiple notch 1119z inNMgaoINNTIMs00AULY

e =

' v
AINTOUBUAVUVY  Single notch  IABHANMIMINAUDIZTIUADUMSATLINADUT N
[ a’: =1 = L] = o ] 9/
aniudeldtimsthasunamesyelumsesnuuy Tasmseenuuusz 14 1isunsy MATLAB
NN 2 O an s ., . - o A o
Lmﬂﬂ'szmsnmwuwuiuz“lammimﬂnmuams'nﬂwanmmzﬁuﬂqﬂ IWBZAILANDAT
[ o =Y o Qs =
Mavneluya9 Pass-band  TauflFmumsaimuamaiiimes lunmsesnuuudinseuduavuuy
Q’I‘ @ - ﬁ( o )
Multiple notch IAmmAnams nmiuTisunsuvzuanamidulse@nduosiins eauduavuuy
Multiple notch #i9z1i1 1114 T sunsunmndvesdanlszuonadyauainea TMS320C31
w%’auﬁ’mmﬂawam5ﬁ'hammw‘inmaanuﬂugﬂmmnimlwamuﬂummwmﬂ (Magnitude
v
Response) UazA MU IWA-H 15 (Pole-zero plot) YUABUMIOBNUULAINTOUTIUAY [IR LU

¥ v 3
Multiple notch MunanmMsminausdlolsuniy MATLAB sziivunoudanelili

1. 3onldsunsu MATLAB dauaaslunind 3.16
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To get started, select "MATLAB Help” from the Help menu.

MATLAB

The Language of Techaical Computing 1
Version 6.0.0.88 Relunse 12
Sepiember 22, 2000

=

Liconme Mumbed: O

29 3.16 T1/5unsy MATLAB

2. GonTsunsunqaiT Y (Prompt) ¥09 MATLAB Tilsunsuvziiarasdonnudanind 3.17

;4-5 .-.IEIL’.‘J |
D@4 DB o | B2 | o] =1 -
##4 IR Multiple Notch Filter Deslgn with Optimum Ple Placement #### =

Enter Sampling Frequency :
Enter Natch_1 Frequency :

Enter Notch_2 Frequency :

Enter Gain :

Enter Bandwidth Factor :

>> -

1] f_'[_

Rasdy

MNN 3.17 Yoanwunasnnisun Tusunsu i

2. ﬁmuﬂfhmmﬁffu (Sampling frequency), Notch frequency, D#51n159810 (Pass-band Gain)
W0z Bandwidth factor BiBAMUARTULAZYNABILUMITINEUBY MATLAB 92iaAdm

ar a o o o J ¥
duilszansuaznimsassmeiiauluuuaas i
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MBE1 NTDONUVUAINTDUTFUAY TIR LUV Multiple notch @28 MATLAB fnual
@, =1.5KHz ,w, =2.5KHz ,w, =2KHz BWF=0.925,Gain = 1 la¢ Sampling frequency
fi=10KHz ietloudosmuaniag WhluTdsunsy MATLAB  Tdsunsuazuaaan

4 ' - "
dusednsaaning 3.18 1aznsMIaDINMTNINUAINING 3.19

S =101x]
Flo Edt View Wob Widow Help

(SRR N TSI TR SR —— = |
#he A Design of IR Multiple Notch Filter with Optimum Pole Position ##58¢ ~

Enter Sampling Frequency = 10000
notch_0O of frequency = 1500
notch_1 of frequency = 2500

Galn =1

BWF = 0.925

al =-1.034922
a2 = 1.5666410
al =-0.793473
a4 = 0.554240

b0 = 0.777663
b1 =-0.914197
b2 = 1.665325
b3 =-0.914197
b4 = 0.777663
= | 2
pof (T

Reoly

" 1 a - QJ s -
M 318 Mdu1lseAnTueadInseuFuauuVY Multiple notch

Neonuuudelilsunsy MATLAB

16—

M R0 YU €W

1.2 ...... ,,,,,, AAAAAA et o ....... =W ) |

1.
g 0.8 ...

0.4

0.2F--ceiennnid

0

0 05 1 15 2 25 3 35 4 45 5
Frequency (KHz)

dl o o ar A
HINN 3.19 nswlmammimﬂwmmmammmmmu Multiple notch

neonuuuale11sunsy MATLAB

VNN 3.18 dWsEaANT a,,a,,a,,a,,b,,5,,b,,b, uaz b dumiih 19 G
TumsadasiadaodnlszuanadaynranFuay TMS320031



unn 4

Nan1INAaol

4.1 wamsnaasamstlSoumeuszrnIamssaeIMInNuaE MATLAB AU

msadiasueialszananadyanoniauay TMS320C31
lunsnaaesldhnmsadiesdnsoadauas IR wuy Multiple notch MUMARNITIIEUD
duTsunsy MATLAB uazadssedasueialszuanadayanoufuay TMS320C31 &4
wimsnaasaseniuduasuiNaFail
1. sonuuummausznivosianseuduay R uuy Multiple notch 1131099013
Haud0T1sunsu MATLAB
2. thdulseansnoonuuy1Rinad9danseuFuas IR 1y Multiple notch 470
vesalsruianadyanuFuay TMS320C31
3. nfSoumsuwansesniuuszn IS aniae TUsunsy MATLAB fumsasis
13edouniallszuianadyanuFuay TMS320C31
Tumsmanesszulsznanadyanauduasi 185 umseeniias ad iz 9ol
uazqﬂmrﬁ'ﬁm%’umsmamﬁ’wia'lﬂﬁ
1. ooa%a laa Iny (Oscilloscopes)
2. launlingnuuaourlaises (Dynamic Signal Analyzer).
3. vesmlszudanadayanuFuay TMS320C3 1
4. unasnw v (Power Supply)
5. 1309 luTnsnouimes
minaasazdeszuvszanadyanauFanushiunisdeunzgUnsaliien dan il

] » "
4.1 uaznmwi 4.2 uaasgUnseinanuai 14 lumsnaaes



- Dynamic Signal Analyzer

————CHAN 1

DSP

SYSTEM

Oscilloscopes

E

a o o Hq ¥ . o a
M 4.2 gnsaiianuaildmanesszuulszuianadygnauFaay



85

Hamsnaaean 1 MsnfSouiouszninemisaeanniudis MATLAB fumsadieeia

Movueialszananadynuduay TMS320C31 AmuaguaudAvesdinsouduay IR
b

WL Multiple notch A3 @ =50Hz , @, =100Hz , @, =75Hz , Gain = 1 uag

BWF =0.6,0.7,0.8,0.9,0.95,0.99 aud1a1 IasnanouauoIfInInm 4.3a — 4.8b

0 50 100 150 200 250 300 350 400
Frequency

NN 4.3 HAADUAUBINNVLIAVBIRINTOATUAY TIR L1 Multiple notch

NBWF =0.6 11a03a20115un5u MATLAB

Freq Resp 2:1

Magnitu

°\
\
\

—
i)

0 Hz | 400 Hz

NN 4.3b HOADUAUDINNVUIAYDIRINTBUTUAY TR 11 Multiple notch

N BWF =0.6 11PMiTAvTedaunodlaurindnuuaoulawes



-h
@
-
1
.|

-
-

-
~N

-

.................................................................

