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ABSTRACT

This thesis proposed the AC bridge circuit, which can be used to measure unidentified impedance
of the system. The AC bridge circuit takes the advance of both a digital sine-wave oscillator,
which can promptly adjust the phase of generated signals, and a successive approximation
technique, which can profoundly search for the unknown impedance. Thercfore, the optimum
phase and the suitable amplitude can be immediately determined for the AC bridge circuit. In this
study, the unknown impedance were calculated by the AC bridge circuit at these following
frequencies 50Hz, 100Hz, 300Hz, 500Hz, 750Hz and 1kHz. When compared with the LCR meter
(Agilent 4284A), the result of the measured impedance from the AC bridge circuit has revealed
the impedance with only +1% average error, which suggested that AC bridge circuit is a perfectly

innovation method for identifying the unknown impedance.
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qUNITN 2.2 Lag 2.3 L‘]Jumﬂmmu"luﬁqﬂw (Infinite-duration signal or sequence) @4

{ d o e . . . .
ANMSN 2.4 1AL 2.5 Lﬂuﬁ"lﬂ‘IJu‘U‘Llﬁ‘i‘l‘ﬂim (Finite-duration signal or sequence)


CLP13
Textbox


Qs

11 SAUTYIUAI0EN 1 Hie

[\

oA w ~ ~ o o P
Htlnwdeaumsi 2.6 nazligUdyaudegli 23

G

0,n=0

508 = 2.6
() {1,;1:0 2.6

&[n]
W

0 n
31

o w

MUFYYIUAIDEN 1 11

=D.
9}6

2.3

L

1.2 MAVTYYINTU 1 HLde

[\

aa W P = ) =
HUIUANTUNITN 2.7 Lmzugﬂ ﬂujfquﬂﬁgﬂﬂ 24

0,n<0
u(n) = ) (2.7)

~

1.3 Maugluuuewizau exponential

- s a ::. =4 o @ d‘
Udewasaunsh 2.8 uasiigldynuacgili 2.5

n)=a" (2.8)


CLP13
Textbox


]
o1

,,....,'rrrrTTT{IIII]][' I

[4

!

“”HIIIIIan,,.,..m

(c)

{d}

31N 2.5 S1AUFULDURWIZIUY exponential x(r) = Aa”

(a)a>1; b)0<a<l; (c)—1<a<0; (d) a<-1


CLP13
Textbox


iﬂﬂ‘ﬂ'ﬁ LLﬂJﬁJLﬂW'IwLL‘]J‘U%’]EIﬁ



CLP13
Textbox


& y 4
2.2 anvazmzvesdgeamunlideiteamana [6, 7]
221 dygnanalnulez dyanunas

Energy voadnyana luaeiiios x(n) aanson ldonnaunisi 2.10
4 2
E= " |x(n) (2.10)
H=—o0
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n=-—

nnaumsi 2.5 fmuald n oglugie —N 89 N feaumsii 2.12
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232 MIUIN MIgauAzNIsmnadya UL laiAeied (Adding, Multiplication, and

Scaling of Discrete Time Signal)
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AUMITN 2.19

y(n)=x,(n)+x,(n) —0<n<® (2.18)
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- Mspady M 2 dyiw Wie k dynnaudidiedu uaaslddsaumsn 2.20 uag

AuNSTN 2.21

y(n) =x,(n)x,(n) —0 <N <0 (2.20)

y(n) = x,(n)x,(n)...x, (n) —0 <K <w (2.21)
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or excitation or response

U 2.10 Taezunsuvesszuunuy hideilog

[ =

A 3| ! . . r A
e x(n) tﬂuﬁmimmﬂuwmﬁ‘m Excitation “U'EN?&‘?U'ULHJU%JG\@LHEN

g g q

=] [ o A 1 A
y(n) Wudyanaedwansewanouaussvesszuuuuy lidetiog

g o

Mg 2.10 aunsolvnnuduiusssn e uyatuedwa Tddaaumai 2.23
y(n)=rlx(n)] (2.23)

4 o o o
o 7 1Wudnsegi (Operator)

24.1 laszunsuilfuandduszuulineiies (Block Diagram Representation of
Discrete-Time Systems)
1 Y
Tuszvunyy lideiesaunsounu1édde laozunsusane 1y

- @190 (Adder) 1¥dmivuandyanauthdioiudaglii 2.11
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x(m)

x5(n)

y(n) =x1{n) + x3(n)

517 2.11 laey unsumsuanluszuunuy lidodio

o

o o s

= . 3 ' = A
- ATNUAIN (Constant multiplier) 1ﬂfﬂmﬂ7ﬂﬁﬂﬂﬂ iyﬂpmmgﬂﬂ 2.12

x(n)

y(n) = ax(n)

a

a @ — [ A
i 2.12 laozunsudrgunsiiluszuuny hideloa

o

Qs Yy v o o

MUTYYIM (Signal multiplier) l9dmSugaudyanandhdioiudsg

U g U

xy(n)

F\

y(n) =x(n)xy(n)

Xq(n)

i1

3UN 2.13 Teezunsuigudyanaluszuunn lideiie

n.

- #7¥129 (Delay element) 1@ mSunihadygadsgli 2.14

x(n)

y(n)=x(n—1)

510 2.14 laezunsudiniiaeluse v liideriiog

b2

Qs

51

a
il

x(n)

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

¥ T
2.15 laozunsudrdvinluszuulunotios

1
=

N 2.13

2 (Advance element) IdmSudmuamareihIifiuszuuagli 2.15

13
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2.4.2 viavasszuuuuy linanios
2.4.2.1 T2UULUY Static
=] = (=} T o é Y ~
Wuszvun lufimieanud  Faaumsvesszuunandldasaunisi 224  uaz

AUMIN 2.25

y(n) =ax(n) (2.24)
y(n) = nx(n) + bx* (n) (2,25}

2.4.2.2 3¥UULMUY Dynamic
I~ o 1 o A& =2 A ] 1A A o
uJuiwuwwuwmmmmmwmuluiz‘uuwmmmuu‘nﬂﬂmuwﬂmmmﬂwm

Anauldudy aunsvesseuuaaaunisi 2.26 - 2.28

y(n)=x(n)+3x(n-1) (2.26)
y(n)= i x(n—k) (227}
y(n)= ix(n—k) (2.28)

2.4.2.3 sxuusvuuliaiumal (Time-invariant system)
o = 1 i g a [~ J
Amuald o flussulddeiiog x(n) HUBUNAVDITZVY Y(n) Huwednauea
w { 1 a o o { ' I
sEUY Asaumsh 2.29 Siiimsnmiaduwaiiiu x(-k) duerdnaii ldganiaaliuilu yo-k)
1 = w oA [ = TR 1 A 3 i A P
UIRLITUBUNAAIANMTN 2.30 ansnagllaiszoyluaeties 7 iusyuuhidediesh

wilserunan

x(n)—— y(n) (2.29)
x(n—k)——y(n-k) (2.30)

la " ' 4 T w eﬂj 3|
uazszuuNdUNAgInuaell x(nk) udlderdyavesszuy limiy yr-k) vy
= 1 " . = . - =
seuud lumsaunan (Time-variant system ¥5® Time-varying system) gﬂ‘w 2.16 LLEAY

o 1 1 A‘] :;. (]
mamaiz‘uu”lm@maamsﬂmmnmua:"lmﬂimamm
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x(n) y(n)=x(n)—x(n —1)

“Differentiator”

&

n
“Time” multiplier
n

x(n) y(n) = x(—n)

) T — . “Folder”

()

x(n) /\\ y(n) = x(n) cos wyn Modulator
+

€os wyn

(d)

L 1

3N 2.16 dred1szun liaaieanutlsamunawas luudsaunm

(a) szvvudsamunm G) - (d) szuuin luulseaunan

a kY 1 a i .
2424 sEUULUVTFAFULRE Tdudy (Linear and nonlinear systems)

szuy aaowuuFuduszdoalinuauiiaoandosiunannsves Superposition

v
=

faaun1sn 2.31 vsoosuiwldnssdi 2.17

a

tla,x,(n) + a,x, (n)] = a7[x,(n)] + a,7[x, (n)] (231}
x;(n)
Y e

x5(n)

xy(n) IT‘ ay

y'(n)
x2(n) I—T‘| ag
b

]
=

d’. =] - a 9 (=1 wa 9 [ @
3 217 szvycdussuidadunasszuui lifinaauiaroandosturdnnsves

.. < P a 9
Superposition DETVIAE zummu“lmwmu
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2.4.2.5 5£UULVY Causal L1agilUY Noncausal

[~ A v Y a A [ =
JEUULUUY Causal L‘]J'Hiﬁllllﬂﬁi'NLlﬂ%ﬁﬂﬂJﬁilﬂ’]ﬁm@ﬂﬁzﬂﬂﬂﬂﬁﬂﬂ’]iﬂ 2.32

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) (2.32)

=] Y1 ar a = A o
weiiu IdNIzVUILY Causal vz1l5znoudsmondunailigiu Sunalusdaniowidiyaly

¥
] at

a 1 q a
paan iy szuuf sl udaaunsd 2.32 12lus2UnHUD Noncausal

2.4.2.6 3VULIY Stable 1AL I VVLLUY Unstable

= T

i o
] uuﬁmmmwmueﬂnuauwm ulm VULV Stable ﬁ'ﬂﬁ "]J‘]Jﬁflkﬂ?ﬂ q@]llll

u

=] a I~
YUAUDUWAIZTUTLULLUY Unstable

2.4.3 mt¥euneszuulineiio (Interconnection of Discrete-time Systems)
izl 2 dnvaizfie maFoudoszuDUUUBYNTY (Cascade) #a31J71 2.18 azn1s

IFOUABIULYLIY (Parallel) AaEALFaF1IA 2.19

x(n)

ﬂﬁ 2.19 MIAeuADTE w"lmamamuwum

y ' o o = o @ {
Tumsieneszuuasgili 218 @ewiluaums 1ddsaunmsi 233 - 2.34

»(n)=1,[x(n)] (2.33)
y(n) =1,[y,(n)] (2.34)
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unuaumsi 2.35 aaluaumsi 2.36 9 ldaums y(n) Aaaumsn 2.35

Y(n) =1,{7,[x(n)]} (2.38)

Amuald 7, = 7,7, w18 y(n) Aeaun1si 2.36

y(n) =1t [x(n)] (2.36)

v
Y

uazdiimsaduiszuu 7, fu 7, A1 y(n) swnldsumlas ldniuieagd 184
0T, # 1,1, (2.37)

'y 5 & g v A o &
UINIINUNTEUY 7, uaz sy vy 7, Wuszuuiulsaiunainez 18 7,7, nseo r, iWuszuvhiuls

ANNAALAIAUNITN 2.38

x(n—k)— >y (n-k)
ywh-k——>y(n-k)
x(n—k)——"2>y(n—k) (2.38)

1 A 1 ~ = 9 o =~
T:T’.]‘I-Jﬂﬁ!‘h”ﬂm‘]6LLUU‘SxU‘UﬁIU'mL"UEJHL‘]JuﬁNﬂTihlﬂﬂ\iﬁllﬂ"l‘i‘VI 2.39

y;(n) =y, (n)+y,(n)
=1 [x(m)]+7,[x(n)]
= (7, +7,)[x(n)]
=7 ,[x(n)] (2.39)

d‘ —_—
e 7, =1, +1,

2.5 munszvszuulineieamanawuud adunazulsmuna [6, 7]

2.5.1 Convolution Sum

=1 3 1 v nr G . 3
Aumswanwauszriindyanauuy lidoios xep furaneuausanduiaduas

seuu lunoiios Ao @en'ldgeannisi 2.40

87861
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ym= S hkyx(n—k) (2.40)

=-

A =) a o o [ A
e hk) fo NE‘W]ﬂ‘UfT‘LlEN‘V]”]Q?JNWﬂﬁ"U'E)\ﬁ%U“U"liJWE]LHBQ

x(n) Ao dyanauuylideoiio

dMIUIZVVLUY Causal 115981 Convolution 3 euaunsd 2.41
y(n)=> " h(k)x(n—k) (2.41)
k=0

4 - & !
UONINUANNT Convolution 115U IADALULNTIRIgUNITH 2.42

y(n) = h(n)*x(n) (2.42)

AUANIAYDINIT Convolution LAZMIIFONADIZUY

- AUEUTAMIAAUN (Commutative law )
x(n)* h(n) = h(n)* x(n) (2.43)

Wouilulaezunsylddagii 2.20

x| ¥(n) h(n)
] M) ———— T — o ) .
31t 2.20 quanAmsadui
y(n) = x(n)* h(n) (2.44)
y(n) = h(n)* x(n) (2.45)

- ﬁ]fu’dﬁﬁamﬁ 5ﬂﬂﬁlll (Associative law)

[x(r) * Ay (m)]* by () = x(n) * [y (1) * By (m)] (2.46)
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Fewdulaezunsu1ddegai 2,21

x(n) " y(n) x(n) h(n) = y(m)
= hy(n) | hy(n) = <:> — () * Boln) e
(a)
‘ : (n) x(n) ¥(n)
WP el m e e hy(n) |
(b)

3N 2.21 quantanmsiangu

- Distributive law

x(n)* [ (n)+ hy(n)] = x(n)* b (n) + x(n) * hy(n) (2.47)

; . o
VNN 2.49 aansoomnilu laozunan 1daaga 2.22

= hi(n) :
x(n) : ¥(m)
+ :

: : x(n) h(n) = y(n)

hy(n) + hy(n))

v hy(n)

31N 2.22 Auanianisnszae

2.6 Inssassvesszvuuuulineiieamana [6, 7]

2.6.1 Taseaa319vesszumBuduinugsninman (Structures for the realization of linear
time-invariant systems)
a i = o — o = o
szuuFaduiilsununatnsiaumsdeaunsn 2.48 nazii l@ewdy Tnseaelg

