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1.1

'LJLWDO�6LJQDO�3URFHVVLQJ

'U�<YDQ�3HWLOORW
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1.2

6HFWLRQ�&RQWHQWV
� 6LJQDO�SURFHVVLQJ"�« :DV�LV�GDV"

� 'LJLWDO�VLJQDO�SURFHVVRUV

� $QDORJ�WR�GLJLWDO�VLJQDO�FRQYHUVLRQ

� %DVLF�FRQFHSWV

� 6XPPDU\
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1.4

:KDW�LV�'63"
� 'LJLWDO�6LJQDO�3URFHVVLQJ ± WKH�SURFHVVLQJ�RU�
PDQLSXODWLRQ�RI�VLJQDOV�XVLQJ�GLJLWDO�WHFKQLTXHV
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1.5

:KDW�LV�'63�8VHG�)RU"

«$QG�PXFK�PRUH�
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1.6

6HFWLRQ�&RQWHQWV
� &RQWLQXRXV�/LQHDU�7LPH�,QYDULDQW��/7,��6\VWHPV

� 'LJLWL]LQJ�WKH�VLJQDO

� 6DPSOLQJ�DQG�DOLDVLQJ

� 6DPSOLQJ�DQG�)UHTXHQF\�HIIHFWV

� 6XPPDU\
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1.7

&RQWLQXRXV�/LQHDU�7LPH�,QYDULDQW�6\VWHPV

� 7LPH�,QYDULDQFH �DOVR�FDOOHG�VWDWLRQDULW\�
© 7KH�V\VWHP�GRHV�QRW�HYROYH�WKURXJK�WLPH��VDPH�LQSXW�PHDQV�

VDPH�RXWSXW
© $QDO\VLV�GRQH�DW�D�FHUWDLQ�WLPH�LV�YDOLG�DW�DQRWKHU

� /LQHDULW\�

System S
designed (filter)

Real (acquisition 
system)

x(t) y(t)

[ ] [ ] [ ])t(xbS)t(xaS)t(bx)t(axS 2121 +=+
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1.8

&DXVDOLW\�	�6WDELOLW\
&DXVDOLW\

$�/7,�V\VWHP�LV�VDLG�WR�EH�FDXVDO�LI�LWV�RXWSXW�DW�DQ\�JLYHQ�WLPH�GHSHQGV�
RQO\�RQ�WKH�LQSXW�YDOXHV�XS�WR�DQG�LQFOXGLQJ�WKDW�WLPH�
2EYLRXV�IRU�DQ\�SUDFWLFDO�V\VWHP��ZH�FDQQRW�SUHGLFW�WKH�IXWXUH�
6RPH�GHVLUDEOH�IXQFWLRQV��LGHDO�GLIIHUHQWLDWRU��UHTXLUH�QRQ�FDXVDO�IXQFWLRQV��
$Q\�QRQ�FDXVDO�IXQFWLRQ�LV�QRW�UHDOLVDEOH�DQG�QHHGV�WR�EH�DSSUR[LPDWHG��LGHDO�
ILOWHUV�IRU�H[DPSOH��

6WDELOLW\

$�/7,�V\VWHP�LV�VDLG�WR�EH�VWDEOH�LI�HYHU\�ERXQGHG�LQSXW�JLYHV�ULVH�WR�
ERXQGHG�RXWSXWV� %RXQGLQJ�PD\�RFFXU�LQ�DPSOLWXGH�RU�WLPH��$�ERXQGHG�
VKRUW�LPSXOVH�VLJQDO�JHQHUDWLQJ�DQ�DPSOLWXGH�ERXQGHG�FRQWLQXRXV�RVFLOODWLRQ�
LV�QRW�ERXQGHG�
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1.9

)LOWHUV��LPSXOVH�UHVSRQVH�DQG�FRQYROXWLRQ
$�FRQWLQXRXV�/7, LV�FDOOHG�D�OLQHDU�ILOWHU

)RU�DQ�/7,�WKH�UHODWLRQ�EHWZHHQ�LQSXW�DQG�RXWSXW�LV
FRQYROXWLRQ

ZKHUH�����������LV�WKH�LPSXOVH�UHVSRQVH�RI�WKH�ILOWHU�

)t(x)t(hd)(x)t(h)t(y ∗=τττ−= ∫
+∞

∞−

)t(h
h(t)x(t) y(t)=h(t)*x(t)

h(t)δ y(t)=h(t)

