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¤ ¥¦¤¨§ª© «�«�¬(­;®°¯�±[±9¬�²³²¦¬�´µ®¶´|© ­n·M­�¸¶¹¦º ­M¯�²c»[·n®½¼U±9¬�»7¬

x2(t) ¾ ¥�¥k¥k¥�¥k¥�¥k¥�¥k¥ ¿
¤ ¥ À §Á¯�²³Â�·[²³¬�Ã�²Ä¯�±M·[¹³¸Å¸Å¯�­MÂ�¬�»[·�¸¶¹³º�­M¯�²

x2(t) ¾ ¥k¥�¥k¥�¥k¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥ ¿
¤ ¥ ¿ §Á¯�²³Â�·[²³¬�Ã�²Ä¯�±M·[¹³¸Å¸Å¯�­MÂ�¬�»[·�¸¶¹³º�­M¯�²

x3(t) ¾ ¥k¥�¥k¥�¥k¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥ ¿
¤ ¥ Æ Ç.©�­;®¶ÃÅ¬�Ã&È ·M¬ª»7·�±?© ¹¦­;®&»[¬�ÉU·[¬�ÃÅ¬�²Ä¯P®Å¹¦© ­�¬�­;®ÅÃ¶Ê(¬IËP¸¶©�Ã¶®¶¹³¬�²Ä¯uÂÍÌM¯IÎY­[¬Á»7¬a®ÅÃÅ¯�­M¸½´

«�¹Ä¸¶¸¶¹³©�­y±[ÃÅÊ(¸¶¬�­;®ÅÊ�¬u»[¯�­M¸�²|Ï Ê�­[© ­MÂ	Êu¬�¸½®ÁÊ(È;·[¹³ÉP¯�²³¬�­;®¶¬°Ð�²³¯�ÂÍÌM¯IÎY­[¬u±M¯ ¸¶¸¶¬	´ÒÑM¯ ¸
Ê�È;·[¹¦ÉP¯�²¦¬(­ ®Å¬�±[Ã¶Ê�¸Ó¬(­;®¶Êk»[¯�­?¸/²³¯-È;·[¬�¸½®Å¹¦© ­nÆ?¥Ô¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥ Æ

¤ ¥ ÕÖÇ.©�­;®¶ÃÅ¬�ÃuÈ;·[¬�²Ä¯�×�ØUÙÚ»7·�Ñ[ÃÅ·[¹¦®
n1(t)

¬�¸½®�Ê(º ¯�²³¬kÐ N0

4

¥Û¥#¥k¥k¥�¥k¥�¥k¥�¥k¥ Æ
¤ ¥ ÜÖÝ�­.»7Ê(»7·M¹¦ÃÅ¬�²³¯�ÂÍÌM¯PÎÄ­[¬�±M¯ ¸¶¸¶¬	´ÒÑM¯ ¸ªÊ�È;·[¹¦ÉP¯�²¦¬(­ ®Å¬k¯IÉ�¬(Â�²³¬kÑ[Ã¶·M¹�®u¯�»M»7¹�®Å¹�Þ

n1(t)
¥ Õ

¤ ¥vß §Á¯�²³Â�·[²³¬�Ã/²³¯�ÃÅÊ�±9©�­M¸¶¬�¹³«�±[·[²Ä¸Ó¹³©�­M­[¬�²³²¦¬k»7¬
g2(t)

»7¬°Þ¡¯ à	© ­nÐ�¯IÉ�© ¹¦Ãª·[­pá?²�®ÅÃ¶¬
¯ »[¯�±[®¶Ê�¬�­�ÃÅÊ(Â	¬(±7®¶¹³©�­�¥ ¥k¥�¥k¥k¥�¥k¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥ Õ

¤ ¥ â ã�¯�ÂÍÌ?¯IÎY­[¬°±M¯ ¸¶¸¶¬	´ÒÑM¯ ¸aÊ(È;·[¹³ÉP¯�²³¬�­;®¶¬#É�Ê(Ã¶¹¦áM¬�´µ®¶´|¬(²¦²³¬°²³¬�¤(¬�Ã/Â	ÃÅ¹�®Åä�ÃÅ¬�»7¬�åu¼7È;·[¹Ä¸½® ¾ Ü¤ ¥ æ §Á¯�²³Â�·[²�»7·�ç/Ý�èé¸Ó·[ÃuÂ(¯�­M¯�²F¹³»[Ê(¯�²|¥D¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥ ß
¤ ¥ æM¥¦¤ ×°© ­[­[¬�Ãª²¦¬�¸aÉP¯�²³¬�·MÃÅ¸a»[¬