@

A9311 2.23 (a)

y(n) =—a,y(n—1)+byx(n) +bx(n-1)
v(n) =byx(n)+bx(n-1)
y(n) =-a,y(n—1)+v(n) (2.48)
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{ i g 3 4 '
1A3U7 2.23(2) wuhszuulduenoendlu 2 szuvlas vin) Wugabeurauazain
s [ 1 @ o Y { { o (Y =
Aauautiamsdanguluiade 2.5.1 Mimsadunszunlugii 223 Wizl 2.230)
4 Y { g ' ﬂsj @ ' ' W o | 1
WoadunuaMUNTZUUNT 2 szuvannsaldd e ld mlddeudulnseadelm

1dda317 2.23() nazdvwiluauns Idfeaunisn 2.49

x(n) by v(n)

(a)

w(n) E() N C+ yn)

I w(n) N

Y

©

3 223 TassadewesszuniFadunlsamna

w(n)=-aw(n-1)+x(n)
y(n) =byw(n)+bw(n-1) (2.49)

Fon Tassai1efuanedagl 2.23) Juiulasead1auunss 1 (Direct form 1) dauz1)

! v ' F
1223 (c) uuliﬂﬂ?'ﬂﬂiﬁﬂ%}ﬁu‘ﬂﬂ (Direct form II) uaz’mm?ﬂﬂﬁwmmxﬁ'uﬁuﬂimmamﬁ
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! . dy = s = = n‘/
NILVVLVY Recursive uonIntszuududuivlsamnaranso@onluglaunisnaly

& eaaunis 2.52
N M
y(m)==Y a,y(n—k)+Y bx(n—k) (2.50)
k=1 k=0

M ' '
Amuald v(n) =Y bx(n—k) unuaraaluaunish 2.50 vz 1ddeaunish 2.51
k=0

wazih liWenTnseadrelddag i 2.24

y(n) :—ZN:aky(n—k)+v(n) (2.51)
]
x(n) b U ' ym)
Y Y
1 1
by —a4
1 ] ¥
L 71
b, ~a,
by — 1 —ay - |
- — + 4 ) -
Y 1
1 !
by _ Y

31 2.24 Taseadaununse 1vesszunlidoilouuy Recursive

U0z ANNH 2.48 tazaun 159 2.49 mnsoudasTnssadraunse 1 §agUf 2.24

dulaseadraunuass 1 fagUil 2.25
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w(n b
x(n) i ) - ()
71
—a, win—1) b
1
51
—a, wn —2) 7132
g
~‘a3 lU(?I e 3) E3
6 —CIN_ 2 w(n = m bM
, (M=N-2)
g1
—ay -1
[ER —t
51
—dy w(n — N} _

3UN 225 Taseaduuuase 1 vesszuulideilowuy Recursive

2.7 NQUZMIGNAIVEN [6, 7, 8]

@

= w A & 3| v A & o _ o
Tumsasudyyriniaodesnanar luiludyaa lidediosmananiu suily

o g

ar 1

= | A G’; 1 s 1 4 T o 3 !
2ADIIMIGUAI061 (Sampling) Fenwhlumsdudredislaoh livi I dyapagade

Y Ao w o v o = 1o ' .
Poyand Ay livudeudu ldaumguinsqudiodns (Sampling theory) vosrUUOY

& ' = oda "

1 o = é o -3
(Shannon) #3nd12147 51ﬁtyiymmqﬂmu x() FNUUUAIANAY £, 132 AT

= = a < o A

msqudaed e lasdyaainld ligadedeyaiididy Adediennudlunisgudieds £

a o
1 v
= o =

HANNINIIHIBIAUTOWNeIANUD £, Aeaunsi 2.52

fz3f (2.52)

¥ [l
S

ﬂ'} o 1 at 1 | é 1 { 1
Tasnaldennihimsquiiediadienind £, =27, wed demiainaddiGoninad

Sh

a o . e;) = 1 ' 1w 1 a o
Tun3ad (Nyquist frequency) nagmiunan 7, =1/2£, i Foni sranadudaoieluaas

: = 1 a wa A = { A PR~ a " .
(Nyquist interval) ue lumelfiaienanfomaveslsingmaal liidhudadu (Nonlinearity)
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= = T oo 1 2 w o = Y 1 o a a d
ne1wnasInmsguaeee wlnlynnudlumsgquaieds f; vinnhimanudluniad f

d? 1 = 1 1 3 d? [ [ L] Yt o U :l 1
Yu'll dvegdiannniwihlaiudusudnsae ey 18188 ms s muas i ueu

>X(HT) = xss(t)| t=nT

x(1) %

Js@®
< o »
JUN 226 msquiiedsdyananFgiuu

= 1w 1 & g o A A
Uh 2.26 uamsmisguadedielulawunamdidfomgudyanuiineniosmanal x(1)

3
o a w o A& ' Aa o o 1 w aq Y 1 "o a =
davvesduiaduilaniae £ (1) Taehduiadusazdauydldianuiamidy 7 i

o

AU
£ Yy
FIINTOUNU lAAeaums
fi()=> 8 (t—nT) (2.53)
15(0)
N
Al
5T
2T -T 0 T T
31N 227 dyaaquiiedis
uagioimsudasyifes ievhmsmaanlnasuaiudues 1) w'ld
= 2r &
ﬂ(m)zd{ﬂ,(t)}:?Zé’(a)-na)s) (2.54)
n=—o0
Y4

é 1 4 = d‘ 2 ﬁ' vl =
gauansIiiud deinsanlulawunnud mansuanydvesdyaim 1.0 Wuduiiad

insinihaie fuluunuanufiaudu dagia 2.280)
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X(@)

N
vd

—Jo fU
(a) alnasuvesdyaandegiuiu x()

Fy(@)

I A

iz 4T

)
B

~

(b) alnasuvosdyanuaualons f; ()

u g q

Xos (@)

N
>

4r 2x

&)

0

2

£
(c) lnaiuuoad

. T 4
/i 1

-_~|

anai laninmsgudiedie x (¢)

U 2.28 alnnSuvesdyanuninmagudietig

3 k7 = o U oo & " o 3
ol x (¢) 1 e Idanmsguaiedis faiu

X, (1) = f,()x(#) (2.55)

o3| o { 4 w 4 1w 1
tazi 1 X (o) dluemlnasuamudves x(r) dissnnluTanunmdayanam I nnmsdusede
< [ a [ 3 A2 g o o B
Wumsguiuvesaesdyas AoiuluTamunnudsuilunisineuligdu (Convolution)

voarnasuues £ (1) uag x(r)

X, (0) = F.(0)* X () (2.56)

@ ci" 3 @ = 2 v  daln Y 3 ' [ o =
msnou hgFuiluaauiluunugyasgun 2.28 Gwadws i ldaziuianlanuvosdaya ud

" @ L] I~ o ar 1 ' [
"lﬁ’«'uiﬂmsqumaﬂn X, (o) Jumsihalnasuves X (o) 1maseaniang nulidnaea
= & ~ 4 1y = n/ o 1 Ay
VULAUANIND @ F¥991N31N 2.28(c) 221HAUN D1ANWDVOINYYIUTNAI081 £, (1) UAH DY
' = = 4 o 1 i 3 1 a o W Y o a
nanud luadadazi Idseisvedasnguuesanlnasudhuunoiidu wafiil¥ina
o= dy s af = é e 4 ! 1 =
mmwmwau"thmmﬂﬂmmmﬁmumummumNaﬁﬁ%mmw WONTIOIR TS (Aliasing

dy a w Y 1 P o =
effect) UDNIINU g‘]J“VI 2.28 UﬂklﬁﬂﬁﬁlﬂLﬂu?’]”ﬂﬂ@ﬂﬁﬂ'ﬂ\iﬂ'ﬂﬂ\lﬂm@qqaﬁ}ﬁﬂiﬂﬁﬂﬁyiy'lmlﬂﬁﬂlﬁﬂ!
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A :’ A { Aoty i
UMY Ae FudAnAunyanlmauiitlu 27/7 wie

A w

WINANDUAUDINNUANT AN AL

—a

3

£.12 Fannudil

a

~ s o d A
QﬂTjEVIWﬁWT’JUﬁuENﬂQqﬂﬁuﬂﬂﬂm$iﬂuﬂjﬂﬂlu@‘31”q]"m

s

~ ' a
L3N ANUDNWD

ZD-

QJ

MsguAItNda Mo

2.8 auMIWAMIITLIILRN [6, 7, 8]

TumsimszdszunFunudedioamane quauiavesszuululamuna 1y
aunsawsuotuelavldaunsBaoyius (Differential equation) 1uiReAITU LIz UUF Uay
Rezliaumswadiadnilos (Difference equation) 1314 lunseSuregaiauiivosszuly

=§ 1 =1 d'l [ Qs e; = Y o =i
Iﬂl,llu!.’]ﬁ"l FATUMTHAANTUIUDIDUAUN 1 ﬂ1ﬂ?§ﬂ!ﬂ]ﬂul1ﬂﬂﬂﬁwﬂ’lﬁﬂ 2.57

y(n)= ibk x(nwk)—iak y(n—k) 2.57)

Taedl x(n) iludrdudyaimuudr y(n) dudrdudyyimvieonuaz a,, b, Wua

T

o a & " ) wa !
duilsgand aumsnadeansouaaslugdaunmsileddunioTou a1 ¥qaauiiEnsmiig

UM a AR duN1TN 2.58 — 2.59

ax(n) <> a,X(z) (2.58)
ax(n—k) < a,z*X(z) (2.59)

vinaumsi 2.57) e ldquanianinnlawsans 18
n P m P
Y(2)= Zbkz’ X(z)- Zakz_ ¥{z) (2.60)
k=0 k=1

tngdaumaitedonldegluglaumsilndunioTou

(2.61)
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2.9 msudasusa [6, 7]

MsuUasuan (z-transform) vosdyanai liaeilosamisadoueyluzlvosoynsy

o a

o o [ i = y' =
OUUA (Power series) AIANNIN 2.62 Fonaumsh 2.62 191 Msulawaunse (Direct z-

transform)

X = Zn: x(n)z™" (2.62)

n=—c0

IS4

e z A dulsiFadou (Complex variable)

o

x(n) Ao Srauduan (Sequence signal)

o g

UATMSVTLVUUDY Causal N1su)asusauesduanad lddoilosauisomon1de

o g

aumMsi 2.63 Fonawmsi 2.63 191 Msudasuyaduufied (One-Side z-transform)
X(2)=" x(njz™ (2.63)
n=0

ar r 4 C& ar d‘
msulaaavesdyanay ludedioudouumy 188ngtuuumin daunsi .64)

X(z)=Z{x(n)} (2.64)

i d 9w oA @, e
HRAZINAUNITN 2.62 1D 2.63 ﬁ]$!ﬁ‘l«l1@'ﬂﬂﬁﬂ1§“ﬂﬁll°ﬂﬂ ﬂﬂﬂ@uﬂsu@uuﬂ FNHUHIE

P

[ ¥
1z MR Xz) mdmouldiSens z 1131 Region of Convergence (ROC) Tawsh z fiazsian

)}

UNUIUTIHOU

ca

b

2.10 paanvavesnmsudasuwa [6, 7]
2.10.1 pauerndAn N udy (Linearity property)

LARIAIANNITN 2.65

Zlax,(n) +bx,(n)] = aX,(z) + bX,(z) (2.65)
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2.10.2 pasaniianstaey (Shift property)
fmualn y(n) = x(n—m) m=0

malauwsaves y(n)=Y(z) Wouunu'ld dsaumsn 2.66 uag 2.67

o

Y(z)= D y(n)z™" (2.66)

-0

Y(z)= i x(n—m)z™ (2.67)

h=—00

o Ao o = = & i Y
ﬂ?ﬁuﬂﬁlﬁizUUﬂﬂWﬁQWﬂ']im'lLﬂuigUUlluU Causal A9UUTUNITN (2.67) ﬂ’]ll’]ﬁﬂi%ﬂu'lﬂ

Trvidaaunsn 2.68 -2.71

o0

Y(z)=> x(n-m)z" (2.68)
Y(z) = ;'[x(O) +x()z" +x(2)z7 F e+ x(m)27"] (2.69)
Y(z)= z"”ix(n)z‘" (2.70)
Y(z)= X(;j;m 2.71)

2.10.3 Qmauﬁﬁmiﬂﬁzmu (Convolution property)

NNANMTHANITUTZ AU
y(n) =" h(k)x(n-k) (2.72)
k=—w0
y(n) = h(n)*x(n) (2.73)

Mmmsudaaan x(n), A(n) Wil x(2), A(z) 3w 18msdszeny deaumsi 2.74

Y(z)= H(2)X(z) (2.74)

'
LI =

- ‘o w o A
Fawamsudauaavosilandudyaa ludoilesdemseh 2.1
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Entry z- transform Region of convergence
Discrete-time Sequence X
number (2) of X(z)
1 oln] 1 Allz
2 uln] 1 2> 1
{—g
1
3 ~uf-n—1] = 2| <1
-z
All z except 0Gf m > 0)
4 oln—m] zm
or 0 (if m <0)
; ] 1 21>l
1-az™
; ~aul-n-1] - | <la
l—-az™
>l
7 na"uln N z|>|a
[ ] (I_az—])l ! I
az™
8 -na"u[-n-1] ———— BN
(1-az™)"
1-[cosm,]z”"
9 cosm,nluln z[>1
Lcosmynluln] 1-[2cos @, ]z + 27 g
. <1
10 [sin w,nluln] it "’O]Z_, . 2> 1
l=[2eosay]z™ +2™
) 1-[rcosaw,]z™
11 FUcos@yhfuln A
[ olln] 1-[2rcosm, ]z +r’z7 g
. =
I [r" sinw,nlu[n] Ll a)o]_zl — |2|>r
1-[2recosaylz ™ +rz
a', 0sn<N-1 —a¥zV
13 . l_aﬁz_ |Z| >0
0, otherwise l—ag™
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2.1 mandasusalugihavau [6, 7]
dyanawy lidolios x(m) nieszuuuvylideriiog y(n) awisadonlieglugy
P
X(z) 30 Y(z) 1dlasmsutlasusa A1 X(z) nSe ¥(z) idledalieglugiimudiu (Rational)