Magnitude
(=]
-]

o
>

o
)

ol:l 50 100 150 260 250 300 350 400
Frequency

MNN 4.42 HOABLAUBINNYUIAVBIAINTDAFUAY TIR LU Multiple notch

N BWF = 0.7 910939920 11/51n053 MATLAB

N L
Magnitude \ ! , \ /"
WL/
AN
OEO HZV v ii 4001‘[;

NN 4.4b HARDUAUBINIVUIAYDIFINTOATUAY TIR 11 Multiple notch

4 @ o A a =
N BWF =0.7 11nM3Iassedunioslauiadnuuaou lames

86



1.6

1.4} - R R

1.2

-y

Magnitude
o
@

0 50 100 150 200 250 300 350 400
Frequency

NN 4.52 HOABLTUDINIVUIAYBIAINTBAUTUAY TIR 11U Multiple notch

N BWF =0.8 1009820 T15un51 MATLAB

Freq Resp 2:1
L GOK L

o o~ oo Bl

N
Magmtude\%l\

\I[ |/
N

\
0 Hz 400H;

NN 4.5b HAADUAUBINMIVUIAYDIRINTDATUAY TR LU Multiple notch

e @ a & a o d
NBWF =0.8 Tnﬂﬂ‘lTJﬂﬂiﬂﬁ'wlﬂﬁﬂ\l1ﬂu11|ﬂ‘lfﬂlluﬂﬂu'l‘131°ﬁﬂi

87



Magnitude
o
@

0 50 100 150 200 2‘50 300 350 400
Frequency

NN 4.6a HOADLAUBINNVUIAVDIAINTDATFAY IIR 111U Multiple notch

1 BWF = 0.9 1009820 1150053 MATLAB

Freq Resp 2:1 :
1. !
Magnitude \ I \ / ! L
T
|
S |
0 Hz 400Hz

MNA 4.6b HOABUTUDINNVUIAVDIFINTBAUTUAY TR 1Y Multiple notch

N BWF = 0.9 nM3IAvsamonies lawminsnuuasu lawes



a
|

-
N

-

Magnitude
o o
) )

hd
>

ot
N

0 i i i i i
0 50 100 150 200 250 300 350 400

Frequency

M 4.7a HAADUTUBINVUIAYDIAINTOAUFIAY TR LUV Multiple notch

N BWF =0.95 $1003820 1151053 MATLAB

Freq Resp 2:1
1 E.NY 9|

oY TN N Wa o —————"" Lo

N7
Magnitude \ { /

IR

0 Hz 400 Hz

MNA 4.7 HAABUAUBINNVUIAYDIAINTBAFUAY TR LUV Multiple notch

- al Y & a o o
N BWFE =0.95 NMIIA3aaunIod launindnuuaou lawes



NN 4.82 HAADUAUBINNVUIAYDIAINTBUFUAY TIR LUV Multiple notch

N BWF =0.99 1099820 11/51n053 MATLAB

Freq Resp 2:1
1.6 ‘

Magnitude E l i

| e

0 !
0 Hz 400 Hz

MNN 4.8b HOADUAUDINNVUIAYDIAINT DAFAUAY TIR LU Multiple notch

d' s = d' a a d
N BWF =0.99 1IM3IAv33a205 09 laudindnuvaou lawes



91

wamanAaead 2 nMsnSoufiousEniumssineamninaudis MATLAB fumsadiaess
moveimlszutanadygrauFaay  TMS320C31 AmuaguautAvesdiansouduay IR
UUY  Multiple notch ﬁaﬁ w =50Hz , ®,=150Hz , @, =100Hz , Gain = 1 uag
BWF =0.6,0.7,0.8,0.9,0.95,0.99 A9 TAUNARBLAUBIRINING 4.92 — 4.14b

0 & { ] i b i ]
0 100 200 300 400 500 600 700 800
Frequency

MNA 4.92 HOABLAUBINIVUIAYDIAINTBATUAY [IR UV Multiple notch

o o 1
N BWF = 0.6 370092720 11)50053 MATLAB

Freq Resp 2:1
1.6 |

iy
Magmtudi / \ ‘
VI |
WAL T |

0 Hz 800Hz

NN 4.9b HAADUAUDINNYUIAYDIRINTBUTAUAY TR LU Multiple notch

N BWF =0.6 InM3iaviadaonsodlawiindnuuasut lamey



-

Magnitude
=]
(-]

i i By J
500 600 700 800

300 400
Frequency

0 100 200

MNN 4.10a HOADUAUDINNYUIAVBIAING OUTAUAY TR 1111 Multiple notch

N BWF =0.7 91003820 11511050 MATLAB

Freq Resp 2:1
1.

Magnitud

0
0 Hz 800 Hz

M 4.10b HARBYAUBINIIVUIAYDIRINTDAUTAUAY TIR LU Multiple notch

ﬂ: ar = d'l a a o
N BWF = 0.7 1NnMsIavsadunied lavingnuuasul laes



-
(-]

™
>

-
N
T

-

Magnitude
o
o
T
X
i
.

e
>

...................................................................

0

0 100 200 300 400 500 600 700 800
Frequency

AN 4.11a HOADUAUDINNYUIAYBIRINTBAUFAUAY TR 11UV Multiple notch

N BWF =0.8 T1a03da0]1sunsy MATLAB

Freq Resp 2:1
EOOWK ) L O |
f
| X __ —t l
S A, M
_ N |
i L |
a1y |
J[ | / | j t
o | | + |
Hz 800 Hz

PN 4.11b HAADUTUBINIVUIAYDIFINTDUFAUAY TR HUY Multiple notch

o v a & a a 4
NBWF =0.8 i]'lﬂﬂ‘l'J".lﬂilNﬁ”}mﬂiBﬂ1ﬂu11.lﬂ’-'liﬂlmﬂﬂu’l1m‘h’ﬂi



16 r y : 1 r
1.4} ...... ........ s
" (NS SN WU SO SO S SO S

Magnitude

0 100 200 300 400 500 600 700 800

M 4.12a HOADUAUBINIIVUIAVDIAINTDUTAUAY IR LUV Multiple notch

N BWF =0.9 11a03a0115un58 MATLAB

Freq Resp 2:1 |
1.6 | f : t
Magnitude| | / |
i
NEED
0 Hz 800 Hz

NN 4.12b HOADUAUBINNVUIAYBIRINTBUFUAY TR LY Multiple notch

é Y = A' a o o
N BWF = 0.9 11NM3IA939870n3 04 lauingnuuasu lawes

94



18 T = T T T

I | SO R ,,,,,,, e e e S
120 ....... ........ ........ ........ e
1

Magnitude
o
@

0 ﬂLm 260 300 400 500 600 700 80O
Frequency

NN 4.13a HOABUTUBINIVUIAYDIAINTBAUFUAY TIR 11UV Multiple notch

N BWF =0.95 1100370 1151053 MATLAB

Freq Resp 2:1
AN N\ 9

Magnitude

——1_\\

0Hz 800 Hz

M 4.13b HARBUAUBINIVUIAYDIAINTBUFUAY TR HUV Multiple notch

§ Qs _ ‘ - -
N BWF =0.95 91nM3IAsadaunseslawriindnuuasu lawes



18 A TR TR SR TN B T
1] SR

Magnitude

0 100 200 300 400 500 600 700 8OO

M 4.142 HOADUAUDINNUYUIAVDIAINTBUFIIAY TR LUV Multiple notch

N BWF =0.99 31909820 1151058 MATLAB

Freq Resp 2:1
LiGAK U |
| ["ﬁ 3 "
Magnitude r u
|
0 ‘
0 Hz 800Hz

MW 4.14b HAADUTUBINNVUIAYBIRINTBAUTUAY TIR LY Multiple notch

N BWF =0.99 1InmMidansaaoniedlauiindnuuasur lames

96



97

4.2 wamsnaaeaMsnlSuumauszrnananmsaufuBanmsMitauelaams

Uszgnalumsaaneudayanasunmuimzundunanlwihile
luriadoiisznaassidinseudany IR wuy Multiple notch Aadrumumannsii
vawelwiadedt 4.1 (wmaminaaeaii 2) nnfseumsuiunanmsiaulumsaaneudyau
910 Power line AC Tlztundudaanandulrfiniale (Blectrocardiogram : EKG) Taw
smualddyananiu i wialefidyiunn Power line AC AMUA 50 Hz waz 150 Hz
Uziluey HOMINAABILAAININING 4.16a INMT 4.21c UAZIINAINT 4.16a Upper trace
wansdgyganau I led hifimsesuvosdoya Sine, Middle trace naRIFyA IR
anu TR leilmsUzdudayann Sine 1718 50 Hz 1ae 150 Hz ¥11a 0.3 V,, 12 Lower
trace HAAINANTS 19WInsouFaay IR LYY Multiple noteh WaANBUFYa Y Sine Hlz1hin

nudygrunau il laol laezunsumshaudanni 4.15

150Hz Summing Amp
| |
] I
| |
| AN, . :
G Noise EKG without Noise
EKG i . =
! |
| [
i | Multiple notch filter
L > AW i
50Hz