Unit impulse Impulse response
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1.10

*UDSKLFDO�LQWHUSUHWDWLRQ

h(t)x(t) y(t)=h(t)*x(t)

h(t)δ y(t)=h(t)

time

1

t = 0

h(t)
time

t = 0

y(t)

Unit impulse Impulse response

t = 0

x(t)

time
t = 0

time

y(t)
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1.11

&RQYROXWLRQ�WKHRUHP

[ ] [ ]

[ ] [ ]
)f(Y)f(X                    

)t(yF)t(xF                    

dte)t(x)t(h)t(y)t(xF ftj2

=
=

∗=∗ ∫
+∞

∞−

π−

Fourier Transform:

[ ] ∫
+∞

∞−

π−== dte)t(x)t(xF)f(X ftj2

Convolution theorem:

∫
+∞

∞−

π+= dfe)f(X)t(x ftj2
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1.12

&RQYROXWLRQ�WKHRUHP�DQG�/7,V

h(t)x(t) y(t)=h(t)*x(t)

time

x(t)
TIME

DOMAIN

H(f)X(f) Y(f) = H(f)X(f)

frequency

X(w)

frequency

Y(w)

FREQUENCY
DOMAIN

Integration (sum)

Product

time

y(t)
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1.13

&RQYROXWLRQ�WKHRUHP�DQG�/7,V

)RXULHU�7UDQVIRUP�LV�.(<�WR�VLJQDO�SURFHVVLQJ�DQG�/7,V
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1.14

&RQYROXWLRQ�WKHRUHP�DQG�/7,V

*UDSKLFDO�FRQYROXWLRQ

,PSXOVH�UHVSRQVH�K�W�

)t(x)t(hd)(x)t(h)t(y ∗=τττ−= ∫
+∞

∞−

7LPH�UHYHUVHG�DQG�WUDQVODWHG
,PSXOVH�UHVSRQVH�K�W�

τ=0 t

,QSXW�IXQFWLRQ�[�W�

3URGXFW

τ

τ

/LQHDU�&RQYROXWLRQ

τ
N

τ

M

Time t
M +N
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1.15

'LJLWL]LQJ�WKH�6LJQDO|A|

t

sample & hold

ts 8ts4ts

l $LP�LV�WR�REWDLQ������UHSUHVHQWDWLRQ

l 6DPSOH�VLJQDO�SHULRGLFDOO\

l +ROG�VDPSOHG�YDOXH�XQWLO�QH[W�
VDPSOH

l &ODVVLI\�QHZ�VLJQDO�LQWR�OHYHOV�
�TXDQWL]H WKH�VLJQDO�

l 0RUH�OHYHOV�PHDQV�PRUH�DFFXUDF\

Signal = 10 10 01 ��� 00 00 01

ts 8ts4ts t

|A|

00
01

10
11

quantize

ts 8ts4ts t

|A|

00

01
10

11
? ? ?

%DFN�WR�GLJLWDO VLJQDO�SURFHVVLQJ
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1.16

4XDQWL]DWLRQ�(UURU

� ���

�

�	��
� ��� � 
 ��� � ������� � �

l 4XDQWL]DWLRQ�LQWURGXFHV�HUURUV

l ,QFUHDVLQJ�WKH�QXPEHU�RI�
TXDQWL]DWLRQ�OHYHOV�LV�QRW�DOZD\V�
WKH�DQVZHU

� ���

�

l 1RQ�XQLIRUP�4XDQWL]DWLRQ
����������� �!�#" �%$%�&" �('*)+�&�,�.-/)+�&�!�10+�!�
��� �!�.$�0&�32 0%-42 � 5+�

�������.6,�%'1�&�7" �%$%�&" �('*)��&�!�.-/)+�&�!�80&�!�
6!�'#�&�9$�0&�32 0%-42 � 5+�
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1.17

4XDQWL]DWLRQ�(UURU��XQLIRUP�TXDQWL]DWLRQ�

� ���

�

�	��
� ��� � 
 ��� � ������� � �

'9

3�Y�

�'9�� '9��
9

3UREDELOLW\�GHQVLW\�IXQFWLRQ�
RI�D�SRLQW�LQ�DQ\�LQWHUYDO

32

)V(
  RMS

12
)V(

dVv
V
1

  Error Square Mean
2

V

2
V

2
2

∆=

∆=
∆

= ∫
∆−

∆−
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1.18

6DPSOLQJ

7LPH�'RPDLQ )UHTXHQF\�'RPDLQ
��� �"!�#�$&%�' �

$"#�� � (�) ��� % �+*-,+.