MINsOUeNI LD MINYuzYIdMuaz sy 18

2.11.1 Twauazd1s (Pole and Zero)[9, 10, 11]
[~ o 1 1 o o o
Wunisihm Xe) v5e Y Wudaunamia z uaziidmevees z lli@eudunusag
a T A d o =1 1 T
TuszununsaFedon (Complex z-plane) A1 z NidlufmevvesryGonin 13 unuaae
o w 4 " - d ) 1 = 1 9 o @ s 1 o T
dyanyal O A1 z MitlufAmeuvesdIuGund Twa unuAlodyanyal x WUMITMIA KUY

TwanasdTsvosdyan

2.11.2 anyMzaRIMIUMIIIMKUIvEIND

AurusvesInaluszunuuea mwisotsvonanyusve s du ey a1y Time-

B 2 & o o @ @ = a d%’ ] Y w
domain 18 Feanwazvesdaudyaraimavummsasiuin ldvinmsulasusanndy

(Inverse z-transform) azuaa laaegai 2.29

z-plane [x(n) z-p]ane. | k )
) 1 0 n E 0 ) 1 0

x(n)

/D

z-plane x(n) z-plane

- £

x(n)

antlll N
0 n le 0

! v w ' o 1 @ o
gllﬁ 2.29(a) ﬂ’J'I‘!JfTEJW‘l«l‘ﬁ‘i&H’JN\’P‘!’]LL?’TUQMGGIWﬁﬂUﬂW VEARYUIU

z-plane - lx(n}

4R
NP,



CLP13
Textbox

CLP13
Textbox


/ﬁa le:mhm; @‘m =J::‘}[IN.[T‘T‘,;

z-plane .x(n)
AP =

| % it =
e

._.
(=]
- 4
' '
L 2
’ )
e
’ A
r Y
.
’ .
o—

i ¥ @ d ' o " ¥ o @ W
3N 22900 AnwduiTuT sz et Iwafuddudya
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z-plane x(n) .

[

! o o o 3 o ] v o L
31N 2.29(d) ANwdTUSTE I umsves TnafufmduFya

2.12 msulad z woru (Inversion of z-transform) [6, 7, 8]
Wumsilaa Xz) nduiiu xa) 18 3 Tadade i
- ":J“Emalﬂﬁ mﬁ'uﬁ (Power series method )
- APusnAYaIULDY (Partial-fraction expansion method)

- Residue method

o Y ac] o d
2.12.1 Mmawlassanniun eI TeynIneiua
s d a1 i 4 =4
fmuald X(z) Wy z-transform Y99 Causal sequence AIAUNITN 2.71 HIeunI5E

o < w o = P
amnsodaliiduoynsueiualugl z vie z' Tasl¥mInsend (Long division)

-1 -2 -N
g, +az +a,z ot ayz
= = e (271
by+bz" +b,z" +....4+ b,z
Weimsmsenaumsn 2.71 1 1dm X(z) feaunsi 2.72
X(2)=x(0)+x(Dz" +x(2)z +x(3)z > +.... (2.72)

2.12.2 MmsudaauannAuA @I SUaNIAYE LY

¥
wilavinaums X(z) Medlugiwudiudesaintuhaunsivagy1duaslidu
x(n) 1ael¥n1519 z-transform 915001 X(z) feaumsi 2.71 msvagilaumzziduluam
o ] é 1l Y as 1 A:!’JI
Aundaves Iwaluszuunaadaunieen laaane Ui
v ' [
- il Twalld wmda ldny aumsX(z) aunsf 271 aunsedagy 1ddsaums

2.73
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X@)=B+— S G 2.73)
-0z l=p,z 1-p.=
T =B APy, CB Cuz
=P Z—D; Z=Pu
M
C
X(z)=B,+ Y —£= (2.74)
k=1 Z— Py

!l

m D
X(2)= Z-—(z _}f? T (2.75)
i= k

uazA1 D, w1 ldnnaunisi 2.124

1 H.’ {|

D, = - )'d”"[( -p)" X, (2.76)

1
0w

uc«‘iﬁwszmriﬁ'aamUﬁ“’ﬂgmﬁmﬁTwamﬂn’imﬁaf?ffasms:éimwﬁwaﬂwaagfluﬁumﬁaﬁ
dfunaz lidAufei syl Tnaanun 3 & Slwa 2 AregaumauREIRuaILDN
1 dregauazdumisimssaaumsluglimdaudoofiag ldaumsii 2.74 uag 275 sudu
uﬁié’wswuw?aﬁﬁuﬁ’qmmﬁTwammimﬁqﬁmazﬁumﬂwaﬂwaagiuﬁumﬂaﬁé’ﬁu
uag WidriudetaruszuuiTna Wanua 3 § 5 Twa 2 ApgAHIAREIAUTINDN 1 i

[ 3 1 Y T 1 o i o
agauazALnUaMIIaaums lugiimydimdosnaz 1daumsi 2.74 uaz 2.75 s9ufu

2.12.3 mandaausanndulaeIs Residue
SJ

MsudasusannAuA835 a1 x(n) v nuNUAIUA1TBURINTNATUTOY (Contour

integral) A4AUNITN 2.77

x(n) = f "X (2)dz @.77)
je

e ¢ Anidunienissuiinsnasuseuwaves Xz foglugdimudiuuaz nd Tl

(Rational and polynomials) MIBUAUNINATUTBUAITUMST 2.77 MAvLIzgnunueylugld
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a Y 9 = . [ u’j 1 Y1 g A
uﬂiwwauquymm Cauchy’s residue [12] AUD19NA1 1A x(n) NADHATINYDINS

] = = & @ o - cu 4
M1 Residue a1z Inaluninm c vesilansu 2" X (z) Woulddsaunisn 2.78

1 dnk]

RCS[F(Z):pk]:mF

[(z- pOF@)]._, (2.78)

o F(z)=z"1X(z)

C-'Q‘J a Y
2.13 Wanduszuvvesszuudaaunulsmuna
“lumswmamuﬁuaammﬁw@mmaqa:uuﬁgﬂﬁauuﬂmmmammmaﬂﬂizﬁﬂﬁim
- é 1 ! ey
1%Mdnn13 Convolution &IM1THINTADINTIVAIVD x(n) way h(n) UANNHUANUAVDY

° 7 o ) ci
ﬂ']'jklﬂﬂﬂllcﬂﬂﬂWiﬁﬂ’]ﬁﬁ’]Naﬂ'ETUﬁu@ﬂnﬂ-l\‘il@-mwglﬂ’lnl.ﬂﬂ']ﬂﬂllﬂ’lﬁﬂ 2.79
Y(z)= H(z)X(z) (2.79)

1o Y(z) fim m3stasuaravos Output sequence y(n)
X(z) Ao M3u)adusavea Input sequence x(72)
H(z) fin mauasuawavod Unit sample response A(n)

¥
AsiUmIA x(n) uaz h(n) Aasam X (z) was H(z) 1dTaemsulasusauay

e eulg

QJ

4 [} ~ < 1
Wonguiudaunsi 2.79 Auzld Y(2)uazmuisania y() 1dlasnisudasuaa

HNAY Y (z) wog Tunenduiudiiam x(n) uag y(n) Aamnsanial H(z) lddeaunisi 2.80

()]

H(z)= T

(2.80)

] @

A @ =] 9/ = ui.{ a 9/ w A
iennuFanuIziu ldahguauifuessvuuiuesuield 2 drvwzfo A(n) uay

L1

= e

H(z) lag h(n) vuszetuietsguantidvesszuululamwumal diu H(z) 1wafuiuhs
ey é { ) 3 o 1 L%}
auaualulamuuga Fauineswds H(z) uag k() Tumouiufivsudogiunuaz
Tawy waglaona lleziSon H(z) luaumsi 2.80 91 HAaAFU52UY (System function) 3o

HarsuneTou (Transfer function)
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o o A o a oy Ao a o A . .
dmiusryuidusuuiraduuasiadulsg@nsnaf - (Linear  constant-coefficient
. Y [ ~ o s = I~ J o
difference equation) AaauMITN 2.81 MwisnlsnaaniAvesmsulasusadouduilandu

awlou H(z) ldnsaumsn 2.82

y(n) = —iaky(n—k)+ibkx(n—k) (2.81)
Y(z)= -ZN: a,Y(z)z™ + f: b, X(z)z™

Y(z)[l ¥ iakzkj = X(z)(ibkz—*)

H(z)=—%0_ (2.82)

A o . w - =t g da 1 v
UagIE UV UIUY Non-recursive AdauN15h 2.83 enuisaeuduflensuaioTou'ld

AIAUNITN 2.84

m) = h(k)x(n-k) .
Y(z)= ih(k)X(z)z‘k

Y(z)= X(z)[Zh(k)z"J

II

Y@ i
k 2.84)
"X Z (k)z (

2.14 wamdvaeIManmvesszuununlinetioanan
MsMIHIAFUSLUVIALHAADUAUBIVDA Unit sample fvualiszuuuuy lideodiogd]

AUNITHAANAITUNITN 2.85

y(n) = %y(n —1)+2x(n) (2.85)
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q' a d’u’) -3 dl'
Idmsutaausa wilasaunisn 2.85 uaziaaums lalenTusLUUS AN N 2.86

Y(z)= %z" Y(2)+2X(z2)

Y@ 2
H(z)= ey g L
2

AIUNAADUAUOIVDY Unit sample m'lannaumsi (2.87)

WIoBUNAVDITEUY x(n) =S(n) Aaiu X(z)=1 1218 Y(2) dequmsh (2.88)

Y(z)=+

l——g™

2

nMsei 2.1 aasaudas 7(2) Wil p(n) Adqnsii 5) Ssaumsit 2.89)
1 n
y(n) = 2[5) u(n)

215 ANNENNUSITHININNUDNUYNVUSZULIEA [8, 13, 11]

=

ANUFURUT T N MATUyMIUs VI uanelddegUR 230

a

¥
e ~
AL
m|§
/e(

|8

:N
B
7
=

==

=)=

s

y v w d ' {
JUN 230 anwdiusszHIANUANUYNDUIULILYA
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(2.86)

(2.87)

(2.88)

(2.89)
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= =] 1 T 1 () 4 4
1ngU7 2.30 szmn 1@y o vzeglurie 0-27 wazluszuulidediosninud

1 = 1w 1 a o E Y a = =1 (()S
guIeaszuvIElAuMnN o, uaanudnansaldauldesdduszuuezliauiios 5

' 3 o 3 v o " | o T 1 1 3
MU muummﬁmwuﬁismmmmﬁﬂnymm:umucm %zacﬂuma 0—m muu

o

{ v w 1 {
ﬂ'ﬁ'Nﬁ 2.2 ﬂ’J"IﬂJff?JWHﬁSl’TT'J'F\Tﬂ'J‘I?Jﬁ VHNUUTSUIULLYR

Frequency (Hz) w(rad/s) WU o7 (rad)
0 0 0
1./8 w,/8 wld
1.4 w, /4 /2
3f,/8 3w /8 37/4
L2 /2 P
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=\ v I a A d
INAHADTIIINAATIDUNLAUY

v oa A d 9/ = [ [
3.1 msdaeunuaud 1aglisuSaduuunszuaaay (1, 2]
ndn:i 9o = ¢'| 9/ @ T a A o’:i ] 1 1 1 9/ a d
AN lasuanutisuite1¥n 319 amduinaudn luns e Iﬂﬂﬂ’nﬂ‘wmu%“lm-wsmm
o 4 @ P a o o LT
Lmummﬁﬁaumuﬁmmgﬂw 3.1 lurnesuSasuvunszuaaay mMuualian V() uag
3| 1T o = [ Y 4 dd o A o o A =
V(1) Lﬂmmmmsumﬁwu“h\lﬁmisuaaaugﬂﬂﬁumuucﬁmmmmﬂmﬂuw @, HANUM

T @ (B w a o3| 4
vinauagyuladeiy Tae V(1) duumdaduioussiudradediyuadugud uaz 1,1

E
= q:d' Y @ w

=3 ' o = s
Wuurasduiaussruniavinanasyanlsiula duiu 7.(0) uag V() aunsadou

¥
o A

AUNT 1AAaT

V.(t) = Asin(w,l)

’ (3.1)
V.(f) = Bsin(wyt + ¢)

Zx Zr=R
L.
e(t)
0o -

+ -

V() N +7Vr(t)

a a o o
gﬂn 3.1 WNATUITAWUUNTLUTAAU

9 T

drl = A 9 U a d o A
e A B uag ¢ ﬁ"lll'liﬂﬂ’J‘IJﬂﬂJUlﬂE]FJNBﬁ'ﬁmﬂ’ﬂﬁﬂ@ﬁﬂﬂﬁllﬂ?ﬂ%SUEWU daulsznoun

q

d A a A A oA

o o ' a L4 a o o 1 1
MAYdNABIAINYDIINIUTAT fo Dufuaudd1eds Z, uazdufuaudndlinsum Z,
A ' & = " 9 a 3 A a &

WMWY Z, azgniaenidumanuimumu anil Z, = R Weasuiadedluaniizauga

(U39AU e(t) = 0) Iz TomIA Z, lddsaunisi 3.2)

4=R§4¢ find o, (3.2)
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w o Ay Y ] o PR v a A do @ Y 9 o S
iljﬂﬂaﬂﬂ'ﬁﬂﬂﬂllﬂﬂﬁ’]')ﬂ’]“ﬁ?i]ﬁlﬂuulﬂ'J'] ﬂTﬁ’JﬂaiJWLLﬂu“ﬁﬂ“ﬂuﬂﬂﬂchf UUIUNIYUN

w 3 3 a o [ [~ 4 d o w
awnsnliuudunauazvald Taedaszsmau 2 dyana ifluesdilsznevuiididy

o d

3.2 MnHadya s eituuaIneanansanugvalalg]

]
=1

Amualiddudayeu x, (n) = cos(w,n) AagU 3.2 wag z-ransform (8] V09 x, (1)