4 o . a as
MNN 4.15 Tavzunsumsanneudaen Sine S0Hz waz 150Hz Mlzilumiy

doyapunau Tl Tas 19800 udaay IR wwy Multiple notch



98

v
=)

W BWF = 0.6 Wamsaansudyn Il Sine AN 50 Hz uag 150 Hz Mizthoanfudygu

aau AN ladan i 4.16a - 4.16¢

MYS}OPI —

44

] [400ms A] Chl J 0.00V:
Ch3T 1.00V @F 200V | 10 Mar 200
13:30:48

MM 4.16a NOMIAANBU AV Sine AWA 50 Hz uaz 150 Hz Alziuandy

o A o e =
dygrunduifinirle Tasld@nseauduay IR 1uy Multiple notch

auranmaauneunlasulasdumdanisnaIna

[TekStop | [ = ]

1

‘ e STV TSN (OO g
Chl! 1.00V l ﬁ400m; A Cht s o.00V
Ch3l 1.00V [MEITo0vV | 10 Mar 2008

13:32:55
MM 4.16b HaMsaANoUAYYIY Sine ANUD 50 Hz uaz 150 Hz Hlzrluaniy

A o o -
dygnanau il Taslddnseusauay IR uuy Multiple notch

muranmaAuvaadoulasdumuanis e Ina



99

I I

IchaT 700V 10 Mar 200
13:29:22

PR EPPRPP | ! il i
M[400ms' Al Ch1 J 0.00V '{

MNA 4.16c HaMSAANDUAYYIY Sine AWD 50 Hz tag 150 Hzmlzahuuni
A @ s ] .
dyanandu Al Tasld@ansousaas IR 1 Multiple notch

»
=

MUNANNTNUUAUD

]
=

N BWF = 0.7 Hamsaandudye Iy Sine AD 50 Hz uag 150 Hz Mlzhuindudyana

4 e TS ;
aau A lad I 4.17a - 4.17¢

: Lo

i s i i
M400ms| A Ch1 J 0.00V
Ch3T 1.00V (@@L 7.00V | 10 Mar 2008]
11:54:15

chil 100V ]

AN 4.17a HaMsaANBUT YRV Sine AMND 50 Hz uaz 150 Hz Az huandy
A or ar -
dyanunau Idi 1y Tao 9@ nseuFua IR wuY Multiple notch

aunanmsiauneundsuwnlasdmianisnaIna



-

Chi[_1.00V

I I 1 1 1 A
M400ms| A| Ch1 J 0.00V

Ch3T7.00V  MEF .00V

10 Mar 200
11:59:40

NN 4.17b WaM3AANOUTYYIY Sine A2IND 50 Hz uaz 150 Hz Mlztuunny

dyanaunduIinileTaold@anseasuas IR wuy Multiple notch

muvanmiaunaalaswmlasmunianisaaIna

chil 100V

Ch3[I 1,00V [N 1.00V

M400ms| A Ch1 J 0.0 V

10 Mar 200
11:47:24

MM 4.17¢ HANMIIANBUT YOI Sine ANUD 50 Hz uag 150 Hzlx iy

o A L ar =
dygraunau il Tasldinseusany IR wuy Multiple notch

AWNANMIMINTUD

100



101

i BWF =08 wamsaanoudya Sine AINA 50 Hz Uy 150 Hz nlzhannudygin

anu A 98 an i 4.18a — 4.18¢

flbkswp I [ : ]

4

AT 4.18a WaNITaANBUAYYNA Sine AN 50 Hz 1Az 150 Hz Mlsrthandy

A o o a
dygnanau i le Taold@nseuFauas IR 1wy Multiple notch

auvanmsiaunaunlaswnlasdmiainisieIna

TekcStop ] = = |
e

T T T v ) T -t

o W ; I
1.00V 400ms; Al Ch1 J 0.00V
Ch3i 1.00V  [Chal T.00V |

10 Mar 2008
12:16:12

MW 4.18b HONTAANOUAYYIN Sine AWD 50 Hz 1o 150 Hz Atz

A LY ar =
dygnunauiidnile Taolddnsoadauay IR uuy Multiple notch

auvanmaAurdudaouwlasdumdanisnaIna



102

P PP T L i i i
! M[400ms; Al Chl J 0.00V
IChafi T.00V |

10 Mar 200
12:05:52

NN 4.18c HANTAANDUAYY IV Sine ATUD 50 Hz 1Az 150 HzMz1 iy
o A @ ar o
dyanunaulifiinil Tasldnseudua IR 1w Multiple notch
AuNanMINIaUD
W BWF =09 wamsaanoudge I Sine A2WD 50 Hz uag 150 Hz mlsthnniudygiu

i - —
aau M2 194301MN 4,192 — 4.19¢

'l%lrs‘storsl i [

41

; i ; P i ; i
.00V | M[400ms’ A] Ch1 s 0.00V
Ch3T 100V |Chai 1.00V | 10 Mar 200
12:34:00

AN 4.19a WANTAANOUTYYIU Sine AIUD 50 Hz uag 150 Hz Mlxrhaniy

A o o -
dyaundu i1 Tas1¥@anseauFuay IR 1y Multiple notch

muranmsauneulasulasdiumiamse Ina



T — s

1 K L i 1 L ks La L
ﬁ 1.00 V M[400ms, Al Ch1 / 0.00V
Ch3i 100V ‘Chai 1,00V |

10 Mar 2008
12:37:35

NN 4.19b WANISAANDUTYYIU Sine AIWD 50 Hz uay

150 Hz Mgy

ar A o o -
dyapuadu il Taold@nseusuay IR 1Y Multiple notch

amanmsauraadasunlasdumansnnaina

[fekStop | f =
- e

)

s

i A 1 i i i % | 1 A.._._i & .
.00V | M[460ms] Al Chl J 0.00V
1.00V__jchai .00V ]

Ch3

10 Mar 200
12:25:19

NN 4.19¢ HANSAANDUTYY IV Sine ANV 50 Hz Uag

150 Hzmlzuunu

a & o o =
dygrundu il TaslddnsoauFauay IR 1uy Multiple notch

AUHANNITNINETUD

103



’
=4

p T
aau AN 19dan N 4.20a — 4.20¢

L ——

@il 100V

[400ms| A Ch1 J 0.00V

. Ch3TT.00V iChafF T.00V

10 Mar 200
12:52:44

NN 4.20a waN1sAANBUTYYIN Sine ANUD 50 Hz 1ag 150 Hz Mlzahuanny

A ar W -
dyanunau Il Tao 9@ nseaduay IR 1uy Multiple notch

aunanmaAuneunldsu)asdwmiamsnaIna

i

o 100V |

ik ; x L..i 1
M400ms] A Chl J 0.00V

Ch3T 100V Chai T.00V

10 Mar 200
12:55:57

NN 4.20b HOMTEANDUTYYIY Sine AWD 50 Hz LA 150 Hz Mlviluuiiuy

A - o =
dygnanduIiinialsTasld@nseaFauay IR 1oy Multiple notch

aunanmsiAunaldounlasdumdinisanaIna

104

N BWF =0.95 wamsaanoudyy I Sine AU 50 Hz uag 150 Hz mlzihunnudygu



105

sl L L1 1 L 1

; M400ms’ Al Ch1 J 0.00V
Chafl 100V ] 10 Mar 2008
12:47:24

NN 4.20c WaNIAANDOUTYY IV Sine AND 50 Hz uaz 150 Hznlzrluundy
s A L ar a
dygnunau Il Tao198ans0uFaav IR 1wV Multiple notch