��� �"!�#�$&%�' �

��� �"!�#�$&%�' �

(�) ��� % �+*-,+.

��� �"!�#�$&%�' �

$"#�� �

/�0�13254 6 0

/-6�13254 6 6

6 0

6 6

/7198 �&�32 �;: 6 1 63�!�5<�=+�+5;>�?
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1.19

5HDO�6LJQDOV

$"#�� �

��� �"!�#�$&%�' �
5HDO�OLIH�VLJQDOV�DUH�D�
FRPELQDWLRQ�RI�PDQ\�
IUHTXHQFLHV

��� �"!�#�$&%�' �

(�) ��� % �+*-,+.

�I � I �

� ���

�I �
� 
���� � 
%���

) ��
	�
� � � ��
	�, ���� � �
��� � � ��
	�
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1.20

6DPSOLQJ

6DPSOLQJ�7LPH��7KH�6QDSVKRW��± 7KH�WLPH�WDNHQ�WR�WDNH�
D�VDPSOH

6DPSOLQJ�3HULRG�± 7KH�SHULRG�EHWZHHQ�VDPSOHV

� / 0���1� 5+0 8 � )+��-3����6 > � 5�-42 5-=+�-=+� " ?
>�)+0&5�� 2 5�� :&0%-30

� / )+���+0&� 8 " 2 5������&�32 �;: 2 �(632 �&�5:

� / ) 2 � ��0����� 2 5�6!� �3��0-42 � 5
= 5;:&�&�!� -30&5;:&0��&" �

��� ?1� )+0&�!� 8 �32 > ��) 2 - 2 -3� " ��'#��� - 8 � 2 5�-
2 51'#�%�����

��� ?1� )+0&�!� 8 �32 > ���!��05>�)+�5: 2 -3� 8 ��0��12 5
'#�������

�
 
�

�! "
�!  
�! #
�! $
�

��! "
��!  
��! #
��! $
"

�%"'&( *)'#'+%$', ���.��� ��" �-&$"#�� �/. # *10*� ��2	3	4

5 6
78
9:
8;
< 9
5
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1.21

0LVVLQJ�,QIRUPDWLRQ

� 1RQ�SHULRGLF�6QDSVKRWV
l 0D\�PLVV�LQIRUPDWLRQ

7KH�GLS�LQ�SULFHV�EHWZHHQ�7��
DQG�7��JRHV�XQQRWLFHG

l ,QIRUPDWLRQ�FDQQRW�EH�
LQWHUSUHWHG�HDVLO\

� 3HULRGLF�6QDSVKRWV
l 0D\�PLVV�LQIRUPDWLRQ

7KH�GLS�LQ�SULFHV�EHWZHHQ�7��
DQG�7��JRHV�XQQRWLFHG

l (DVLHU�WR�LQWHUSUHW
7KH�NH\�LV�WKH�VDPSOLQJ�
IUHTXHQF\�# ��� ���,� ��� � � � �

��� � ��
	��� 
� � 
 ��� � �

$"#�� �
:
8;
< 9
5 ���	�	


$ � $ " $ & $  $ ) $ #

��!  
��! "
�

�! $
�! #
�!  
�! "
�

$"#�� �
:
8;
< 9
5 ���	�	


��!  
��! "
�

�! $
�! #
�!  
�! "
� $ � $ " $  $ &
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1.22

*HWWLQJ�WKH�6DPSOLQJ�5LJKW
$"#�� � (�) ��� % �+*-,+.