U

st ldasaunisn 3.3

¥
I
| |
| |
L )
L |

il
|

|

11T

L 1 1 1
5 10 15 20 25 30 35 40 45 50

VA YAIUVD cos(m,n)

X(2)=z {xL(n)}
X, (z) = l—cos(a)o)z’l

3.3
1—2cos(a)0),z"'-i-z'2 =

M mualiszuunuyludemiol) Transfer function A3aNNST 3.3 A1N1301 LT oy

] 9 ar ci ;li o 1 = T v :: -1; Y

TniilAdsaumsh 3.4 Fadumenisnanauasd suansdsg il 3.3 uazanaumsi 3.4 4
° Ya r A d v ) o -

Amualidunavesssuuuuy aailoutlu 6(n) duiusy ldnanouaussmamidnn nie

a @ d [ A
WAABUAUBININONNAT A (1) AITUNITN 3.5

1-cos(@,)z"

H (z)= (3.4)

2

1—2(:05(4:00)2'l +z

hy (n) = cos(a,n) (3.5)


CLP13
Textbox


39

1| | |
0.5
" .
(O I
o |
£ o ; °
o y ! ¥
(1] | t
g ! ‘
-0.5
A h |
-1 -0.5 0 0.5 i
Real Part

d' o 1 ~ 1
3N 3.3 dwriansna Twauasdls

= =] 1 T A A o 1Al o = [ i =
il'lﬂg‘]_l“ﬂ 3.3 fwmu"lmwsxuuuuu"lwmumil::mcﬂs 287 AHNOINIANUUA 187 9IUDN

o 3

‘é ar 1 =y o o
W‘H\WI’JTNE]EJ‘IJLILlﬂuL’Jﬁ']i]ﬁ\'lLlﬂ%‘a’"lﬂ'lﬁuﬂclﬁfﬂﬂUﬁﬂliU']‘m X, (n

g g

cos(a)en + ¢) LAy

#3317 3.4 z-transform V09 x,(r1) uarnel@Raaumsi 3.6

cos(¢) —cos(w, — @)z~

1-2cos(w,)z™" + 27

X,(z)= (3.6)

fes 1 oo !
PP T T - . A ]
0,5|‘ A - “ | ‘
N - IH mW
X |‘ w AN
-0.5 I I (1t [4 : : 1
el \ Poom ;
i i | it | | | ;
*1‘50 é 10 15 2'0 25 alo a5 46 45 50
510 3.4 Sreudygmues cos(wn+ ¢)

i mualiszuunuulideioall Transfer function AIaUMITN 3.6 AsrhLNTou
Tl I saumsn 3.7 uasidumianmsnenanazsls mmsmma‘;ﬂm 3.5 LALNAUNTT
37 f’]’wﬁm‘lmiwauwmwa‘smu‘lmamauﬂu S(n) ﬂauu%w"[ﬂmamauﬁuaamuamww

W3 ONANDUAUDINIBUWAT A, (1) Facumsi 3.8
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cos(¢) —cos(w, — @)z~

) = @)+ 2 i
hy(n) = cos(w,n+ @) (3.8)
1
08
06
0.4 :
502
E 0 i ¢ o
E—o.z ¥
0.4 w
06
0.8
-1
A 05 0 0.5 1
Real Part

31U 3.5 dumansngIwanazdls

o 1 = ] - [~} Y1 o 1 s
MnAMUInIs N Inaazdls Tugdi 3.3 waz 3.5 szmiu ldndwmidanisned Tsuu
UAUIANTINANMUANAIN U UM EANUIM T Foud i ad TS uuunUMa1se adana
Yo - v
Ty cos(w,n) ansanlasulauma’ld
[ e’: @ o a o o 4 a o :
Asiumsadeiduladyaaaodflinsaeumaazisuanm i Transfer function
[ di. ar P = o 9 9 as e
oI5z VULUY I 0dIa NN 3.4 e lnssasanuueselanegli 3.6 wazlu
= o ] =) 1 = o 9 Y T
matlasuidasdumisvesd Tsuuunumainssauson 1d laonsadeszuunuy 1y
L] d' = =§ A:!'ca 3 ar c!‘ = 7 a ‘:;
ABIUBIDNTT VUM U Transfer function UAAIAIANNITN 3.9 nazli Tnseadedsgil 3.7

td 4 Ly 1
i5un3z VN Phase shift system 91n15u1i Inseadrais 2 mdedduiudsgUi 3.8

H(z) = cos(¢) —cos(a, — @)z

3.9
1-cos(w,)z” 69
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5(11:)

i (n) = cos(@on) 1

a, =-2c08m,

a,=1
b =—cosm,
ﬂ‘ﬁ 3.6 Iﬂ'5\1’cﬁ']Qﬂ]‘Bﬁﬂﬂﬂ'lluﬂﬁﬂ!ﬁg"lmﬁﬂ"IUuLLUUﬁiQ

» (n)_= cos(wn) fo

¥, (n)=cos(w,n+¢)

a, =—cosm,
b, =cos¢
b =-cos(a, —¢)

3 3.7 srvvunuluadoliesminndediauiuTassadelugili 3.6

H( )= I-cos(@, )z

1- 2(:05((u ): +—Z‘

J , (z) = cos(¢)—cos(w, -¢)=" " (”):CDS(:"0"+¢)!
'\ ale)= 1-cos(@,)z" } " ‘

31 3.8 Tnssardemsdedidy

1 k4
103U 3.8 azmiu laduiedhnms tlouunavesssuuuuu lideioaudly s(n) dadu
b

a ar o {
3 "[ﬂwamauﬁuawmLmﬁvgﬂw?awaﬁaummmaauwaﬁ y(n) wag y,(n) MAUNITN 3.11
HaL 3.13 MUMAL

¥(z)  1+hz" B
X(7) 1+a7z"+a,77

Y, (n) = h(n) = cos(w,n)

1-cos(w,)z™

(3.10)
1-2cos(w))z” +z7°

13.11)
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Y,(z) _ [ 145z ][b2+b3z‘1] -

X\@) |1+az"+a,z72 || 1+a,z7]

¥.(2) _[ 1-cos(w,)z™! ][cosyﬁwcos(a)o—qﬁ)zlJ

X\(2) | 1-2cos(a,)zT+272 1—cos(w,)z™!

Y,(2) _cosg—cos(w, —¢)z"
X,(z) 1-2cos(w,)z +z7

Y, (n) = hy(n) = cos(w,n + @) (3.13)

o e/ o [ dal
3.2.1 MegamseenuuufmItuiadya v eiiimnsanugumlald

9 @ o a  w s an A a A 3o
ﬂ']'iﬂﬂﬂlﬂ_l‘}_lLlﬁﬁﬁﬁNﬁ')ﬂ"llu@ﬁiyiy‘]m%ﬁﬂuuﬂﬂﬂﬂﬂﬂﬁﬂﬂﬂ?ﬁlﬁﬂﬂkwﬂ ulﬂﬂ']?‘iuﬂ

d' ] 1 c; = Jd' o n’dr
mmmg“lwma 1 - 100 Hz Tﬂauﬂmmmwmimaugwﬁmmamutymmmuw
T T m 2% w7« i a 4
¢:ig ’iT’iZ’i?’i?iE’ﬁ UAEANUGN f, =500Hz, 5 kHz Wag 16 kHz %9

)
#10819MT00NUUULAAL 1ARIT

: ° 1 w
N1590NULUN 1 ﬂmuﬂ“lﬁ’mmnqnj; =500Hz, f=1Hz uaz¢ =E

]
QJ = o

A 1 A e ot ' { w Y
M3 MseenuuuiTNIINMIMANNFNRLSsznieawafuyluiden 2.5 sl

w0 lna (@,) UAeaaunsi 3.14

o =2 B (3.14)

’ 500

i v ] v 1
VNI o, Af i ldnnaunsi 3.14 unuadluaunsh 3.0 o y,(n) 1214

Y(z2)  1-c0s(0.0047)z™
X,(z2) 1-2c0s(0.0047)z7" +27°

V(1) =x,(n)—cos(0.0047)x,(n—1)+2c0s(0.0047)y,(n-1) - y,(n-2) (3.15)

wazmIA y,(n) MNnaumsn 3.13 w'ld

. AP
L) _ 1-¢08(0.0047)z™ ) COS( 6) 005(0.0047r GJZ
X,(z) (1-2c0s(0.0047)z™" +z72 1-c0s(0.0047)z™
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cos(ﬁj = 005(0.00471 = ﬁ] z7!
Elz) 6 6

X,(z)  1-2c0s(0.0047)z" +z7

y,(n)= cos[%} x,(n) —005(0.0047: —%sz (n—1)+2co0s(0.0047)y,(n—-1)— y,(n—-2)

(3.16)

mseenuuui 2 fvualdnnudgu £, =500Hz, f=3Hz uagg =—

a 2 1 v o " {
?%ﬂ]ﬁ ﬂ'I'ﬁ"t]f]ﬂLLUULﬁﬂJﬁ']ﬂ‘ﬂ']ﬂ1ﬂ'J'Illﬁllwu'ﬁigﬂ?'lﬂﬂ?']ilaﬂﬁl‘!i]slu

¥oa1ua (w,) UAfeaumsi 3.17

_271'><3

@, = =0.0127 3.17)
* 500 (

o ol i o v o o A ) v
1NUUUIM @, A lannaumsi 3.17 unuasluaunsi 3.10 WovIn y, (1) 1214

Y (z)  1-co0s(0.0127)z™
X,(z) 1-2c0s(0.0127)z7" + 27

»(n) = x,(n)—cos(0.0127)x,(n—1)+2c0s(0.0127) y,(n-1) = »,(n=2)  (3.18)

wagnIm y,(n) naumsh 3.13 az'la

7 T »
-2 |-cos| 00127+ 2
Y(z) _ 1—cos(0.0127)z™ COS( 3] cos[ T+ 3JZ
X,(z) \1-2c0s(0.0127)z" + 27 1-c0s(0.0127)z”"

P 7
Gos| —— | = 00127+ = |z
bz _ ( 3J COS( i 3JZ

X,(2) 1-2c0s(0.0127)z™" + 27

Y,(n) = cos[%g] %; (1) — 003(0.0127; + %J x,(n=1)+2co0s(0.0127) y,(n—-1)— y,(n-2)

(3.19)
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L, & 27
MIoONUUUN 3 ﬂmuﬂ“lﬁmmmqn f.=5kHz, f=12Hz unz¢ :T

a 2 ! o o 3 { o Y { o
NI MIeenuuuTIMIAMIAInNUFIRLTszrdeauaiuye lwiadedn 2.15 w1y

Yo 1Ha (@,) Umasaunish 3.20

_27x12

@y = =0.00487r (3.20)
5000

3 L ~ o 9 = P A 1 Y
VNI @, AT lannaunsh 3.20 unuasluaumsi 3.10 iWonA y,(n) 1214

Y(z)  1-co0s(0.00487)z™"
X,(z) 1-2c0s(0.00487)z™" + 27

»(n) = x,(n)—cos(0.00487)x,(n —1) +2¢cos(0.00487)y,(n—-1)— y,(n=2)  (3.21)

UazuIM y,(n) NNAuMTN 3.13 w14

cos[zzfj - 003(0.00487{ - 2?”)2"

)@(z)z[ 1-c0s(0.00487)z™" J

X,(z) \1-2c0s(0.00487)z™" + 27 1—cos(0.00487)z”"
cos[zi) — cos[O.OO487r - 2_71‘]2_1

5z _ 3 3

X;(z) 1-2¢0s(0.00487)z7" + 272

2
y,(n)= cos(%)xz(n) - cos(0.00487r = Z%sz (n—1)+2cos(0.00487)y,(n-1) - y,(n-2)
(3.22)
mseenuuUfi 4 ﬁmmiﬁ’mmﬁdu fo=5kHz , f=45Hz unz ¢ :—3%

a 1 o w d 1 { o w ~ o
/M MIeenuuuFNINMMANNdURTsznIanudiuyyluiaded 2.15 v vy

Yo lna (w,) IAAaaun1sn 3.23

_ 2mx45

@, = =0.0187 323
Y5000 i
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3 o ' = ) — ~ 4 r Y
VNI @, Adlannaumsi 3.23 unuasluaunish 3.10 tienm y,(n) 2214

Y(z)  1-c0s(0.0187)z""
X,(z) 1-2co0s(0.0187)z7 +27

Y (n) =x,(n) —cos(0.0187)x,(n—1)+2¢0s(0.0187)y,(n-1)—y,(n-2) (3.24)

' = v
wagvIM y,(n) 1NANNIIN 3.13 1w l4d

cos(— 3{) —¢0s(0.0187 + 3;)2"

}g(z):[ 1-c0s(0.0187)z" J

X,(z) \1-2c0s(0.0187)z7" + 27 1—-cos(0.0187)z™"

Y,(2) . cos(— 3—5) —cos(0.0187 + %T)z"l

X, () 1-2¢0s(0.0187)z" + 272
y,(n) = c:os(—%r)x2 (n)—cos(0.0187 + 3%{)x2 (n—1)+2¢0s(0.0187)y,(n-1)— y,(n-2)

(3.25)

mseanuuun 5 smualinnudqy £ =16kHz [ =80Hz uaz¢=—

@

ac 2 1 v o ' =i Y A o kY
AENT NITDONUULIUIINUIAIANUTUNUTTILHIINIAIIND mgu“[u 1UeNn 2.15 'if]'lcl‘l’Tl:J.iJ