aunanmIminaue

]
I

N BWF =099 wam3aanoudya il Sine AUD 50 Hz uag 150 Hz Mlzlhundudyanw

A My TAA Y
aauTW#1 19AIn N 421a - 4.21¢

11

(2 T — —

; o] i i
.00V | M400ms' A Ch1 J 0.00V
Ch3T 1.00V Ch4F 1.00V

10 Mar 200!
13:08:16

NN 4.21a HANISAANDUTYY IV Sine AWD 50 Hz uaz 150 Hz Mlzaluunfv

dyanunau i leTaelddanseaduay IR 1oy Multiple notch

munanmsravnoudsunasdimuansne Ina



106

400ms, Al Chl 7 0.00V

Chal 100V chafT00V | 10 Mar 200
13:11:07

PN 4.21b HaMIAANOUAYY IV Sine AWD 50 Hz uag 150 Hz Mlzilumniy

A a o <
danunan il Tao19@nseaFaay IR 1wy Multiple notch

o - L Ci ] 1]
aumanmaausvaalasuudasdumiaininaina

N NSE i
00V M400ms] Al Ch1 / 0.00V
Ch3{} 1.00 Ichai 100V ) 10 Mar 200

13:04:15

AN 4.21c HONTIAANBUTYY IV Sine ANWD 50 Hz uaz 150 Hzmlzaluuiy
A L o -
dyanandu il Taolddanseadaay IR 1oy Multiple notch

AuManmMIMineaus



unn 5

ajiuamsIvemazUorauonis

1 o - { J o 4 o :
VINMINARBINUTIANTBAFAAVILY Multiple notch Anadiummmanmsminauoiu
AWIOAIVANTATINTVOWYDIHARDUAUBINIYUIA (Magnitude response) NAND DC
a0 ' o Yt 4y y & £ =
ANUONDYIEN I Notch frequency @, HazANUD 7 THLvIAMIUNABIMS 1A Favg Iviman
[} v ¥
andudlenfSouivuiundnmsiay Wuinusanuivaeiimaunsomsumiamsnana
YOIANTDUTFAAVUVY  Multiple notch TAvE1aIIMET AzNamMIAANDUTYYIUTUNIUA
. A a ar P o ' @ : '
UshandudgapaniuTidnialidenmi 4.16a - 4.21c st @ mdnmsduisnounas
o i o ' L 4 o AQ g @
wawlasunlasdumiamsnmina  slddygranaudinialendAamon I nndayga
aau I lvdunuui hifidgygnasunudiuetann Tasmmziinwes BwF fianiosq
é U Ll @ ar " o '
aadana nanouauosmening limnnasiunazi himnsanugudasnmsvneld  ua
A ' 4 4 . ayvo ' :
miniuawes BRF Wiamunniudlnduiisszyilddumiwes Inadeudhlndidusouns
@ &4 ' i 4 A L
vorunauiriviamisuussnunan Wunalddyanunau i leit18Radoutovas
' W o o [ o 1 o -v ar 1 o
daundnmaiinauebit BwF sxiiswilafawe: dgygnundu il leilnddseiy
4 @ g PUREEY A o i ° '
amu I lsdunuoi lifidygrasunu desnandamsiieueamnsamidumiams
o ' W a : 1 o = (3 1 =]
MnaimnzaunimanmsAunineutazndfaounlasdumisnms e Ssawse
e ' J L] ' o
ATUANBATINITVOWIZHIN Notch frequency 14 MnwamsmaaesirnanagyIdhdanses
Y TR 1UY Multiple notch fivonuuuammanmsiminausaunsoiszgnd1$anulums
[ Yt o oo - 1w = 4
aameudgyanusuniu 1dtilszdnsnmaniidinseaduny IR uuy Multiple notch fiBpniLY
ar ) d o A o 2 [ o a [ a
aunanmsia uasdn lsnaw ndnmsminaueiifdaiidediaeginadsynsie ilmsii
o =] ° o’: o ] W =
1149 Notch frequency A9z IHuRBUMIMIAUMILIINIT I INavesiInspaFaavIL
: " z
Multiple notch NanuaUdauINnYY
o 3 Y (-7 ac = e w 9 ¥ e
aniummelumsvanndenfie nismentdiamaasnianududeuteouazisiug in

I lumsdnnamdumiaInadionezil¥msius ma Noteh frequency aunsansziild

1
RALATRY



(1]

(2]

(3]

[4]

(5]

[6]

(71

(8]
(9]

108

Y a
19NA1391304

Craig Marven, Gillian Ewers, “A simple approach to digital signal processing” John
wiley & sons,1996.

C.-C. Tseng, S.-C. Pei, “IIR Multiple Notch Filter Design Based on All-pass Filter,”
IEEE Trans. Circuit and Systems-II: Analog and Digital Signal Processing, vol.44 no.2,
pp.133-136, February 1997.

C.-C. Tseng, S.-C. Pei, “Stable IIR Notch Filter Design with Optimal Pole Placement,”
IEEE Trans. Signal Processing, vol.49, no.11, pp. 2673-2681, November 2001.
S.Yimman, W.Hinjit, S.Sriboonsong, M.Puangpool, K.Dejhan”IIR Notch Filter Design
with Modified Pole-zero Placement Algorithm,” The IEEE International Symposium.on
Signal Processing and Information Technology (ISSPIT 2003), Darmstadt, Germany,
December 2003.

S.Yimman, W.Hinjit, W.Ussawongaraya, P.Thoopluang, K.Dejhan “Design and
Implementation of IIR Multiple Notch Filter with Modified Pole-zero Placement
Algorithm” International Conference on Control, Automation and Systems (ICCAS
2003), Gyeongju, Korea, October 2003.

J. G. Proakis, D. G. Manolakis, “Digital Signal Processing Principle, Algorithms, and
Applications,” Prentice Hall, 1996.

S. K. Mitra, “Digital Signal Processing, A Computer-Based Approach,” McGraw-Hill,
2001.

S. J. Orfanidis, “Introduction to Signal Processing,” Prentice Hall, 1995.

TMS320C3x User’s Guide, Texas Instruments Inc., 1994.

[10]TMS320C3x DSP Starter Kit User’s Guide, Texas Instruments Inc., 1996.

[11]TMS320C3x/4x Optimizing C Compiler User’s Guide, Texas Instruments Inc., 1998.

[12]Alan V.Oppenheim , Ronald W.Schafer , John R.Buck , ““ Discrete-Time Signal Processing

Second Edition ” Prentice Hall International , INC 1996.

[13]Emmanuel C.Ifeachor , Barrie W.Jervis ,  Digital Signal Processing A Practical Approach”

Addison-Wesley 1993,



MANUIN N.

vosaszananaduaaAINea TMS320C31

DSP Starter Kit



110 |
vasalszananady 1uAdnea TMS320C31 DSP Starter Kit

1D5A TMS320C31 DSP Starter Kit (DSK) 11uuo3aan1 11sunsuiiu Stand — Alone
A130UsZUIaNALUNAD5 (Real-time) 19 Iaos1ausonvedal Tdsunsusiinu nse
ngaa 1d Taoruneiavesnsuiuaesuasdwisnasunsadumes MDA 9

Whnuuesa DSK a4

1. An¥UTVYRIUDIA TMS320C31 DSP Starter Kit (DSK)
s13AITVDIBTA TMS320C31 DSK Sidmlszneuiugiilsznoudu
- %1 DSP TMS320C31
- %1 A/D - D/A TLC32040
- WoiA Input/Output

¥
Y o
- WOSAVUIUYDINT UIADS

- LEDuWuu3#
Power
teo, |© connector

RCA jack
analog out

RCA jack

N\ | ! -

O O
TLC32040 j
Plug your printer cable into this socket (DB25 female)

sUmanuIni a1 s1iATveIeTA TMS320C31 DSP Starter Kit

nngUmARuINg 1 siuiginssiuuuesa DSK szlszneuda
-Header Y17 32 pin $1WIW 4 402 Fygunmduves TM320C31 DSKH deeen’l
MUUBNUBTANZADIFM Header YnTiF1l52noUAI JP2 JP3 IPS JP6
-Jumper block header Y114 11 pin (JP4) a:ﬁmﬁ'ﬁ;muqumsﬁq'ﬁ'agmama{ ADYNIY

