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T
interrupt

free running
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(sampling)

(sampler)
pracuje periodicky: s periodou T [s] 

T  [Hz]

( )y t ( )y kT

TT
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(quantization) 

-
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Digitalizace
digitalizace je 

44 100 Hz a
s 216 = 65 536

(reprezentace 16 bit = 2 
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(holding)

zero-order hold

( )y kT
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T/2

(hold)

( )u t

( )u kT

z tvarova ( )u t

z tvarova ( )u t
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Vztah mezi  s  a  z

obraz

-obraz

( ) , 0atf t e t

1( )F s f
s as a

( ) , 0.2sakTf t e T
( ) ( ) aT

zF z f kT
z e

aT sTz e e

sTz e
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o frekvenci 60Hz 

vlivem 

o frekvenci 10Hz

50 Hz
120Hz
240 Hz

aliasing
(od alias
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vzorkovanou verzi  r*(t) r(t)

funkce (distribuce) nebo -funkce
(shah-function v Cyrilice)

(t)

*( ) ( ) ( )
k

r t r t t kT

( )t kT

2( ) j tn T
n

k n

t kT C e

2 2

2

1 ( )
T j tn T

n T
k

C t kT e dt
T

2 02 2

2

1 1 1( )
T j t jn T n T

n T
C t e dt e

T T T
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tedy celkem

jako

argumentem

tedy celkem 

kde

r(t) 

1( )*( ) sjn t st

n

r t e e dtr t
T

( )1 1*( ) s sjn t s jn tst

n n

R s e e dt e dt
T T

1*( ) ( )s
n

R s R s jn
T

( ) ( )sR s jn r t

( ) ( )R s r t

2s T

21 1( ) sj tn T jn t

k n n

t kT e e
T T

2s T
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s L-obrazem

- alisaing
pro frekvenci 1

plus

( ) ( )sR s jn r t

( ) ( )R s r t

1( )R j

( )R T

*( )TR T

10 0 1 1( ), 2sR j T

( ) 0.5t tr t e te
2( ) ( 1)0.5R s ss

2 15sT

spektrum r(t)

spektrum r*(t)
1*( ) ( )s

n

R s R s jn
T
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1
frekvenci 1 1 ,

1 1 2sn n T

2s sT
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vzorkujeme s periodou 1/8 s,
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2( ) 1 cos4f t t
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aliasing?

odfiltrovat 

(anti-aliasing filter
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(Sampling Theorem)

vrcholy je
kde je 

(= spektra 

kde        je 

k a tedy k aliasing nedojde

Shannon-Nyquist (-Whittaker- ): 

2s sTmax

2s sT

max

max2

s

max 2s N sT Nyquistova 
frekvence

max2s
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C. E. Shannon

Claude Elwood Shannon
1916 2001

a matematik

Bc. a MSc. na Univ. Michigan
PhD. na MIT
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BW

2S BW

20 40S BW
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Aproximace 

metodou podle Tustina
-
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Tustinova metoda
Tustinova metoda neboli

je

1 ( )( )
( )

U sD s
s E s

0
( ) ( ) ( ) (( 1) )

kT T kT

kT T
u kT e t dt e t dt u k T

plocha pod grafem 

periodu

( )e t

t( 1)k T kT

( 1) ( )
2
T

e k e k

T

( 1)e k

( )e k
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Tustinova metoda

potom

a v obrazech

dostali 

1

11

1

( ) 1 11( )
2( ) 2 11

1

U z T zD z
E z szz

T z

( ) ( 1) ( 1) ( )
2
Tu k u k e k e k

1 1( ) ( ) ( ) ( )
2
TU z z U z z E z E z

1

1

2 1
1

zs
T z

( ) aD s
a s

1

Tustin 11

1

1( )
2 2 11

1

a z aTD z
aT zza

T zContSysTbx:  c2d
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Warping
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Warping & Prewarping

warping
warp pohon ve Star Trek 

Aproximace 

frequency warping)

1 2 1( )
1

j h j h
j h

j h

e eH e G
j h h e

filtr  G(s) G(z) ZOH

http://upload.wikimedia.org/wikipedia/en/5/54/USS_Enterprise_(NCC-1701-A).jpg
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Prewarping

frekvenci , kde 

Tj. 

G j
2 2

2 2

2 1 2 2 tan
1 2

j h j h j h

j h j h j h

e e e j h
h e h e e h

2 tan
2
h

h

22 ( )arctan 1
2 12

h h
h

2 1

0

3

( 1)arctan
2 1

,
3

1,

n nxx
n

xx

x x ,i i
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Prewarping

Ze vztahu

Potom je , ale jen pro  

Tustin s prewarping a je to i v Matlabu-CST

22 ( )arctan 1
2 12

h h
h

h

j

j

s je

je

je

je

aproximace

z

1

1

1

1
tan( 2) 1

zs
h z

2 1
1

zs
h z

1
1( )j hH e G j 1
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Prewarping
Ze vztahu

Potom je , ale jen pro  

Tustin s prewarping a je to i v Matlabu-CST

22 ( )arctan 1
2 12

h h
h

h

1

1

1

1
tan( 2) 1

zs
h z

2 1
1

zs
h z

1
1( )j hH e G j 1