¥4 na (o,) Umdeaunsi 3.26

3 27 %80

e iz 3.26)
“ = 16000 (

nniuthi o, idaaldnnaunsi 3.26 unualuaumsi 3.10 lova y,(n)ag1a
Y¥(z)  1-cos(0.017)z”"
X, (z2) 1-2c0s(0.017)z7" + 272
Y1(n) = x,(n)—cos(0.017)x,(n—1) + 2cos(0.017) y,(n—1) - y,(n-2) (3.27)

HagmIA1 y, (1) MAauMsn 3.13 a'ld
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cos| =7 |—cos| 0.017+ 7 |2
B | 1—cos(0.017)z"" 4 ' 4
X,(z2) \1-2c0s(0.017)z7" + 2z 1-co0s(0.017)z™

Y,() i cos(—':] - 003(0.0175 + %]z‘l
X,(2) 1-2cos(0.017)z™" + 272

¥,(n) = cos(—%}xz(n) — COS[0.0]?I + %sz(n =1)+2c0s(0.017)y,(n—-1)— y,(n—2)

(3.28)

mseenuuun 6 Mvualinnuddu £, =16kHz . f =100Hz wagg=x
a a ' v o o 1 A o @ { o
BN MseenuuuSNRINMIMANNFTUTsynIeudsuyluiaden 215 il

voulna (@,) Bmasauns 3.29

.= 2000 _ o pi5%, (3.29)

* 16000

3’ L A o Y ~ = y 1
i o, At ldnnaunsi 3.29 unuadluaunisi 3.10 ema y,(n) 1218

Y(z)  1-cos(0.01257)z”"
X, (z) 1-2c0s(0.01257)z7 + 272

»(n) =x,(n) —cos(0.01257)x,(n—1) +2c0s(0.01257) y,(n—-1)— y,(n—2)  (3.30)

wazma y,(n) MnauMsh 3.13 o ld

A 1-co0s(0.01257)z™ cos(7) —cos(0.01257 — )z

X,(z) (1-2c0s(0.01257)z7" + 272 1-c0s(0.01257)z™"

Y,(z) _cos(r)—cos(0.01257 — )z

X,(z) 1-2c0s(0.01257)z™" + 27

V,(n) =cos(7)x,(n)—cos(0.01257 — )x,(n—1) +2¢c0s(0.01257) y,(n—1) - y,(n - 2)
(3.31)
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wag V(1) Bunaussauisuduminui 2 v uaiiauadiady 90° 180° 270° 360° uagiauvla

v ]
o

Msaduianma e(t) adinga

b
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M3f 3.1 MedumAanmai ldnndggn o) Tumsmiaua

adumsia yula | Error of e(t)
1 90.000 2546.00
2 180.000 1795.00
3* 270.000 903.00
4 360.000 1530.00
5 225.000 1215.00
6 315.000 1178.00
7 247.500 1094.00
g* 292.500 745.00
9% 281.250 528.00
10 303.750 986.00
11 275.625 762.00

12% 286.875 326.00

180°

275625°

51U 3.9 drduvesnmsdsyunmnuaimuz ey
as 1 a A d ¢t o LY
3.3.2 Fmmuineduuaud vesgunsaiiihnmsia
nngasilsfauma swevesdufivaud lursesuiasuuunszuaaduaauns
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Tas R Ao MouAuALGE199
A fie vinavesussau Wi v.()
B fio vuaveausaaulwi v (1)
A a A o~ 1 1
Z_fo dudiuaudn linsum
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4 9
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n' = U - o 1 [ 4
LAY TR IMITIHMBIAINANTIAZIDIARIANNITA 3.33

D,=B-4 (3.33)
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4.2.2 NeaRIIAM R 27Q

M99 4.1 Aduiuausuaza 1 ldnnminaasaiieufua1d19d9ved R 270

Refrence by RLC Meter Measurment % Error
Frequency R Ref
Impedance () | Phase |Impedance (©2)| Phase |Impedance| Phase
1000 Hz 26,9411 0 26.73 0 0.78% 0.00% R 1kQ
750 Hz 26.9411 0 27.315 0 -1.39% 0.00% R 1kQ
500 Hz 26.9411 0 27.315 0 -1.39% 0.00% R 1kQ
300 Hz 26.9411 0 27.0228 0 -0.30% 0.00% R 1kQ
100Hz 26.9411 0 27.1202 0 -0.67% 0.00% R 1kQ
50 Hz 26.9411 0 27.2176 0 -1.03% 0.00% R 1kQ
Resistor = 27 OHM
43 | " e '
~——Reference Value
39} ~&'Measured Value 1
35k -
s
= 31
=3
g vl - o = !
'§. 23}
-
19+ : 4
15+
11O 160 2C"0 360 4C‘)O S(I)O 660 760 360 9(‘)0 1000
Frequency (Hz)

g 4.9 nswlAduRiuandi 1danmsnansuiiouiuaid1idees R 270

4.2.3 nARRIIAM R 90Q

M3197 4.2 aduuaudiazsa 1ldnmsnaassieuduaid1999v0d R 900

Reference by RLC Meter Measurement % Error R Ref
Frequency

Impedance(Q)) | Phase | Impedance(C2) | Phase | Impedance Phase Z .
1000 Hz 90.669 0 90.237 0 0.48% 0.00% R 1kQ
750 Hz 90.669 0 90.237 0 0.48% 0.00% R 1kQ
500 Hz 90.669 0 90.3298 0 0.37% 0.00% R 1kQ
300 Hz 90.669 0 90.3346 0 0.37% 0.00% R 1kQ
100Hz 90.669 0 90.5298 0 0.15% 0.00% R 1kQ
50 Hz 90.6745 0 90.3346 0 0.38% 0.00% R 1kQ
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Resistor = %0 OHM

= o= =
S =
h S i
e

120 T T T T T T T

—— Reference Value &
=0~ Measured Value

g 32
3

Impedance (OHM)
RE R =g 8
q

2

0

100 200 300 400 500 GO0 700 800 900 1000
Frequency (Hz)

Ui 4.10 nsmiaBuuaudgn ldnnmsnanoudisuiuadiedeuss R 900

4.2.4 NARRIIANT R 1200

M3197 4.3 ApuRuausazma R ldnnminaaoufisuiuaid19daved R 120Q

Reference by RLC Meter Measurement % Error R Ref
Frequency
Impedance(Q) | Phase | Impedance(€)) | Phase Impedance | Phase A
1000 Hz 118.242 0 118.333 0 -0.08% 0.00% R 1kQ
750 Hz 118.242 0 118.5282 0 -0.24% 0.00% R 1kQ
500 Hz 118.242 0 118.6258 0 -0.33% 0.00% R 1kQ
300 Hz 118.242 0 118.528 0 -0.24% 0.00% R 1kQ
100Hz 118.242 0 118.0404 0 0.17% 0.00% R 1kQ
50 Hz 118.253 0 113.138 0 0.10% 0.00% R 1kQ
Resistor = 120 OHM
140 . . - ‘ ‘ ;
135 = Reference Value
=0~ Measured Value
130+
E 125+
E 120t : -
g ust
&
% o
£ 105+
100
951
Mo 100 200 300 400 S0 600 700 800 %00 1000
Frequency (Hz)

Uil 4.1 asaBuiuaudh Idenmsnassaiieuiumidiedeves R 1200
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4.2.5 NAaRIIAM R 470Q

MI1N 4.4 Apuuausazie 71 1dnnsnaaeaiieufuad1999ued R 470Q

Reference by RLC Meter Measurement % Error R Ref
Frequency

Impedance(C)) | Phase |Impedance(Q2)| Phase Impedance | Phase Z,
1000 Hz 467.119 0 466.6024 0 0.11% 0.00% | R 1kQ
750 Hz 467.119 0 467.1876 0 -0.02% 0.00% | R 1kQ
500 Hz 467.119 0 466.7974 0 0.07% 0.00% | R 1kQ
300 Hz 467.119 0 466.9924 0 0.03% 0.00% | R 1kQ
100Hz 467.119 0 467.09 0 0.01% 0.00% | R 1kQ
50 Hz 467.153 0 466.6998 0 0.10% 0.00% | R 1kQ

Resistor = 470 OHM
488 T T T T T T T T

4841 = Reference Value 1
480k i ~#- Measured Value i}

448 - . . — 4

444 .

i : ‘ . s i : : .
100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

jUf 4.2 asmiAmBuiivaudi Idanmsnaneaufisuiuid1adaves R 4700

4.2.6 nAARIIAM R 10000

MINN 4.5 apuiuauguaze 7 ldnnmsnaasuieufua18199 9999 R 10000

Reference by RLC Meter Measurement % Error R Ref
Frequency

Impedance(€2) | Phase |Impedance(£})| Phase Impedance Phase Z,.
1000 Hz 996 0 994.3616 0 0.16% 0.00% | RI1kQ
750 Hz 996 0 995.347 0 0.07% 0.00% | R 1kQ
500 Hz 996 0 995.8348 0 0.02% 0.00% | R 1kQ
300 Hz 996 0 996.3228 0 -0.03% 0.00% | R 1kQ
100Hz 996 0 995.7372 0 0.03% 0.00% | R 1kQ
50 Hz 996.122 0 995.9324 0 0.02% 0.00% | R 1kQ
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1100

Resistor = 1k OHM

1080

1060

Impedance (OHM)

T T T

= Reference Value
=8 Measured Value

L

_ e
¢ v e = o=
2 £ g B2 £
S & = s

T T T

A-3
g

9220+

9200
0

i i 1
100 200 300

i L 1 1
400 500 600 700

Frequency (Hz)

800 900 1000

U0 4.13 nsmamBuiuaudn ldnnmsneasuiivuiumdiedeues R 10000

4.2.7 nAapIam R 3.3k0

M3 4.6 ApuRuauFaze 7 ldnmsneasufieudua181989U94 R 3.3kQ

Reference by RLC Meter Measurement % Error R Ref
Frequency
Impedance(Q2)| Phase |Impedance({)| Phase Impedance | Phase Z.
1000 Hz 3306.31 0 3301.929 0 0.13% 0.00% R 1kQ
750 Hz 3306.31 0 3305.111 0 0.04% 0.00% R 1kQ
500 Hz 3306.31 0 3305.123 0 0.04% 0.00% R 1kQ
300 Hz 3306.31 0 3306.181 0 0.00% 0.00% R 1kQ
100Hz 3306.31 0 3305.111 0 0.04% 0.00% R 1kQ
50 Hz 3307.24 0 3297.679 0 0.29% 0.00% R 1kQ2
Resistor = 3.3k OHM
4000 T T T T T T T T
{ = Reference Value
38001 =@ Measured Value .
3600 é :
g 3400
e ,—: o ) e
g s00f -
H
3000
5
2800} 1
2600+ b
24000 llI](l J(I][l JBIO -I{;D Sl;U 660 760 860 91;0 1000
Frequency (Hz)

Ui 4.14 nswisBufiuaudi Idonnisneasufisufusidredeues R 3.3kQ
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4.2.8 NAaRIIAM R 10kQ

:; == 4 Ay v = Y I -
1IN 4.7 AduNLAUSLaz e 'iflv[,ﬂ‘i]']ﬂﬂ']‘iﬂﬂﬁﬂﬁmﬂﬂﬂ‘ﬂﬂ'lﬂﬂﬂﬁsu&ﬁ R 10kQ

Frequency Reference by RLC Meter Measurement % Error R Ref
Impedance(2) | Phase |Impedance((2)| Phase Impedance | Phase Z,
1000 Hz 9974.20 0 9989.799 0 -0.16% 0.00% | R 1kQ
750 Hz 9974.20 0 9979.824 0 -0.06% 0.00% | RI1kQ
500 Hz 9974.20 0 9931.565 0 0.43% 0.00% | R 1kQ
300 Hz 9974.20 0 9960.539 0 0.14% 0.00% | R 1kQ
100Hz 9974.20 0 9941.254 0 0.33% 0.00% | R 1k
50 Hz 9981.38 0 9941.254 0 0.40% 0.00% | R 1kQ
x 104 Resistor = 10k OHM

3
53

-
—
n

=== Reference Value
=® Measured Value _ jl

—
—

=

=

o
T

=

k-3

th
T

Impedance (OHM)
]

&
o

s
-
o

T

0.8 i : I L L I | I L
0 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz)
51 4.15 nsaduiiuaugi ldnamsnanoaisuduaidredeues R 10ko

4.2.9 naaadian R 27kQ

M990 4.8 ApuRuauguaza 7 ldanmsnaasafieusuaA181999U94 R 27kQ

S Reference by RLC Meter Measurement % Error R Ref
Impedance(Q)| Phase [Impedance(Q2)| Phase Impedance | Phase Z,

1000 Hz 26998.6 0 27076.26 0 -0.29% 0.00% | R 1kQ
750 Hz 26998.6 0 26853.07 0 0.54% 0.00% | R 1kQ
500 Hz 26998.6 0 26926.79 0 0.27% 0.00% | R 1kQ
300 Hz 26998.6 0 26994.77 0 0.01% 0.00% | R 1kQ
100Hz 26998.6 0 26711.36 0 1.06% 0.00% | R 1kQ
50 Hz 27041.2 0 26851.2 0 0.70% 0.00% | R 1kQ
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Impedance (OHM)

x10

4.2

Resistor = 27k OHM
T T

3.81

345

3

= Reference Value
=&+ Measured Value

221

1.8+

1.4+

1

0

200

460 600 860 1000
Frequency (Hz)

5 4.16 nsmiamBuRuaudi ldninmsnaaeaisuiuad1edeune R 27kQ

4.2.10 NAARIIAAT R 50kQ

M5190 4.9 Aduiuauguazve 7 ldnnmsnaasufisusuA181989U94 R 50kQ

To—— Reference by RLC Meter Measurement % Error R Ref
Impedance(€2)| Phase [Impedance(QQ)| Phase Impedance | Phase &