VD495 OUIADNDUIADS WA TLC32040
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-Host Interface Logic 9214 PLA 22V10Z uag 74ACT245 AIVAUNIT ‘éﬂﬂ"!ii:ﬂ’iw
193A DSK 11 Host Y9InouiuAns

_poaFalames UNUBSA TMS320C31 DSK vz ddananniinvuia 50 MHz il
Houlsil TMS320C31

-RCA Jack uﬁmﬁﬁﬁ'uﬁq;apm Analog Input 1z aId QY1 Analog Output Y93
VDA TMS320C321 DSK Tasszapagiuw V0 ¥oas) TLC32040

51 TLC32040 azimihiidlu A/D uas D/A ¥eaueiA TMS320C31 DSK

-1 TMS320C31 Wludnlszananavuia32 B wuuYANAiiouaY (Floating Point)

“Voltage Regulators ¥831083a DSK awsald W 7-12 vde n3e 69 vac Tav'lW DC
HAY AC 95ABIHIM IC Regulator 1wo§ LM7805 az LM7905 #vz'ldIM DC +5v
uag -5V mwanu 1 be 'ﬁ1ﬁﬁ=1§léﬂiqﬂﬂ1ﬂfﬂ"!~1'-']ﬂ1ﬂ1ﬂﬂﬂ§ﬂﬂﬁ0ﬂl’]ﬁ1ﬁlji)‘;ﬁ5~l
N0y

-XDS Emulator Port 1114 Header ¥11@ 12 Pin (JP1) 148 m3un13 Upgrade Tlsunsu
XDS debugger 1upuNA

nnmnadduamnsonaasiiugiudenlaszunsuld agilnnmuani 2

m <
expansion ¢ Analog
connector TLC32040 in
I, Seria port [—4+—9—> AIC
TMS320C31-50 el
»— A23-A0
»— D31-DO
»— Control
Paralol p Emudation port
port <
interface gz h
N v
XDS8510
MPSD port

qUmamuanii n.2 vdenlaezunsuvesuesa TMS320C31 DSP Starter Kit

2. AUANYUTVOIVDIA TMS320C31 DSP STARTER KIT
- 19%1 T™s320C31 Wudnlszuanavuins2 Gin wuy Floating-Point
- Wnalunisdszananaiids 40ns Ae 1| dande 50 MFLOP 1oz 25 MIPS
MFLOP : Million Floating-point Intention Per Second
MIPS : Million Intention Per Second
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_UBA TMS320C31 DSK annsadeastuneuiinaes 14 Iaoldwesavuiues
n’ d M 9 = o

NIUANDINTO 1Y Host VDINDUNAADS

19%1 TLC32040 v114 14 1 sasIMsgudRyRIan 20,000 ATIAD I

19 RCA Jack 111 Jack a5 1gmdmIumsAaodayn Il Analog Input 122 Analog
Output

3. MIPAMIIBANNSIVHUBIA TMS320C31 DSP STARTER KIT
ueia TMS320C31 DSK ladamismisonnuiilfegluinue Microcomputer/Boot

Loader A31lmAnuIni 3

oh Reserved for boot loader
operations
FFFh
1000h | Boot 1
External
USER_BOOT
7FFFFFh | Boot2
800000h
Resarved
807FFFh (32K)
808000
Peripheral bus
registers
B097FFh S e
(" 809800h RAM block 0
1K word)
8098FFh e —— _(.. Fdae ~dPegyE 1
e 808C00N RAM block 1
nmo< [ _(Kword)
and 809F00 S 5N o |
RAM 1 Kemel The kemel, interrupt,
(2K total) 80OFCHh -, i N and trap tables
80SFC1h occupy the last 256
Interrupt and trap branches words of RAM 1
\___ 809FFFh
80A000h
External USER_RAM
0xOBFFFFFh
0x0C00000h
Extemnal USER_IO
OxODEFFFFh
0xOE00000h
Extemnal HPI
(non interlocking)
OxOEFFFFFh
OxOFFFOO0h | Boot 3 _—
OXOFFFFFFh [ 0)

qUmaruInd 0.3 msdautiamitenu$1luTnua Microcomputer/Boot Loader 494

1BFA TMS320C31 DSP Starter Kit
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4. 293dunedadynnaeasn TLC32040
TLC32040 1% Analog Interface Circuit (AIC) 711¥1¥oudenud) TMs320c31 Tuns
vnanalszananad Dsp Taslidnuaizdaiine
- 1inaTulatmsnan Advanced LinCMOS
- AMUAZIBUAYEY ADC Az DAC iy 14 i
- amnsonlaousasimsdudayaaves ADC waz DAC 185 20,000 adaAuni
- 31 Switched Capacitor Antialiasing Input Filter 1182 Output Reconstruction Filter
- fineinoynsudmivaaae laoasany TMS320C1 1, TMS320C17, TMS320C20,
TMS320C25 Digital Signal Processing
- annsolfudasimsmlasves ADC uaz DAC 1aTaol¥ Tiksunsunrugu

Handulaezunsy fagilniaruanii 4

e “K ';:. -
- 2 " A :‘:II - e
G R e e
p Reteronce o ey
::: - {- q. | TN F o fe U S
-t nt gj .f Tm .f ’T
".‘ocovqg..pgu..: I:%m e ol I

Umanuanii n.4 Handulaszunsuvesdnl TLC32040

) d
5. PMINURINRIBMIReNBMIAR NG
(L] 9 - o« o @ o o ar
msdaiudeyalulseseunenduaeila (AIC) senszivuluitamesdmsums

¥

judo)ya (Data Receive: DR) Hag3imaoidmiumsdadoya (Data Transmit: DX) 33enAn3
W2 wihmsdedoyalunuveynsy lunmsmuguitammesmsdwimdoyaves AlC 14
g3 2 fin (LSBs) Wumdmuamsandoitotian 2 Sauily 0 szflunsdeiuuuuylng
iiedana 2 Haudlu 1 wiflumsandeszdu 2 MIAIAUMIAARBIZAY 2 i AIC vzveulH
darudeyaniusniou

F3maes A uaz B wu AIC iludmniugumsiinuees Alc Tasiimaes A

A A o e
sznoudn TA, RA uazineanuon 192 u@AIN304 (Represent Filter Control) 33a1A03 B



114

A H ) a ¢ 1 y =&
wilsenoudne TB, RB nazninsmnei 19niunu A/D uaz D/A Siamesmariiiludunila

vypanmsamanelu

o VoA A o 1 [ “a o
fumisian 1¥dmiuauqunsdaiasSuvessicaes TA naz RA iy

1in 0-1 -
26 —
i 7-8 S————
o113 —
ial4-15s —*

0,0
RA
don’t care (x)
TA

don’t care (x)

° v oa A o ' [ - o
AumistianldFdmivaugumsdauasiuvesitmees TB uaz RB 11l

1A 0-1 —1—x
iin 2-7 = - P
10 8 s %
Tual i ——— B
1a 15 AT B g

0,1
RB
don’t care (x)
B

don’t care (x)

AIC ansadmuamaudduiazauuusia lnomsldnmsaadeszau 2 Taolaam

@l 1 T 2 Tausn (LSBs) M limsAndeszay 2 Tdunilounsdsreseau 1 Mdudeyas:

¥
gn Inapnnidmnesdedoyaneinoynsu uaziya LSBs 13 2 i 1 dmiumsAndoszeu 2

L "’ = o d’
Tunsazasaliaai

1. 0x3 (3h) 1915 onmsARABIZAY 2

2. AMIEIABS A

» "
3. 0x3 I3UNNTARADIZAY 2 ATIN 2

1 Adaa o
4. AMNIVAIADT B

v 3
5. 0x3 130ANIAAADILAL 2 ATIN 3

6. MNTAT INADIAIUAY

' < ' - ' o
TTONIMN A LlaE B maaammummwnt'(nuazmtmuﬁ'm (BW)