x6(kTs)
¯�·7ê�¹¦­?¸½®Í¯�­;®Å¸a»[¬°±[ÃÅ¹³¸¶¬u»7¬#»7Ê(Â�¹³¸¶¹¦© ­c¥
ß

¤ ¥ æM¥ À §Á¯�²ÄÂ	·[²³¬�Ã�²Ä¯�ÉI¯�Ã¶¹Ä¯�­?Â	¬�»7·�Ñ[Ã¶·M¹�®°¯�·7êp¹³­M¸½®Í¯�­;®Å¸�»[¬k±[Ã¶¹Ä¸¶¬�»[¬�»[Ê(Â	¹Ä¸¶¹¦© ­c¥ëß
¤ ¥ æM¥ ¿ ×°¬�¸¶¸¶¹¦­M¬�Ã�²³¬�»7¹³¯�º�ÃÍ¯�«�«�¬#»[¬#²|Ï ìk¹¦²cÃÅ¬(à�·n¬(­n²|Ï ¯�ÑM¸¶¬�­MÂ�¬k»7¬kÑ[ÃÅ·[¹�®�¥�¥k¥ â
¤ ¥ æM¥ Æ ×°© ­[­[¬�Ã�²Ä¯#Ã¶Ê(º�²³¬Á»[¬u»7Ê(Â�¹³¸¶¹¦© ­�Ç}íuÙeÈ;·[¹7±?¬(Ã¶«�¬�®�»7¬u»7¹Ä¸½®Å¹¦­[º ·[¬�Ã"²³¬(¸

¸Ó¼U«�Ñ9©�²³¬(¸/ÃÅ¬(à�·M¸(¥°¥�¥k¥k¥�¥k¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥ â
¤ ¥ æM¥ Õ §Á¯�²ÄÂ	·[²³¬�Ã�²³¬kç/Ý�è »7¬k²Ä¯�²¦¹Ä¯�¹Ä¸¶©�­c¥k¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥ æ

¤ ¥¦¤�îDç/Ýªè ¸¶·[ÃuÂ�¯�­M¯�²F¹Ä»7Ê(¯�²F¬�­�ÞS©�­?ÂV®¶¹³©�­�»7¬ Eb
N0

¥7¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥ æ
¤ ¥¦¤�î[¥³¤ï§Á¯�²ÄÂ	·[²³¬�Ãª²µÏ Ê�­[¬(Ã¶º ¹¦¬

Eb
Â	©�­?¸Ó© «�«�Ê(¬�±?© ·[ÃªÊ(«�¬	®Ó®ÅÃ¶¬�·[­yÑ[¹¦®�»[¯�­M¸�²¦¬

Â�¯�­?¯�²|¥ð¥k¥�¥k¥�¥k¥�¥k¥k¥�¥k¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥ æ
¤ ¥¦¤�î[¥vÀñÝ�ê7±[Ã¶¹³«�¬�Ã�²³¬�ç/Ý�è »[¬#²Ä¯�²³¹³¯�¹³¸¶©�­n¬�­�ÞS©�­MÂ	®¶¹³©�­�»7¬ Eb

N0

¥°¥�¥k¥�¥k¥�¥k¥ æ
¤ ¥¦¤ ¤N§Á¯�­M¯�²F­M©�­�¹³»7Ê�¯�²|¥ò¥k¥�¥k¥�¥k¥k¥�¥k¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥�¤(î

¤ ¥¦¤ ¤�¥³¤óí�´|®Ó´Ò©�­�»7¬k²µÏ ôÓØUô ¾ ¥�¥k¥k¥�¥k¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥�¤(î¤ ¥¦¤ ¤�¥vÀ]×°© ­[­[¬�Ã�²³¬(¸�ÉP¯�²³¬�·[ÃÍ¸�»[¬
x6(kTs)

¯�·7êe¹¦­M¸Ó®Å¯�­;®Å¸�»7¬n±MÃ¶¹Ä¸Ó¬�»7¬�»7Ê	´
Â	¹Ä¸Ó¹³©�­�¯�¹³­M¸¶¹�È;·[¬�²³¬(¸u±[Ã¶© ÑM¯�ÑM¹¦²³¹�®ÅÊ(¸�ÃÅ¬(¸¶±9¬(ÂV®Å¹¦É ¬(¸u»[¬�Â	¬�¸u»7¹¦õ9Ê(Ã¶¬(­ ®Å¬(¸
ÉI¯�²¦¬(·[ÃÍ¸�¥ö¥�¥k¥�¥k¥�¥k¥k¥�¥k¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥�¤(î

¤ ¥¦¤IÀ�÷�º ¯�²³¹Ä¸Ó¬(·[Ã�ø2ù&Ý`¬�­�±[ÃÅÊ(¸¶¬�­MÂ�¬#»FÏ ·[­�Â�¯�­M¯�²F­M©�­�¹³»7Ê�¯�²|¥*¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥�¤(î
¤ ¥¦¤IÀ7¥³¤ó×°© ­[­[¬�Ã�²|Ï ¯�ÃÍÂÍÌ[¹�®Å¬(Â	®¶·[ÃÅ¬#»[¬k²µÏ Ê�º;¯�²³¹³¸¶¬�·[Ã°ø2ù&Ý\¯IÉ�¬�Â°ÆyÂ�©U¬	úyÂ	¹³¬�­;®Å¸(¥`¥�¤(î
¤ ¥¦¤IÀ7¥vÀ�§Á¯�²ÄÂ	·[²³¬�Ãª²¦¬�¸ÁÂ�©U¬	úyÂ	¹³¬�­;®Å¸Á»7¬�²µÏ Ê�º;¯�²³¹³¸¶¬�·[Ã�ø2ù&Ýû¯IÉ ¬(Â�²³¬�Â(¯�­M¯�²9»7¬�²³¯