1000 Hz 49260 0 49174.87 0 0.17% 0.00% | R 10kQ
750 Hz 49260 0 49151.34 0 0.22% 0.00% | R 10kQ
500 Hz 49260 0 49206.23 0 0.11% 0.00% | R 10kQ
300 Hz 49260 0 49199.58 0 0.12% 0.00% | R 10kQ
100Hz 49260 0 49247.92 0 0.03% 0.00% | R 10kQ
50 Hz 49277 0 49175.54 0 0.21% 0.00% | R 10kQ

Impedance (OHM)

Resistor = 50k OHM

5.4

53r

52r

51F

5

T T T T T T T

—— Reference Value
=& Measured Value ]

491

4.8

4.7

4.6

4.5

0

i i | I I | | | |
100 200 300 400 3500 600 700 BOO 900 1000

Frequency (Hz)

517 4.17 nswlsBuRiuaudi Idenmsnaneafisnfud181985989 R 50kQ
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4.2.11 naaeaianl R 120k

M3 4.10 ApuRuausLazma 7 ldnnmsnaasufisufua1d1999u94 R 120k

Reference by RLC Meter Measurement % Error R Ref
Frequency
Impedance(Q2) | Phase | Impedance(Q2) | Phase Impedance Phase Z,
1000 Hz 118836.00 0 119599.25 0 -0.64% 0.00% R 10kQ
750 Hz 118836.00 0 118652.13 0 0.16% 0.00% R 10kQ
500 Hz 118836.00 0 119476.66 0 -0.54% 0.00% R 10kQ)
300 Hz 118836.00 0 119478.15 0 -0.54% 0.00% R 10kQ
100Hz 118836.00 0 118782.06 0 0.05% 0.00% R 10kQ
50 Hz 119336.00 0 118936.56 0 0.34% 0.00% R 10kQ
(i x 10 I ﬂleﬁinlnr-‘ﬂfko}":l ‘
145} — Reference Value
== Measured Value
141 ¢
1.351
& 13}
!
Q 125f
W
g 1.2 — o
'g 1.15f
gL
E uip
1.05+
l k- -
0.5}
0‘90 1|I}0 2(;0 31;0 460 51;0 6{;0 760 B(;ﬂ 90I[| 1000
Frequency (Hz)

3R 418 nswlavuiuaudn ldonmsnaneuiiouniun1d1989ued R 120kQ

4.2.12 nAaodIAn1 C 0.1pF

M9f 4.11 mpufuauduazmla N ldnnmInaasaioufua1d1999ves C 0.1uF

p— Reference by RLC Meter Measurement % Error R Ref
Impedance({2)| Phase |Impedance(f2)| Phase Impedance | Phase Z.

1000 Hz 1687.720 -89.266 1648.872 | -89.3434 2.30% -0.09% | R 1kQ
750 Hz 2252.300 -89.247 2185.816 -89.4372 2.95% -0.21% R 1kQ
500 Hz 3373.010 -89.252 3394.052 | -90.1216 -0.62% -0.97% | R 10kQ
300 Hz 5605.000 -89.254 | 5617.243 | -89.3902 -0.22% -0.15% | R 10kQ
100Hz 16677.900 *89.275 16470.85 | -89.5774 1.24% -0.34% | R 10kQ
50 Hz 33202.000 | -89.437 33262.18 -88.476 -0.18% 1.07% | R 10kQ
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4 Capacitor = 0.1uF
35210 : , i ;
= Reference Va]ﬁe
3+ =#-- Measured Value 4
E 28
o]
e 7
8
-
i 15+
B i
0.5+
o 1 L i i
] 200 400 600 800 1000
Frequency (Hz)

517 4.19 nsmiABuRuaudi IdnamsnaasufivuAums1edaues C 0.1uF

Capacilor = 0.1uF
-50 T T T T T T T T
i = Reference Value
-60 |_~# Measured Value .
7ot N
'§ 80 J
&
g oo S . - -
= |«
= -100
110F 5
-1201 &
-130 4 : I L I L L L !
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

3Uf 420 nswlswlai ldnnmsnaneuisuiuaid198ees C 0.1yF
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4.2.13 NAAdIAM C 0.1pF VHUAD R 4.7kQ

MI1h 4.12 Moufiuauduazma 71 1dnnmsnaaeuieufua1d1983ue9 C 0.1uF vy

R 4.7kQ
Reference by RLC Meter Measurement % Error R Ref
Frequency
Impedance(Q)| Phase [Impedance(Q?)) Phase | Impedance | Phase Z,

1000 Hz 1575.8 -69.429 1585.253 -68.954 -0.60% 0.68% | R 10kQ

750 Hz 2009.55 -63.663 | 2020.819 -63.445 -0.56% 0.34% | R 10kQ

500 Hz 2707.46 -53.703 | 2713.687 -53.554 -0.23% 0.28% | R 10kQ

300 Hz 3555.82 -39.517 | 3570.404 -39.351 -0.41% 0.42% | R 10kQ

100Hz 4473 -15.573 4449272 -15.395 0.53% -1.14% | R 10kQ

50 Hz 4608.95 -7.998 4595.751 -7.9446 0.29% 0.67% | R 10kQ

Capacitor = 0. {uF Paraliel R4.7k OHM
5000 T T T T T T T T

== Reference Value
~#' Measured Value N

4500 -

4000

3500 -

3000 -

Impedance (OHM)

2500

2000 -

L 1 1 ! L 1 1 1 L 4
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

1500

JUH 421 nslABuRiuaud ldonnsnaaesfieuiua18198euoe C 0.1uF YUy R 4.7kQ

Capacitor = 0.1uF Paraliel R4.7k OHM
0 T T T T T T T

i H = Reference Value
10+ I : i =@ Measured Value -

Phase (Degree)

i 1 L i 1 1 I
0 100 200 300 400 500 600 700 800 900 1000

-70

Frequency (H)
U 422 nswlsuai ldnnmimeasafivuiua1d198ewes C 0.1uF YUY R 4.7k0
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4.2.14 naaIAM C 0.1pF 94NIUNY R 1kQ

M1 4.13 Ardufiuauduazie 7ldnnmsnaasafisuiuaidedaues C 0.1uF

DYNIUAY R 1kQ

3N 423 nsmiaduiiuaudi ldnnmsnaneafisuiuaigiedeuss C 0.1uF eynsuiy

R 1kQ

Reference by RLC Meter Measurement % Error R Ref
Frequency
Impedance(Q))| Phase [Impedance({2)] Phase Impedance | Phase Z,
1000 Hz 1968.64 -59.081 1969.494 | -58.6868 -0.04% 0.67% R 1kQ
750 Hz 2466.21 -65.588 2440.973 -65.4606 1.02% 0.19% | R 10kQ
500 Hz 3512.49 -72.87 3532.821 -73.8122 -0.58% -1.39% | R 10kQ
300 Hz 5678.51 ~79.21 5726.137 | -79.5232 -0.84% -0.40% | R 10kQ
100Hz 16714.5 -85.903 16576.27 -85.851 0.83% 0.06% | R 10kQ
50 Hz 33504 -87.603 33448.72 -86.6946 0.17% 1.04% | R 10kQ
= x 10" . r Cnpa::iltjx=0‘1uF‘ series Rjk OHM ‘ ‘
—— Reference Value
3r =& Measured Value
250
:
e i
£
S 15+
2
=
1k
0.5
00 lll}O 260 3;30 460 560 61;0 '.Hl)ﬂ SCJII] 960 1000
Frequency (Hz)
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Capacitor = 0.1uF series R1k OHM
-55 T T T T T T T T T

= Reference Value
|_~®~ Measured Value

-T0

Phase (Degree)

801

-85 -

-90

I i 1 i i i L 1 1
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

51 4.24 nswlawlai Idanmsnaasuiisufud18198aved C 0.1uF oynsUAY R 1kQ

4.2.15 naaediam L 25mH

MI1AN 4.14 ApuRuausuazsla 7 ldnnnsnaasafieufua1s1edwed L 25mH

Reference by RLC Meter Measurement % Error R Ref
Frequency
impedance(€2)] Phase |Impedance(Q2)] Phase Impedance Phase Z s
1000 Hz 150 69.712 148.347 69.0367 1.10% 0.97% R 1kQ
750 Hz 118.2 63.906 117.624 64.5913 0.49% -1.07% R 1kQ
500 Hz 88.1314 54.258 89.2675 53.9972 -1.29% 0.48% R 1kQ

300 Hz 66.9464 39.526 66.446 39.4758 0.75% 0.13% R 1kQ

100Hz 53.4115 15.412 53.753 14.9326 -0.64% 3.11% R 1kQ

50 Hz 51.935 7.802 52.276 7.3189 -0.66% 6.19% R 1kQ
E Inductor = 25mH
160 T T T T T T T T T
== Reference Value b

140+ i =&~ Measured Value

§120 -

=

e

EIUO-

E 80
60 d
400 N‘]O 260 S(I![I 460 560 6(I|0 TC|II) 8:]0 960 1000

Frequency (Hz)

511 425 nrvaBufiuaudi ldnamsnanoufsuiunid1edves L 25mH
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Inductor = 25mH
T T

= Reference Value
~@+ Measured Value

0 100 200 300 400 500 600 700 800 900 1000
Frequency(Hz)

5 4.26 nswldwlanldninmsnaasuiiouiua181989u0e L 25mH

4.2.16 NAaRIAA L 25mH YHIUAY R 2200

M3 4.15 ApuRuausazmea N ldnnsnaasauieuiua181989u89 L 25mH YyuUA R 220Q

Reference by RLC Meter Measurement % Error R Ref

Frequency
Impedance(2)| Phase [Impedance(Q)| Phase | Impedance | Phase Z

1000 Hz 107.025 41.959 106.376 41.2549 0.61% 1.68% R 1kQ

750 Hz 88.8234 42.116 89.369 42.8663 -0.61% | -1.78% | R 1kQ

500 Hz 68.6966 38.738 68.953 38.8886 -0.37% | -0.39% | R 1kQ

300 Hz 53.6036 30.143 52.875 31.0807 1.36% -3.11% | R 1kQ

100Hz 43,3822 12.19 44.073 14.8425 -1.59% |-21.76% | R 1kQ

50 Hz 42.2836 6.204 42.875 5.4356 -1.40% | 12.39% | R 1kQ

Inductor = 25mH parakel R220 OHM
110 T T T T T T T

= Reference Value
== Measured Value

=

=3

=
T

-

~
=
T

Impedance (OHM)

i L L i 1 i L i i
0 100 200 300 400 500 GO0 700 800 900 1000
Frequency (Hz)

31U 427 nswldBuiiuaudn ldninmsnaassfiouiumdedsves L 25mH auufiy R 2200
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Inductor = 25mH parallel R220 OHM
50 T T T T T T T T T

0 100 200 300 400 500 600 700 800 900 1000
Frequency(Hz)

Ui 4.28 nsmiauadfldninnmsnaneufivuiua1diedeves L 25mH y1uf R 2200

4.2.17 nAapaiam L 25mH 2un3uAL R 2200

3131 4.16 MduRuauduaziva i ldannmsneaeuiouiua1d190euos L 25mH oynsy

iU R 220Q

Reference by RLC Meter Measurement % Error R Ref
Frequency

Impedance(2)| Phase |Impedance(Q2)] Phase Impedance | Phase Z,

1000 Hz 302.248 27.326 300.375 26.9364 0.62% 1.43% R 1kQ

750 Hz 291.083 20.973 295.081 20.6187 -1.37% 1.69% R 1kQ

500 Hz 280.499 14.347 278.368 14.5573 0.76% -1.47% | R 1kQ

300 Hz 274.874 8.725 272,744 8.4397 0.77% 3.27% R 1kQ
100Hz 272 2.909 275.045 3.1033 -1.12% -6.68% R 1kQ
50 Hz 271.747 1.415 274.693 1.2278 -1.08% 13.23% | R 1kQ

Inductor = 25mH series R220 OHM
380 T T T T T T

B60r i = Reference Value |
=0~ Measured Value
340+

§320 F

==}

S 300t /M >
w

(=} L I . o
S o, = :

T

240+
220

200 ‘ | -

1

| . . L i i ‘ .
0 100 200 300 400 500 G600 700 800 900 1000
Frequency (Hz)

511429 nswlsduiiuaudi ldnnmnaasufioufun1d1989vo L 25mH aynsufiy R 2200

180
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Inductor = 25mH series R220 OHM
30 T T T T T T T T T
p
25+ = Reference Value .
=0~ Measured Value

,g 20F
% 15+
=
-]
-5

10+

5 -

L i L L i i 1 I '
0 100 200 300 400 500 600 700 800 900 1000
Frequency(Hz)

s 430 nsmdwai IdnmInaasufisuiuaidsdeues L 25mH eynsuiiv R 2200
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vesallszananadyana@dnea TMS320C31 DSP Starter Kit

4 I~ v
UD5A TMS320C31 DSP Starter Kit (DSK) (Hunosawmu1 11/5unsuuuy Stand — Alone
AW50YULNIANAUUUIANTY (Real-time) 19 laots1enuisonazdald lsunsuyinnuy w5o

o 1 o a 8 ' Jd a o 1
“!’iq@!’ﬂ’l\?’luvlﬁ"lﬂﬂWluwEliﬂ‘l]ﬂ\?ﬂﬂijwmﬂﬂ‘iimgﬁ'"lll'l‘iﬂﬂ’é]ﬂ@'iﬂ@um@ﬁlﬂﬁliﬂﬁﬁ']ﬂ"] L"‘IBJJ"I

Suuesa DSK 18

1. aNYUZVRIVRIA TMS320C31 DSP Starter Kit (DSK)
4 4 o =R é’ = 9
F1T9ALLITUIVUDTA TMS320C31 DSK llﬁ’J‘L!‘]J'i$ﬂ€l‘lJW‘H§J'IH1’]’1J3$ﬂ’EJUﬂ’JU
- %1 DSP TMS320C31
- %1 A/D - D/A TLC32040
- neia Input/Output