6. MIMUIUNIAT A 1A B INBBBNUVUMIANNDGUUAZAMUUAIN

VB3R TMS320C31 DSK i) Input Clock (CLKIN) 1 50 MHz ansoaduiianu

#ynIuUIANIGIRA (Timer Frequency) 14 MCLK = (CLKIN/4) = 12.5 MHz ¥agani
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Master Clock Frequency U84 AIC W17 10 MHz AIC Master Clock (MCLK) M
ansadadyaaldnine 8 lu el dygpugaganldein Al @anson11dein input

Clock ¥13820 8 N30
MCLK = CLKIN/8 = (50 MHz / 8) = 6.25 MHz
Switched — Capacitor Filter Frequency (SCF) iiluanuduiusnnidmaesmsdaues A
SCF = MCLK / (2x TA) (1)
wazaudduiiiuanuduiusnn medimhisimasives A oz B
F, = MCLK / 2x TAXTB) @)

Input Filter Bandwidth 139 Cutoff Frequency 311 3600 MHz 31U SCF 1 288 kHz
L ] v o [ ar L] . A -.: '
#1 SCF Tnainz 1aa1 BW th ldmna ludaedis uazyma A uaz B e Tuaes AlC

6.1 90nuyY F, = 8 kHz

N399I Cutoff Frequency Y84 Input Antialiasing filter 114 3600 Hz 71 SCF 288 kHz
INAUMTN (1)

TA = MCLK / (2 x SCF) = 6.25 MHz / (2 x 288 kHz)
= 10.85 ~ 11=(01011), 3)

NANMITN (2)

TB = MCLK /(2x TAXF,)

= 6.25 MHz / (2% 11x 8000)
= 35.51 = 36 =(100100),

vnaumsii 3) 9218 scF Al i

SCF

6.25 MHz / (2x TA)



= 284.09 kHz

Cutoff Frequency N30 Input Filter Bandwidth

BW = 3600 (New SCF/Set SCF)
= 3600(284.09 KHz/ 288 KHz)
= 3551.14Hz

w1damdguilu

F, =  625MHz/(2xTAXTB)
= 625MHz/(2x11x36)
= 789141 Hz

116

4 ° | a u”o [ &
naunsh 3) s ladumialinhld lumsiSameiniugy uazdam TA = RA &9

TA 1 5 1a, TB 11 6 1 uag xx 92 1uau1a (don’t care) 19

00{01011)00{01011{00
‘:> 162Ch
xx| TA ‘xxl RA

ueniiaiseri l/1diiu 4 nquTass1 A= 162Ch TB = RB fivwidsiiu

0

X

100100
TB

0
x

100100(10 ::> —

RB

6.2 80NUVY F, =10 kHz

1% Cutoff frequency n3e BW dmsu Input Antialiasing Filter milounuy F, = 8 kHz,

TA=11%14

=

6.25 MHz / (2% 11 x 10000)

28.41 ~ 28 =(011100),



anudguiiiu
F, =
i B 14
0
X

139 B=3872h

6.3 2oNUVY F, =20 kHz

011100
TB
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6.25 MHz / (2x TAxTB)
6.25 MHz / (2x 11 x28)
10146 Hz

0

X

011100(10
RB

C—> 387m

PonNiuY  BW = 8000 Hz 910

BW = 3600 (New SCF / Set SCF)

N Switched — Capacitor Filter Frequency i it
SCF = 8000(288 K) / 3600 = 640 KHz

1 TA uag TB i

TA —

18 scr @lfiia) i

6.25 MHz / (2 640 k)
4.88 ~ 5=(00101),
6.25 MHz / (2% 5 x 20000)
31.25 ~31=(011111),

SCF = 6.25 MHz / (2% 5) = 625 kHz
14 Bandwidth (U§1i@) 1}l
BW = 3600(625 k / 288 k)

7812.5 Hz
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Ay (U§iR) i

F, = 6.25 MHz / (2x 5% 31) = 20161.29 Hz
A Al
00{00101|00{00101{00
C—— > 0Al4h
xx| TA |xx| RA

%30 A =0Al14h

0l011111j0{01111 )10
C—> 3E7En
x| TB |x| RB
5o B = 3E7Eh

v o ' a o a g Jr o
muummmﬂiﬂﬂwm?mma%’nmmnqwmnmanu 4 AMAIATITNNARUINN 1

MINMANKINT 1.1 ATVAADINAIDGUUANATL 4 )

F, (90n11Y), Hz F, (UgvA) A B
8000 7891.41 0x162C 0x4892
10000 10146 0x162C 0x3872
16000 15943 0x0E1C 0x3872
20000 20161.29 0x0A14 0x3E7E
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IIR Multiple Notch Filters Design with

Optimum Pole Position

Surapun Yimman', Sukanya Praesomboon’, Parinya Soonthuk™" and Kobchai Dejhan™

* Dept. of Industrial Physics&Medical Instrumentation, Faculty of Apply Science
King Mongkut's Institute of Technology North, Bangkok, 10800 Thailand
E-mail: sym_imi@yahoo.com
*“*Faculty of Engineering and Research Center for Communication and Information Technology,
King Mongkut's Institute of Technology Ladkrabang, Bangkok, 10520 Thailand
E-mail: kobchai@telecom.kmitl.ac.th

Abstract— The following article introduces the new design and
implementation of IIR multiple notch filters by the application of
suitable pole placement technique. The initial step is to design
the two IIR single notch filters with difference notch frequency
to find suitable pole that can control the pass-band gain at 3
frequencies such as DC, 77 and frequency between the notch
frequency. After that, connect the IIR single notch filters with
difference motch frequency in cascade to create IIR multiple
notch filters which can control the pass-band gains at DC and 7

frequency especially the frequency between the notch
frequencies.

L INTRODUCTION

In the past, the construction of notch filter was in analog
circuit form. However, the filters in analog circuits have
several limits especially accuracy [1]. Later on, the notch
filter has become either FIR or IIR digital filter. However,
FIR notch filter cannot be a notch filter with narrow band.
Therefore, the digital notch filter is generally an IIR filter,
which can be done in several ways such as transforming
analog notch filter, implementing from all-pass filters [2] and
the pole-zero placements that is the easiest one. However, the
pole-zero placement [6,8] has constrains on the asymmetric
and uncontrollable gain. The rectification for this problem is
to find the proper pole positions to make symmetric gain with
suitable gain level possible [3,4]. The application of notch
filter is to remove some particular frequency.

However, it is necessary to come up with a [IR notch filter
with multiple notches to remove frequency along with
harmonics. This can be done by cascading the IIR single
notch filter. However, cascading IIR single notch filter before
changing pole position may create uncontrollable pass-band
gains of magnitude response. However, the cascading of IIR
single notch filter after changing the pole position, the gain of
magnitude response at some frequencies between notch
frequencies may not be controllable [5].

Therefore, the following article is to introduce the design of
IIR multiple notch filters and the controllable pass-band gain
at frequency between the notch frequencies by suitable pole
placement to be in line with the cascaded notch filters.

0-7803-9740-X/06/$20.00 ©2006 IEEE

WaA-4

II. THEORIES
A.  Previous Design

a. IIR Single Notch Filter

The frequency response of IIR single notch filter can be
described as shown in (1) while the transfer function of the
IIR single notch filter can be described as shown in (2) [6-8].

H(e“'):{o’ @ (1)

1, otherwise

I—ZCDSG)DZ_] +Z_2 (2)

H(z)=h
@) *1-2rcosm,z”’ +r’z?