6����76	�

6������%6	�

�

� ���

�

�

� ���

� ���

�

� ���

� ���

� ���

�

�

6��

6��

6��

�%6��

�%6��

� � � 
��
�	� � ��� ��
	�
3 � � ��
	� 6	�# ��� ���,� ����3 � � ��
	�

, � 3%� �

, � 3%� "

, � 3%� &

� ��� 3 
 ��� � � � � ( � �����-��� ���
� ��� 3 � � ��
	� ( � �������� ���

6��

6��

6����96�� 6���� 6��

6�� 1 �%6	�
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1.23

Getting the Sampling Right

2Hz Cosine wave

8Hz Cosine wave

12Hz Cosine wave

10Hz Sampling 

0 2000 4000 6000 8000 10000 12000
-1

0

1
A

m
pl

itu
de

0 2000 4000 6000 8000 10000 12000
-1

0

1

time in seconds

A
m

pl
itu

de

0 2000 4000 6000 8000 10000 12000
-1

0

1

A
m

pl
itu

de

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

0.5

1

A
m

pl
itu

de

time in samples
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1.24

Limiting the Spectrum

fsfs

|A|

f

|A|

f
fm

fs>2fm

Aliasing

l Signals in the real world contain 
many frequencies

l Frequency components greater 
than 1/2fs cause aliasing (f>fm)

l Get rid of (filter out) frequencies 
above fm (no aliasing)

l Then ensure that the sampling rate 
is greater than 2fm

fm



13

��������� 	 
����
�����	 ����� ��� 	 ������	 ��

1.25

Example of aliasing

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0
-1

-0 . 8

-0 . 6

-0 . 4

-0 . 2

0

0 . 2

0 . 4

0 . 6

0 . 8

1

t im e

Signal type

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0
-1

- 0 . 8

- 0 . 6

- 0 . 4

- 0 . 2

0

0 . 2

0 . 4

0 . 6

0 . 8

1

Sine wave

Linear FM chirp

Signal characteristics

Fs = 1kHz

F = 200Hz

F = 400Hz

F = 600Hz

F = 800Hz

F = 0 to 1 KHz in 10 sec

Sound produced

� � � � � � � � � � � � � � 	�
 �

� � � � �  � � � � � � � � 	�
 �

� � � � � � � � � � � � � � 	�
 �

� � � � �  � � � � � � � � 	�
 �

� � � � � � � � � � � � � � � � ��� �
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1.26

Time

F
re

qu
en

cy

Properly sampled signal spectrogram

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0

1000

2000

3000

4000

5000

Example of aliasing

Signal type

Fs = 11025Hz

Sound producedSpectrogram

0 1 2 3 4 5 6

x 10
4

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5
x 10

4

Noise whistle

Time

F
re

qu
en

cy

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0

200

400

600

800

1000

1200

0 2000 4000 6000 8000 10000 12000 14000
-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5
x 10

4

T i m e

F
re

qu
en

cy

0 . 5 1 1 . 5 2 2 . 5 3 3 . 5 4 4 . 5

9 5 0

1 0 0 0

1 0 5 0

1 1 0 0

1 1 5 0

1 2 0 0

1 2 5 0

1 3 0 0

1 3 5 0

T i m e

F
re

qu
en

cy

0 . 5 1 1 . 5 2 2 . 5 3 3 . 5 4 4 . 5

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

1 6 0 0

1 8 0 0

2 0 0 0

Fs/4 = 2756Hz
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1.27

Time

F
re

qu
en

cy

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0

100

200

300

400

500

Time
F

re
qu

en
cy

Properly sampled signal spectrogram

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0

1000

2000

3000

4000

5000

Example of aliasing

Signal type

Fs = 11025Hz

Sound producedSpectrogram

0 1 2 3 4 5 6

x 10
4

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5
x 10

4

Noise whistle

T i m e

F
re

qu
en

cy

0 . 5 1 1 . 5 2 2 . 5 3 3 . 5 4 4 . 5

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

1 6 0 0

1 8 0 0

2 0 0 0

Fs/10 = 110.2Hz

0 1000 2000 3000 4000 5000 6000
-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2
x 10

4
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1.28

6DPSOLQJ�UHYLVLWHG��ZLWK�WKHRU\�DQG�PDWK�
0DWK�EDFNJURXQG�

'HOWD�IXQFWLRQ�


 =

=δ
elsewhere  0

      0  x if   1
)x(



 =

=−δ
elsewhere  0

       x x if   1
)xx( 0

0

2

x

x
0100 xx x   with)x(fdx)xx()x(f

2

1

<<=−δ∫

[ ]
[ ] 0fxj2

0 e)xx(F

1)x(F
π−=−δ

=δ

)xx(f)xx()x(f

)x(fd)x()(f)x()x(f

00 −=−δ∗

=ττ−δτ=δ∗ ∫
+∞

∞−
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1.29

6DPSOLQJ�UHYLVLWHG��ZLWK�WKHRU\�DQG�PDWK�
$SSOLFDWLRQ�H[DPSOHV

)RXULHU�WUDQVIRUP�RI�D�VLQH"