Ed
a o
- WE]{G]‘UH']H"UT’N‘WSHME)'E

=
- LEDUuuU3 @
|
K PAL 22V10 /— System clock B
O supply
LEQ i connector
lo] i
RCA jack
analog out
RCA jack
analog in QUL 120
) { %,
TLC32040 j . i .
Plug your printer cable into this socket (DB25 female)

gimanuanti n.1 e1sansvesuesa TMS320C31 DSP Starter Kit

vingdaanuand 1 wftuignsasiuuuesa DSK sxtszneuday
“Header Y141 32 pin $142% 4 197 FayganniFuves TM320C31 DSK fidsesn il
MUUBNUBSAVZADINIU Header ﬁﬂﬁﬁaﬂigﬂauﬁw JP2 JP3 JP5 JP6
-Jumper block header ¥11@ 11 pin (JP4) dihwishiimauaumsdedoyavenosaoynsy

Y9I199501a0NB LIRS I T TLC32040
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-Host Interface Logic 119 PLA 22V10Z taz 74ACT245 ﬂ’mm\lm‘ié’ﬂﬁﬁizﬁﬁ‘lﬂ
VDA DSK A1 Host Y84ADUNIADS

-poaFaIANDT UUUDTA TMS320C31 DSK 28 19 dayananniiniviia 50 MHz tile
Hloulis TMS320C31

-RCA Jack %zﬁmﬁﬁﬁ'uﬁ’tytym Analog Input Az T4 IM Analog Output VD4
Up3A TMS320C321 DSK Tasagdangiuan 1/0 voe¥l TLC32040

51 TLC32040 vsimithiiilu A/D uag D/A veau0SA TMS320C31 DSK

-1 TMS320031 ludn)szuaanavuias2 in uuuganaionaoy (Floating Point)

-Voltage Regulators ¥94185a DSK a1u130 14l 7-12 vde %3o 6-9 vac Iag'lWl DC
Wae AC 92@89H1 IC Regulator (U85 LM7805 uaz LM7905 #9218 W DC +5v
wag -5V awaau W b ﬁ"lﬁ’%ﬂ%’agmqﬂmafsaiwqﬂw”luuﬂ{ﬂmnaﬂnmﬁuagﬂﬁa
RERMIGE!

-XDS Emulator Port 184 Header 41410 12 Pin (JP1) 19d1115Un3 Upgrade T1)sunsu
XDS debugger THoUIAN

A = < W &
nnfnanmndeduansonaasiugiluden laozunsuld dagilninmuani 2

F 3

o

expansion < ¢ Analog
connector < TLC32040 in
. Serial port [—4—8—b AIG
TMS320C31-50 e R

»— A23-A0

»—{ D31-DO

»— Control
Paraliel - Emulation port

port <%

interface P A

Y

XDS510
MPSD port

sUmanuanh .2 vaenlaezunsuueuesa TMS320C31 DSP Starter Kit

2. QUANYMTVBIVDIA TMS320C31 DSP STARTER KIT
- 9% T™MS 320031 Wudszutanaviunni2 9 1L Floating-Point
- v lumsdszutanadids 40ns A 1 MdauSe 50 MFLOP tag 25 MIPS
MFLOP : Million Floating-point Intention Per Second

MIPS : Million Intention Per Second
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-Jp3A TMS320C31 DSK eansndemsdunouiiames 1dlavldwesavuiuves
Qy L= | 9/ a o
WIUINDIUTD 1Y Host UDIADUNAADS
9
191 TLC32040 vua 14 Tn dasasadudayana 20,000 AFIw0UNH
% RCA Jack 111 Jack mnsgudmsumsaomodeyaial Analog Input 11a¢ Analog

Output

3. M3dAMHIBANNTIWHIBIA TMS320C31 DSP STARTER KIT
UpsA TMS320C31 DSK l@dautisnissanusilieglulnua Microcomputer/Boot

Loader ﬁﬂgﬂﬂ’lﬂ WUINT 3

Oh Reserved for boot loader
operations
FFFh
1000h | Boot 1
External
USER_BOOT
400000h
7FFFFFh | Boot2
800000h
Reserved
807FFFh (32K)
808000h
Peripheral bus
memory-mapped registers
6K internal
8097FFh .
i BoGRcRD RAM block 0
(1K word)
_ 8098FFh }oooo — |
Sodie 809C00h RAM block 1
RAM 0 . (1K word)
and 809F00
RAM 1 Kernel The kernel, interrupt,
(2K total) 809FCOh and trap tables
809FC1h occupy the last 256
Interrupt and trap branches words of RAM 1.
\._ 809FFFh
80A000h
) External USER_RAM
0x0BFFFFFh
0x0C0000Ch
External USER_IO
0xODEFFFFh
0xOE00000h
External HPI
(non interlocking)
OxQEFFFFFh
0x0FFF0OQ0h
Boot3  Eyiernal HPI
(interlocking)
OxOFFFFFFh

sUmanuanil 0.3 MmsdaurianitenaudiluTvua Microcomputer/Boot Loader 194

1957 TMS320C31 DSP Starter Kit
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4. 2959unesladyanaminasn TLC32040
TLC32040 1FuF1) Analog Interface Circuit (AIC) #1915 endasud TMs320c31 Tums
ynamszuaanadin Dsp Taofidnuasdiiae
- 1¥maTuladnsnan Advanced LinCMOS
- ANuaziduaved ADC uaz DAC i 14 1in
- nsoAsudnsimsgudyaaves ADC uaz DAC 1884 20,000 afaAni
- 1) Switched Capacitor Antialiasing Input Filter 4fi¥ Output Reconstruction Filter
- fimosnoynsudmTvAnade lavasaiy TMS320C11, TMS320C17, TMS320C20,
TMS320C25 Digital Signal Processing
- ensalfudasimaulasues ADC uag DAC 18 lag14 Tsunsuatuquy

o o {
Wangu laezunsu degimanuani 4

Band-Pass Filter
N+ 261, | Serial A TSR
25 _/_——\_ M .| Port
IN—- > M g 0 % bR
u 3
aux 2 X f EODR
IN+ ‘ 1 6
23 R MSTR CLK
AN Internal 10
IN— Receive Section » SHIFT CLK
Reference o |13 WORD/BYTE
o 112 DX
Low-Pass Filter
5 i % Fex
ouT+ % e—
! * ‘[ _\_ DIA il |_| 1, EODX
ouT- 21 = = »
Transmit Section
ZDT 1v* 15* 9T 1* 2 t 2T
Vge+ Vec- ANLG DTGL Vpp REF RESET
GND GND (DIG)

sumanwand n.4 faddulaozunsuvesdl TLC32040

5. MINIURNIRIeMIARNdMnesIa

1 1 9/ = 4 o a =y & o I
msdeiudoyalursaseuasndumesid (AIC) vznszinulusiamesdmiums

o g . a ¢ o o [ " = o
Fudoya (Data Receive: DR) 183 3A03 dM5UN15d9003A (Data Transmit: DX) 591003

¥

s

o ' aa o [ Y
42 azhmsaadoyalunuvoynsy lumsniuguitmmesmsdeiudeyaves AIC w1d
a 1 = =] @ o a 1 i a uij =] =~ oo a
UART 2 UA (LSBs) Lﬂﬂﬂ?ﬂ'l“r‘iﬂﬂﬂ']iﬂﬂﬂﬂtﬁ@ﬂﬂﬂﬂ 2 ﬁﬂ"l!'ﬂu 0 it umsasruuulng
di = 3 =R~ { I~ =y [l W = 1 ar dy 9
WouUANg 2 m’wﬂu 1 i]ﬁlﬂuﬂ’]iﬂﬂﬂ@‘igﬂﬂ 2 ATAIURANNTTARADISAY 2 U AIC 513883\1“1””

v

daudeyanswsniou
aa 4 < @ o o o
TITPDT A LA B 1Y AIC ﬂgiﬂuﬂﬂﬂjﬂﬂﬂﬂ’]ﬁﬂ’lﬁ"lu"ﬂﬂﬂ AlIC Iﬁﬂ‘i"t}ﬁm'@ﬁ A

4 P o . = 3
ﬂﬁ:ﬂauﬁ’w TA, RA uaxm%wmaw’l%’mu@umﬂsm (Represent Filter Control)%i}fﬂm]i B
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Wi

9 A ~ 9 Ao d 1 c?d 1 P
wilsznoudiy TB, RB LLaglﬂﬁa\W‘iiﬂU‘Vﬂ‘Hﬂ')UﬂN A/D 11ag D/A Senosa il uaIunig

9
VOINIAIAWINN I

o T a { o ) 1 o ==Y o I~
AumialianlddmsuaiugumsdunzSuvedsdmaes TA uaz RA iy

ino-1 > 0,0
fm26 > RA
1U# 7-8 > don’t care (x)
ine-13  — > TA
e 14-15 @ ——* don’t care (x)

v
=

o 1 a o [ 1 as a o o
ﬂ’llmuﬁﬂﬂﬂi%ﬁ'lﬁS‘Uﬂ’J'Uﬂllﬂ1iﬁﬂtlﬁgiﬂﬂlﬂﬁ?ﬂﬁm@i TB uag RB {1y

19 0-1 e 0,1
i 2-7 - RB
1@ 8 i don’t care (x)
ino-14 —  * TB
1@ 15 — don’t care (x)

I3 ! 4 1 g a [y 3 1
AIC cnnsadmuamaNudguuazamuuala lasmslsnmisanaeszan 2 Tagldaen
=1 1= o 9 = 1 a) = A a 1 W o w Y
W 1 T 2 Dausn (LSBs) lnisAnneszau 2 Tnuniloumsanaoszau 1 Saudoyans
aa o 1 o g [~ o [ - T ar
anlnaannivamosasdoyanesaoynsn uazism LSBs 14 211U 1 dmfumsiadessey 2
g Fop. B
Tuisazasalisal
YA = " @
1. 0x3 (3h) #i5unnsAnnesza 2
1 Aea d
2. MNIVMA0T A
Ed ¥
3. 0x3 (FUNMIAAADISAL 2 ATIN 2

i Aaa o
4. ANTIANDT B
B ]
@ =

5.0x3 536NMISANADILAL 2 ATIN 3
1 d' A o
6. MNBATIAADIAIVAY

' 4 1 a0 1 da
TIWIT0HINT A LIDg B Lﬁ’t‘)ﬂE’JﬂilU‘Uﬂ']ﬂ’J'llJﬂfIllLLﬂgﬂ’]LL“Lluﬂ'Jﬂ (BW)

6. MINUIUMIA A 48 B 1000 NIUUMANNDTHIDZAMUUAIN
Up$A TMS320C31 DSK # Input Clock (CLKIN) 1§11 50 MHz aansafuiiannud

as = é A\
YYIUUIWNIYIAA (Timer Frequency) 14 MCLK = (CLKIN/4) = 12.5 MHz FIFINI
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Master Clock Frequency 484 AIC NNANUNIAY 10 MHz AIC Master Clock (MCLK) M
ansodadyyinldeine 8 Tu p1 dyaugeganldein AIC @wson11de1n nput
Clock ¥115@70 8 30
MCLK = CLKIN/8 = (50 MHz / 8) = 6.25 MHz
Switched — Capacitor Filter Frequency (SCF) Wunnuduiuianidameinmsdives A

SCF = MCLK / (2x TA) (1)

1 a3 v o d [ aa o
L!ﬁgﬂ'JHJﬂEIML‘IJUﬂTDJﬂNWHﬁi]"lﬂ ﬂ’lﬁﬂﬂﬂﬂ‘l«!ﬁ]mﬂ@iﬁlﬂ\i Aung B

F,=MCLK/(2x TAx TB) (2)

Input Filter Bandwidth %50 Cutoff Frequency #9171 3600 MHz d1151 SCF 91 288 kHz

1 Vv
A1 SCF Tudag1da1 BW 11 ldduanlude01e agnia A uaz B e 1Udea AIC

6.1 p9NULUU F!i = 8 kHz
N300NL UL Cutoff Frequency ¥4 Input Antialiasing filter i 3600 Hz ﬁ SCF 288 kHz
AU (1)
TA = MCLK / (2x SCF) = 6.25 MHz / (2 x 288 kHz)
= 10.85 ~ 11=(01011), (3)

NANMTN (2)

B = MCLK / (2x TAXF,)
= 6.25 MHz / (2 x 11 x 8000)
= 35.51 = 36 = (100100),

nnaumsn (3) a¢'ld scr @iia) i

SCF = 6.25 MHz / (2x TA)
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284.09 kHz

Cutoff Frequency ED) Input Filter Bandwidth

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

F = 6.25 MHz / (2x TAXTB)
= 6.25 MHz / (2x 11 % 36)

= 7891.41 Hz

= o 1T a { = o qg: 1 4
vnaumsh (3) ez lddumidenly lumsitamesniugy uagAsm TA = RA &4

TA 500, TB 1 6 U8 tag xx 92 Tiau1a (don’t care) 1311

00

XX

01011
TA

00

XX

01011/00 E::::i:> —

RA

uondiafiaziir U 141iu 4 nguTaea A = 162Ch  TB = RB AfuiAs i

0

X

0

X

100100
TB

100100/10
—PIS

RB

6.2 99NUVUY F =10 kHz
19 cutoff frequency %50 BW d1951 Input Antialiasing Filter milouny E. =8 LkHz,

TA=1131a

Il

TB 6.25 MHz / (2 x 11x 10000)

Il

28.41 = 28=(011100),
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Ay
F, = 6.25 MHz / (2x TAX TB)
= 6.25 MHz / (2x 11x28)
- 10146 Hz
i B 14
0/011100{0(01110010
x| TB |x| RB

%30 B =3872h

6.3 99NUUY F, = 20 kHz
PONLUY  BW = 8000 Hz 9110
BW = 3600 (New SCF / Set SCF)

f1 Switched — Capacitor Filter Frequency A lna 1l

SCF = 8000(288 K) / 3600 = 640 KHz

M TA uag TB iy
TA = 6.25 MHz / (2% 640 k)
= 488 ~ 5=(00101),
B = 6.25 MHz / (2 x 5% 20000)
= 3125 ~31=(011111),