Where:

H(z) is the transfer function of IIR single notch filter
@, is the pole-zero angle on z-plane,
center frequency
r  is the distance between the pole and the origin

1
05 : . rlas
4 d : x r r ’?:‘
r -0.2'
T & ol e s
]
E ' x o
‘ x :
-05 = ‘ ' " :o’ ‘
5 !
1 . i
-1 -05 0 05 1
Real Part

Fig. 1. Pole-zero plot of IIR notch filters from the previous design.

ISCIT 2006
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From transfer function in (2), the pole-zero placements
would be as shown in Fig. 1 and the magnitude response will
be as shown in Fig. 2.

Fig. 1 shows the angle of poles and zeros at the same
positions while the magnitude response in Fig. 2 come from
@,= 0.2 and r = 0.6, 0.7, 0.8, 0.9 and 0.99 have shown the

results with asymmetric pass-bands and uncontrollable gain
according to the specifications in Fig. 2.

01 02 03 04 05 08 07 08 08 1
Normalized Frequency

Fig. 2. Magnitude responses of IIR notch filters from
the previous design.

Therefore, it is necessary to change the pole positions to the
more appropriated positions while calculating the coefficients
to control the gain as shown in (3) to (5). The magnitude
responses after the modification of pole positions will become
as shown in Fig. 3.

1.2 T T T T T T T T

% 01 0z 03 04 05 06 07 08 09
Normalized Frequency

Fig. 3. Magnitude responses of the 1IR notch filter after changing
the pole positions and controlling the gain [4].

2

- 1-2cosw,z” '+ 2z~
H.(z)=b ° %
v (@) *1-2rcosd,z ' +riz? ()
@, =cos™ L+ cos®, (4)

0 2" (1]
1 1

b =—=— 5
"= Tk (5)

122
Define
- 1—2cosm°e'1°+e"f°_ and
" l1-2rcosd,e® +rie
£ 1-2coswqe /" +e 2"
P {1-2rcosaye " +rie "
Where:
H(z) is the transfer function of IIR notch filter after

changing the pole position
@, is the pole angle after changing the pole position
b,  is the constant coefficient of IIR notch filter

b. IIR Multiple Notch Filter

The IIR multiple notches are derived by cascading IIR
single notch filters. The frequency response of IIR multiple
notch filter can be described as shown in (6). If one constructs
an IIR multiple notch filter by cascading IIR single notch
filters before changing the pole positions, the transfer function
for IR multiple notch filter will be as shown in (7).

0, @ and ,
1, otherwise

H, (ew)={ ©)

”~(2)=ﬁ[b I_ZCMJ"”*} (7)

s\ 1-2rcosw,z™ +r’z?

From (7), if definingw, =0.27 ,@, =0.37randr =0.7, the
magnitude response will be as shown in Fig. 4.

04 os os ar o8 s 1

a3
Normalized Frequency

Fig.4.  Magnitude response of [IR multiple notch filters derived from
cascading single notch filters before changing the pole positions.

After changing the pole positions of a IIR single notch filter
in (3) and calculating the constant to control the pass-band
gain by applying (4) and (5), the result will be a transfer
function of the IIR multiple notch filter as shown in (8).

ﬁ(z):ﬁ[b 1-2c05muz'|+z—2 ) -

ai\ 1-2rcosa@,z’' +r’z7?
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From (8), if definingw, =0.27, @, =037 and r=07,
the magnitude response will be as shown in Fig 5.

The magnitude response of IIR multiple notch filters
constructed from single notch filters before changing pole
positions shown in Fig. 4 reveal the uncontrollable gain at
frequency DC, 7 and frequency between the notch
frequencies. The reason for this shortcoming is due to the fact
that the pole positions of the IIR single notch filters are not at
the appropriated positions. Furthermore, the constant for
controlling pass band gain rate b, is unknown, causing the

asymmetric and uncontrollable pass-band gain at DC and =
frequency as shown in Fig. 2. Therefore, the IIR multiple
notch filter from cascaded IIR single notch filter without
changing the pole position would have uncontrollable gain at
the magnitude response.

L] ar 02 (5] o4 os or [t} on op 1

Normalized Frequency

Fig. 5. Magnitude response of the IIR filter with multiple notches derived
from single notch filters after modifying the pole positions.

Fig.5 is showing magnitude response of IIR multiple notch
filters constructed from IIR single notch filter after modifying
pole positions and applying constant b, to control pass-band
gain.

The result has shown that the pass-band gain at DC and =
frequency become controllable while the frequency between
the notch frequencies cannot be under control at the same
level at DC and 7 frequency, even after cascading another
single notch filter to make symmetric pass-band gain while
control pass band gain at DC and # frequency. However, this
kind of IIR multiple notch filter still has uncontrollable gain
between the notch frequency due to the changing pole
positions and gain controlling constant b, at pass-band is

derived from frequency at DC and 7 which only works for
IIR single notch filters. In the other word, the pole positions
within the IIR multiple notch filters derived from cascaded
IIR single notch filters have no relationship with one another,
which causes the uncontrollable gain at the frequency
between notch frequencies [5].

B. Proposed Design

The frequency response of IIR multiple notch filters will be

shown in (9) while the corresponding transfer function will be
shown in (10).

123
Fl(eﬂ"):{o’ N> By

1, otherwise

©)

H(z)=]]H,@)

n=|

ﬁ(z):fl(b l-2cosa)nz"+z;2‘2) (10)

aai\ " 1-2r,cosd,z' +r1lz

Expression (10) shows that the IIR multiple notch filters
constructed from cascaded IIR single notch filters with special
design that difference from the one derived from cascaded IR
single notch filters with normal design. The IIR single notch
filter with special design will have difference gains at DC and
7 frequency. Furthermore, there will be gain control factor at
frequencies between the notch frequency in addition to the
gain control at DC and 7 frequency while the each cascaded
IIR single notch filter will have relating gain at DC frequency,
n frequency and frequency between the notch frequency o,
to keep the gain under control to met the gain specifications.

If defining a multiple notch filter with notch frequencies as
@ andw, while the frequency between notch frequencies

asw,, the IIR single notch filters to be cascade will be
separated into two parts, IR notch filter 1 with notch
frequency at @, and IIR notch filter 2 with notch frequency
atw,. Therefore, gain at difference frequencies in two IIR

single notch filters and ITR multiple notch filters can be
shown in Table 1 while @, will be shown according to (11).

o <®, <o, (11)

TABLE |
GAIN AT DC FREQUENCY, @), , @,, @_ AND T OF NOTCHFILTER 1,
NOTCH FILTER 2 AND MULTIPLE NOTCH FILTERS

DC @, @, , T
k 0 k, - k /a,
k, - k, 0 ak,

k.k, 0 k.k, 0 kk,

Where: a,,k and k, are constant

Therefore, IIR notch filter 1 and IIR notch filter 2 will have
to meet the specifications before cascading to form an IIR
multiple notch filters. The design starts at [IR notch filter 1 by
appropriated pole-zero placements. The pole placements
depend upon pole angle & and distance from the originr, .
The calculation for pole angle @, will need transfer function

shown in (12) while the gain at DC and n frequency will be
shown in Table 1.



~ 1-2cosw,z”' +272
H =b ! 12
(2) =1, 1-2rcosd,z™" +niz™? (12)

At DC frequency, defining z = ¢’® and transfer function &,
will become

ﬁ,(ej°)=k,= I1-2cosm, +1

1-2r,cos@, +r]

2-2cosw,

AT T . [
' b'l—2r,cosd'1,+r;’

(13)

At 7 frequency, defining z =e’* and transfer function k,
will become

o T 1+2cos@, +1
A, (=)=t 12200
a, 1+2r cosd, +1,
k = 2+2cosm, (14)

11 ~
1+2r cos @, +r

From (13) and (14), the transfer functions can be rearranged
to calculate for cos @, as shown from (15).

2-2cos, 2+2cosw,
kI= =~ ) =4
1-2rcos@, +r,

o 2
1+2r cos@, +n,

2-2cosm, 2+2cosw,

1-2rcos@ +r} ' 142rcosd, +r}

(r?+1)(a,~1+cosa +a, cos @)
2r, (@, +1-cos®, +a, cos,)

cos @, =

(15)

a, —1+cosw, +a, cos,
a, +1-cos@, +a, cosa,
and @, can be rewritten as shown in (16) and (17).