)RXULHU�WUDQVIRUP�RI�D�FRVLQH"

,QYHUVH�)RXULHU�WUDQVIRUP�RI�D�SXUH�IUHTXHQF\"

1HJDWLYH�IUHTXHQF\�FRQFHSW"
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1.30

6DPSOLQJ�UHYLVLWHG��ZLWK�WKHRU\�DQG�PDWK�
&RPE�IXQFWLRQ�

∑

∑
∞

−∞=

∞

−∞=

−−δ=
−

−δ=

k
0

0

k

)nbxx(b)
b

xx
(comb

)kx()x(comb

[ ] ∑∑
∞

−∞=

∞

−∞=

−δ=





 −δ=

kk

)
T
k

f(
T
1

)kTt(F)T/t(combF

0 2000 4000 6000 8000 10000 12000
-1

0

1
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itu
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0 2000 4000 6000 8000 10000 12000
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1

time in seconds

A
m

pl
itu

de

0 2000 4000 6000 8000 10000 12000
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
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1.31

6DPSOLQJ�UHYLVLWHG��ZLWK�WKHRU\�DQG�PDWK�
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1.32

6DPSOLQJ�UHYLVLWHG��ZLWK�WKHRU\�DQG�PDWK�
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1.33

6DPSOLQJ�UHYLVLWHG��ZLWK�WKHRU\�DQG�PDWK�
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1.34

1\TXLVW¶V�VDPSOLQJ�WKHRUHP

,I�WKH�KLJKHVW�IUHTXHQF\�FRPSRQHQW�LQ�D�FRQWLQXRXV�VLJQDO�LV�I ����� ��WKHQ�
WKDW�VLJQDO�FDQ�RQO\�EH�UHFRYHUHG�IURP�LWV�GDWD�VDPSOHV�LI�WKH�
VDPSOLQJ�IUHTXHQF\�I � LV�JUHDWHU�WKDQ�WZLFH�I ����� �

([DPSOHV�

$XGLR�&'��>����N+]@ 6DPSOLQJ�DW����N+]��������ZK\�QRW���"�
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1.35

'LVFUHWHQHVV�DQG�SHULRGLFLW\
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1.36

'LVFUHWHQHVV�DQG�SHULRGLFLW\
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1.37

$'&�UHYLVLWHG

0RYH�VLJQDO�WR�EDVHEDQG"

FKRRVH�VDPSOLQJ�IUHTXHQF\�I �

%DVHG�RQ�LQIRUPDWLRQ�UHTXLUHG�LQ�VLJQDO
%DVHG�RQ�H[LVWLQJ�$'&�FRQYHUWHUV�DQG�GHVLJQ�WUDGHRIIV��FRVW��SRZHU�

GLVVLSDWLRQ�

/RZ�SDVV�ILOWHU�VLJQDO�WR�KDOI���$QWL�DOLDVLQJ�ILOWHU�

6DPSOH�VLJQDO�DW�I �

ADC DAC
Digital 
Signal 

Processor

Input 
Signal
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1.38

/HDUQLQJ�RXWFRPHV
'HILQLWLRQ�DQG�SURSHUWLHV�RI�/LQHDU�7LPH�,QYDULDQW��/7,��V\VWHPV

)LOWHULQJ�DQG�WKH�FRQYROXWLRQ�WKHRUHP

)RXULHU�WUDQVIRUP�DQG�FRQYROXWLRQ

'LJLWL]DWLRQ

6DPSOLQJ�DQG�DOLDVLQJ��1\TXLVW�WKHRUHP

6DPSOLQJ�DQG�SHULRGLFLW\��6DPSOLQJ�LQ�RQH�GRPDLQ�LV�SHULRGL]LQJ�LQ�
WKH�RWKHU

$'&�FRQYHUVLRQ��DQWL�DOLDVLQJ�ILOWHULQJ�IROORZHG�E\�VDPSOLQJ
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1.39

:RUNHG�([DPSOHV��'LJLWDO�5DGLR�6\VWHP
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