18 scr @iy ilu

SCF = 6.25 MHz / (2% 5) = 625 kHz

18 Bandwidth (J{1) 11

BW 3600(625 k / 288 k)

I

7812.5 Hz

> 387n

80
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anwdgu (UF1R) du

F, = 6.25 MHz / (2x 5% 31) = 20161.29 Hz
A Azl

PO
%50 A = 0A14h

2 01;];11 z Olllulgll 10 :> B
Wio B = 3E7Eh

¥
ar

" a oA {0 T [ 1w =
ﬂ\‘lu‘l—!ﬁ']ll'ﬁﬂﬁ';:ﬂﬂ"l‘il'l’)\ﬁ%ﬁLﬂ’E’]S?’Iﬂ’J'IlJﬁQ’iJLLWﬂWNﬂ“LJ 4 AMANRITINAIANUINN 1

Y 1 da o v 1 (% v
ﬂ]‘i]\iﬂ]ﬂﬂ“')ﬂﬁ .1 ﬂ'lgi]f!’m@i‘l’lﬂ'ﬂllafﬁlllﬂﬂﬂ"lﬁﬂu 4 M

F, (00nL1Y), Hz E, (J1ia) A B
8000 7891.41 0x162C 0x4892
10000 10146 0x162C 0x3872
16000 15943 0x0E1C 0x3872
20000 20161.29 0x0A14 0x3E4E
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ﬂ1iﬂﬂﬂ!mﬁﬂﬂ§ﬂﬂ'ﬂv‘l’?ﬂﬁ1ﬁ%’1} TMS320C31 DSP Starter Kit

I. M3oanuUU Hardware
a ¢ & @ o ¢ Y, o o
Tumsduweimanuginssinsuentiu uesa TMS320C31 DSK Aesodudaya o

T ar dy
M199 A9

< o = =1 o 1 3/
- ADDRESS (fludgyaanldifludvendumivesdoya

9w da9d o
- DATA Wudyanunlnudrvendoyasnieg

o Q

— e o 4 ' " o 2 '
- R/Willudggraildlumsiden msdsuniesiu nuisanuil Favzdo

A o

Tagnsaiu WE veeniiennui1 iodyna R/ W Tanuzgeoniuns

o o

'
o

' Y 1 o A g g = 9
g1udeyalunilsanudr wasifoduaausdivsidunisilendoyaly
Y18
i p—— | s { = L) 1 o a
- STRB iludyanaiifenaadenunulennusinisuen Taslndvziianiuggs
dielimsAadafunien MU INeUeNIE A UL
NUANNITINNUANA1IN AT IAUINITDINLIALUVII 18 Tasa 1115 LN
Vv
dmlsznoumnan 1anail
o rd r.u T a
- mMsoumasanUKUeANIINEUDN
=y 4 @ o @ an [~
- mssuweswlanudunlasdygiuainoailu Analog

- mIduwesmany 1/O (LCD, Keyboard)

2. msowneswlaiurihaanudimeuen
A ' o ' ¢ = = o 1]
103910 M NuIINeluuesa StartKit TMS320C310vuaiiied 2K 1ua Tasdes
¥
L] (-9 1 é 1
nueldelud1uues Program Memory 8% Data Memory %4 luiisanalunisldam 3a
4 A ' ° A A A
poAUUDUBS AN B NS I EunIAY Taodon]d Ram 185 AS7C1024B-12 &9
3 a o W 1 4
1 Static RAM A2m152g9 12 ¥ Tu3uil vna 128K x 8 Bit $149u 4 72 Tasrofouuyy
YUIUAY 1199910 RAM N1hanl¥5ivina 8 9t Data Bus 499 TMS320C31 Hauua 32 1in
189049 Address IR 1113 0x100000h H13 0x11FFFFh #Un300ATHedRye 194 ADDRESS 92

1% GAL wes PAL20v8 vinthiinoaswadayaia Address 11#lumsidendumiaves RAM
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d (YY) o aa
3. mysumesanudniasayauadnoaiy Analog

= o L} 1 73 é
Tuposa TMS320C31 DSK i} ADC tag DAC nelusmauedeag 1 veadaya a4

= 9 1

TumslFausuiludesld DAC §1uam 2 Yesdyaa Tedosroadounoueniiudy Tag
A 3 o 2 o a o ' o A o

dan 19 DAC wos MAX 547 ¥uilu ADC vu1a 13 Daswau 8 vosdan i lasaoibouny
TMS320C31 UULYUIY HAZfMHUAR MUY Address 71 0x300000 A9 0x300011 tazld GAL

auRe1nu 111995 RAM mousnlunisnoasiea Address

@S ‘ ":_.'l‘ ‘-, I
DAC
13 Bit

" DATA

= eV 1
5UN 2.2 udealaoziNTnN15A92995 DAC

A1)52noUVDI1995 DAC
:v an I~ = o 1 ar o
- 1C wasdyamainoaiy Analog vua 13 Ta $1uu 8 vosdmam 929
Iw @ o an o
wﬁwﬁiu%’ﬂagaﬁmjgmmwmmm%mamﬂumﬂ TMS320C31 DSK ¥1it1)aq

[~ o
iWudam Anolog

- 2993 ANNDAIAIYN (Low Pass Filter) shimtninsesdygnuniianudgsi
¥ '

= 4 o @ '8
Tagoonuuu1i Cutoff Frequency 0 3KHz iivofdaduvesdayqnaanssin
99N1191A DAC HASAYYIMIUNIUUNEAIU

[ [~ Ao e A kY ) o
- NITNUYU (Buffer) Lﬂuﬂﬂﬁ]i‘ﬂﬂﬂmﬁ'ﬂﬂﬁﬂﬂﬂ')’]llﬂ’luﬂ’lu*ﬂuiﬂ!ﬂhﬂﬁlﬁ 77U

[
IS ©

Aumueianaiisidiazions1verous@uminy 1 91nn13iiny
drumusunagath 1d linsgnudedyaiavesisnimaniuaznamsid

9 (4 o o q 9 ' o ) £ =
anudumuoanad i iansosenssua lds Inaaldun Fanuiei

1 A Y o ¥
ﬁTNTSﬂﬁﬂiﬂaﬂmuﬂ?1wﬂ1u1q1uﬂ']"lﬂ
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A wmEa |

3w |

uotstAYy

Sl

8dIAVIH

8 0o ac

£ P otno e

) P

+ Ao 1
P—amo

¢ b5t

L o

¢ Pa1no
VINo

HOLODANNOD MSd I€D0TESILL

< |

1 DAC

o

TX9T STAVIH TX91 ¥IaVAH
___’o ® I D|___ ® I
¥—gog 6 p—xX = % &p =
D0A 2 L -00A mn L W <
20A sz oA s T sz N
x—gr e T MMI/
g w 1 e—xX oG w1 Tia N
& >0 0T 61 0—x 0T 61
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4. mydumesiasuneaiteudameyen /0 (LCD, Keyboard)
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meuonlagasaedesldmaiinns neasiadaynin Address uag IC 74HCS73 dmTuM
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0x210000h 140% Output 7 0x220000h
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myuawiondldaon dau Port Output szutisldarnlan 16 finde (D0-D15) dofu LED

1ag Terminal Fmiu1¥donrunuensainisuen uag 11 dauu (D21-D31) ldeeiy LCD

A o [ { W 1
16x2 wialFdmTunaaanai 1dnnnsias Impedance
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Abstract

This research introduces the real-time ECG
compression/decompression  system using multirate
digital signal processing implemented on TMS320C31
DSP board. The designed ECG compress/decompress
system is able to compress the ECG signals at ratio of 2
times, 4 times, and 8 times by decimation technique.
The compressed signal is then recovered back by
decompression and interpolation techniques. The
consistency of this ECG compress/decompress system is
showed by low PRD (Percent Root Mean Square
Difference) compared between the decompressed signal
and the original signal. The reliable of estimated signal
of the ECG compression/decompression system make it
suitable for the application in telemedicine and home-
based patient monitoring.

1. Introduction

Digital Signal Processing (DSP) is one of the
fastest developing technology which is applied to many
fields of researches and studies, especially in medical
researches such as biomedical signal processing,
medical image processing and medical instruments.
electrocardiogram (ECG) is another kind of medical
signal which is required high performance of DSP in its
signal recording, processing and analysis. ECG
continuous monitoring and processing is really
importance in some patients, for example the patients in
crisis or need surgery operation.

The ECG data is sometimes too enormous for
transferring  via small bandwidth network or
telecommunication system. The compression techniques
of ECG signal are therefore being developed by many
techniques, such as wavelet transformation and long-
term prediction. In this research, we introduce the ECG
compression/decompression technique using multirate
signal processing and validate its reliability by finding
the PRD of the decompressed signal [1-3].

2. Theory

The ECG signal is manipulated by multirate digital
processing in 2 parts, the decimation technique for data
compression and the interpolation technique for data
decompression [4-7].

2.1. Decimation by Integer Factors

We reduce the number x(n) of the original data by
M times using the digital anti-aliasing filter h(k) and the
Sampling rate compressor as shown in figure 1(a). The
digital anti-aliasing filter h(k) will produce a new
random sampling (Fs/M) from the original sampling rate
(Fs) and prevent the aliasing of this new sampling data
by remove all the high frequencies which are higher
than Fs/2M. By this way, the sampling process will
discard M-1 number of data in every M number of
sampling data, w(n). The relationship of input and
output signal is shown in equation (1).

y(m)=w(mM) = i h(k)x(mM —k) )

k=-00

While
w(n) = i h(k)x(n—k) @)

k=—w
2.2. Interpolation by Integer Factors

The input signal x(n) with sampling rate Fs , will
increase its sampling frequency to LFs after
interpolation up L times as shown in the block diagram
of figure 2(a) which consists of sample rate expander
unit and anti-imaging filter unit. The sample rate
expander will increase number of data by adding back
L-1 number of samples in every sampling. The new
signal w(m) with sampling frequency equal to LFs will
be passes through the low-pass filter to discard the
image frequencies produced by expansion of signal,
y(m). The relationship of input signal and output signal
in interpolation process is shown in equation (3).
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Fig.1. (a) Block diagram of the part of decimation by integer factor which reduce M times of data

from the original signal.

(b) example of signal compression which M=3.
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Fig.2. (a) Block diagram of the Interpolation process which increase number of data L times
(b) example of signal interpolation which L= 3.

yom) = 3 h(kywim k) 5)
x0m/E);m=0,£L,+2L, .
wim) = { ) @)

2.3. Lagrange Interpolation

The most crisis in decompression process is the
compensated data that will increase the sampling
frequency up L time. The critical condition of adding
compensated data is the accuracy of estimated signal
which should precisely be the same spectrum as the
original signal. To solve this problem, we choose
LaGrange interpolation algorithm to estimate the
compensated data that will be added in the interpolation
process, as shown in equation (5).

A
y(n) = Z B (e)x(n+k), (5)
k=-N,

While
P(@)= B (4 +az,,)=H(fj—“f], -N, £r<N,, ()

2.4. Measurement of Error

The interpolated ECG signal recoveried from
decompression process might contains some erroneous
data which are able to be determined by the PRD. The
calculation of PRD for this estimated ECG signal is
shown in equation (7).

(7

As x(n)and x(n) are consecutively the original and the
reconstructed ECG data sequences.

3. Implementation

In reducing numbers of data by multirate DSP, we
have to prevent aliasing of compressed data by using the
numerical FIR Lowpass Filter 16 Order [8,9]. This FIR
Lowpass Filter will filter the input signal before
compression. After compression, the data are
immediately  interpolated back with  Lagrange
interpolation technique. We repeatedly simulate ECG
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signal from ECG simulator by setting heart rate at 90
beats per minute (BPM). Using as input, the simulated
ECG signal are processed by Matlab program and
TMS320C31 (with sampling frequency 8 kHz) [10].

4. Results

By experiments, we have compressed and
immediately decompressed the simulated ECG signal
back repeatedly. The input and output of these ECG are
compared to find out the error. We select compression
rate at 2 times, 4 times and 8 times. The estimated ECG
produced by TMS320C31 compression/decompression
system are much more accurate compared to the Matlab
estimated data (as shown in figure 3 to figure 6). We
also compare the estimated data of TMS320C31
compression/decompression system with the original
ECG by using oscilloscope (figure 7 to 10). The high
efficiency of our compression/decompression system is
confirmed by the comparison between PRD of Matlab
and PRD of TMS320C31 shown in table 1.

Table 1. The comparison between PRD of Matlab and
PRD of TMS320C31 implementation.

Compression rate Rt oe Fskiar
Matlab TMS320C31
2 times 5.38% 0.3 %
4 times 8.89 % 6.41 %
8 times 40.07 % 7.39 %

5. Conclusion

The high efficiency of compression/decompression
process from TMS320C31 DSP board compared to
Matlab program is clearly shown by their PRD values
and their ECG pattern captured by oscilloscope. This
should be the result of high sampling frequency in

TMS320C31 DSP board which give really high
resolution of the signal. The interpolation process of
TMS320C31 also gets benefit from this superb

resolution and consequently results in the accuracy of its
estimated signal. The compression ratio 2x, 4x and 8x of
this multirate ECG compression/decompression system
might not reduce as much data as some medical
application requirements. We, however, hope that this
research might be the first step for further study of ECG
compression. We believe the ECG compression will
give a lot of advantages in medical signal processing
especially in the remote and real-time ECG monitoring.
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Fig.3. Original simulated ECG.
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Fig.4. ECG data after decimation and
interpolation in 2x compression rate.
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Fig.5. ECG data after decimation and
Interpolation in 4x compression rate.
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Fig.6. ECG data after decimation and
Interpolation in 8x compression rate.
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