If defining /, =

, so value cos @,

(16)

(17

Substitute cosé@, in (16) into (12) to get the new transfer
function of single notch filter as shown in (18).

1-2coswz”' +z7° (18)

H(z)=b
() l1—(:’,"+1)l,z"-|-.r’z'2
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Substitute DC 7 and w, frequency into (18) to get k, as
shown from (19) to (21) respectively.

2-2cosm, (19)

b=k I—(r,’+1)l,+r,’

_ 2+2cosm, (20)
A L+(R? +1)h +7F

1-2cosme ™ +e /™ (21)
I—(r;z + 1)[@""’ +rle

k, =b,

Next step is to calculate r, by applying the relationship

between (21) and either (19) or (20). Choose (19), from (19)
and (21) can be written in absolute form will be as shown in
(22) and (23).

B 2-2cosa, (22)
EL = NN ————
I 'I ‘ |l—(;-11+l)ll+r|z

nadl| (23)

1- 2cosa),e""+e
el lb' r +1 Ie""' +r e'z"‘l

From (22) and (23) can be rearranged as shown in (24), (25)
and (26).

e\ 2-2c0s @y F _|p 1-2cosme™ +e™ |2 (24)
] l 1‘(’1: % 1)’; +r l 1 —(r;2 + ])l,e""‘ e I
,qz= v (2—20[59;)2
a1y 2201 +a+1)
k.2 =b.2 r,4X,+r|2X,+X, (25)

RY 4 4L 8 442 Y,

(2-2cos)”
-1 +220-1)% ++1?

4X +r2X +X, (26)
5}* +4 07+ +47%Y, + Y,

Where:
X, = X,((cos 2@, -, cos@, )’ +(/, sinw, —sin ch)z)

¥ w2 (cos2w, -1 cosw Y1 -1 cosw,)
27 #( sin e, -sin 2@, ), sin@,)

X, =X, ((l—lI cosw,_.)2 +(/, sina)c)z)

X, =(1-2cosw, cos@, +cos2w,)’ +(2cos w, sin w, - sin 2w, )’
Y, = (cos 2w, -, cos@,)" + (I sinw, —sin2w,)"

+2(cos 2w, -/, cos @) (/, sin @, —sin2aw, )’
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Y, =(cos2w, -1, cos@. )’ (1-1, cos @, ) + (/, sin, —sin 2@,)’ (/, sin@,)
+(cos 2@, -1, cos @, )(1- 1, cos @, )(/, sin @, — sin 2@, )’
+(cos 2w, —1, cos @, )2(! sin w,, —sin 2e,_)(/, sin @,)
Y, =8((cos2a, —/, cos @, )(1-4, cos w, ), sin @, —sin 2w, )(/, sin @, )
+6((cos2@, -/, cos . (1-1, cos@,)* + (I, sin @, ~sin2e,)’ (/ sin a)r)z)

+2((C°520’¢ —lcosw,) (I, cos@,)’ +(1-1, cos @, )’ (I, sin e, —sin 2&),)’)

Y, =(cos2w, — 1 cos @, )(1-/ cos @, Y + (I, sinw, -sin 2w, )/, sinw,)’
+(cos2w, ~ I, cos @, )(1-1 cos@,_)(/, sin @, )y

+(1-1 cos @, )’ (I, sine, —sin 2, )( sinw,)

Y, =2((1-1 cos@,)* (I, sin,)*) + (1=, cos @,)* +(/, sin @,)*
From (26), the solution for r can be obtained as in (27).

B(xa-12 - v@-2c0s0)%)+ 1O(2X,+ X)1-1)? - 45,2~ 2005 2)?)
1t ((x, +2X, + XX1-1)F - Y,(2—2cosm,)2)+r;2((x, +2X,)1-1)? —41",(2—20030),)2)

+HX0-1)2-1,2-2c05@)?) =0 (27)

The results 7, in (27) can be more than one value, either
real numbers or complex numbers. However, the actual r
must be real number with value less than one so the pole
position must be within a unit circle to ensure the system
stability [6,7]. The last step is to calculate a constant b, by

substituting 7 in (13) or (14) and the results will be shown in
(28) and (29).

1-2r cos@, +r’
= 1 1 1
b=k ——1 T

1
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2-2cos, @)

k  1+25cos +r

b= (29)

a, 2+2cos@,

Assuming the factors in notch filter 1 equals tow, =027,
o, =0.257 ,k =1,a,=0.7,0.8,0.9 and 0.95 the magnitude
response will become as shown in Fig. 6.

Magllituda

ot 02 o3 o4 os o8 o7

Normalized Frequency

Fig. 6 Magnitude response of notch filter 1 at @, = 0.7,0.8,0.9,0.95
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Fig. 6 has shown that the gain at @, @ and 7

frequency has gain rates according to specification. The
increasing a, approaching one value will narrow the notch

filter bandwidth. This implies that a, has direct effect to

notch filter bandwidth, thus @, is bandwidth factor (BWF).

The design of IIR notch filter 2 will follow the example
shown in IIR notch filter.

I11. RESULTS

Defining the IIR multiple notch filter with frequency
response as shown in (30) and BWF =0.7 .

0, 027,037

1, otherwise

A(e) ={ (30)

From (11), choose @, =0.257 and results from table 1 will
be k, =1, k, =1 and BWF =a, =0.7. The IIR notch filter 1
will have @ =027z while IIR notch filter 2 will

havew, =0.37. After that deriving transfer function by

applying expression (12) to (29). The transfer function for IIR
notch filter 1 and IIR notch filter 2 will be shown in (31) and
(32) respectively while magnitude response of each notch
filter will be shown in Fig.7 and Fig. 8 respectively.

Magnitude

i A L "
0 01 02 03 LX) s 08 07 08 09 1

Normalized Frequency

Fig. 7 Magnitude response of notch filter 1.

= 1.150437-1.861446z" +1. =
A2)= 86 _Iﬁz +1 l504i72 (31)
1-1.237098z" - 0.676525z
. | -1 -2
1, ()= 0.663712-0.780240z"' +0.663712z (32)

1-1.231882z™" +0.779066z
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[} 02 oy a4 s Ll or o8 (1] [}

Normalized Frequency

Fig. 8 Magnitude response of notch filter 2.

After cascading both IIR notch filters, the transfer function
of IIR multiple notch filter will be as shown in (33) while
pole-zero plot will be show in fig.9 and the magnitude
response will be shown in Fig.10 respectively.

0.763559-2.133080z"" +2.979492z - 2.133080z +0.763559z™

H(z)= 1-2.468980z" +2.979551z% —1.797181z* +0.527058z™*
(33)
08 o
o8 : o
e
a o
Bz
E
s
a8 : o
|
28 o 4|
: ]
E T} 0 [ 1
Real Part

Fig. 9. Pole-zero plot of multiple notch filters applying
the introduced principle.

LH &
1 / :
o
‘§ 08|
g
: os
04
o2
nﬂ ar 02 o3 LX) [ 1] o8 or L 1] o 1
Normalized Frequency
Fig. 10.  Magnitude response of multiple notch filter after

applying the introduced principle.
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Iv. CONCLUSIONS

* The experiment results have shown that IIR multiple notch
filter constructed from the proposed design could control the
magnitude response at DC frequency as well as the
frequencies between notch frequency @, and 7 frequency to

meet the specifications, and accurate pole placement as well
as a testify of superiority of the proposed design over the
previous design. This implies that it is possible to find
accurate pole placement for multiple notch filter.

However, this principle has some limitations. Complicated
calculation for pole placements is in need if there are more
than a few notch frequencies. Therefore, the further
development is to find new algorithms to simplify the
calculation for pole placement while retaining the high
accuracy as the way to increase the number of notch
frequency.
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