È ·M¬(¸Ó®¶¹³©�­i¤�¥³¤�¤�¥Á¥k¥�¥k¥k¥�¥k¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥�¤(î
¤ ¥¦¤IÀ7¥ ¿ü×°© ­[­[¬�Ã/²³¬(¸ÁÉP¯�²³¬�·[ÃÍ¸/»7·�¸Ó¹³º�­M¯�²�ý[¯�±[ÃÅä(¸ª²µÏ Ê�º;¯�²³¹³¸¶¬�·[Ãuø2ù&Ýuý[¯�·7êy¹¦­?¸½´

®Å¯�­;®Í¸�»7¬k±[ÃÅ¹³¸¶¬k»7¬k»7Ê(Â�¹³¸¶¹¦© ­c¥p¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥�¤�¤
¤ ¥¦¤�¿\§Á¯�²³Â�·[²�»7·�ç/Ý�èé»[¯�­M¸/²³¬�Â�¯ ¸�»7·�Â�¯�­M¯�²2­[© ­�¹Ä»7Ê�¯�²aþ¡¸Å¯�­?¸°ø2ù&ÝªÿV¥�¥k¥�¥k¥�¥k¥�¤�¤

¤ ¥¦¤�¿[¥³¤ó×°© ­[­[¬�ÃÁ²Ä¯kÃ¶Ê(º�²³¬°Ç.í°Ùû»7¬#»7Ê(Â�¹³¸¶¹¦© ­p¯IÉ�¬�Â/²¦¬�Â�¯�­M¯�²9»7¬°²Ä¯�È;·[¬�¸½®Å¹¦© ­
¤�¥³¤�¤�¯�¹³­M¸Ó¹cÈ;·[¬k²³¬k¸Ó¬(·[¹³²�»7¬�»7Ê�Â	¹Ä¸Ó¹³©�­�·7®¶¹³²³¹³¸¶Ê�¥#¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥�¤�¤

¤ ¥¦¤�¿[¥vÀ�§Á¯�²ÄÂ	·[²³¬�Ã�²³¬kç/Ý�è »7¬k²Ä¯�²¦¹Ä¯�¹Ä¸¶©�­�¬�­nÞS©�­MÂ	®¶¹³©�­�»7¬ Eb
N0

¥ ¥�¥k¥�¥k¥�¥k¥�¤�À
¤ ¥¦¤(ÆÚ§Á¯�²³Â�·[²?»[·yç/Ý�èû»M¯�­M¸�²³¬°Â(¯�¸�»FÏ ·[­yÊ(º ¯�²³¹Ä¸Ó¬(·[Ãªø2ù&ÝN¯IÉ�¬�Âª·M­yÂ�¯�­?¯�²[­[© ­�¹³»7Ê�¯�²|¥�¤�À
¤ ¥¦¤IÕ`§Á¯�²³Â�·[²�»7·�ç/Ý�èé»[¯�­M¸/²³¬�Â�¯ ¸�»FÏ ·[­[¬k¬�ÃÅÃÅ¬�·[Ã�¸¶·[Ã�²µÏ ¹³­M¸½®Í¯�­;®u»7¬�»7Ê�Â	¹Ä¸Ó¹³©�­c¥û¥k¥�¤(¿

¤ ¥¦¤IÕ7¥³¤ó×°© ­[­[¬�Ã�²¦¬�¸kÉP¯�²³¬�·[ÃÍ¸�»7¬
x6(kTs + Ts

4

¯�·7êR¹³­M¸Ó®Å¯�­ ®Í¸�»7¬-±[ÃÅ¹Ä¸Ó¬y»7¬
»7Ê(Â�¹³¸¶¹¦© ­k¯�¹³­M¸Ó¹ È ·M¬�²¦¬�¸c±[ÃÅ©�ÑM¯�Ñ[¹³²¦¹¦®¶Ê�¸2Ã¶¬�¸Ó±9¬(Â	®¶¹³É�¬(¸�»7¬aÂ	¬�¸c»7¹¦õ9Ê(Ã¶¬(­ ®Å¬(¸
ÉI¯�²¦¬(·[ÃÍ¸�¥ö¥�¥k¥�¥k¥�¥k¥k¥�¥k¥#¥k¥�¥k¥k¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥�¤(¿

¤ ¥¦¤IÕ7¥vÀñÝa­�»7Ê(»7·M¹¦ÃÅ¬k²¦¬kç/Ý�èé»7¬k²Ä¯�²³¹Ä¯�¹Ä¸Ó© ­c¥+¥�¥k¥�¥k¥�¥k¥#¥k¥k¥�¥k¥�¥k¥�¥k¥�¤(¿
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x2(t) 7

x1(t) =
∑

k

ak δ(t − kTs)

x2(t) = x1(t) ∗ g1(t)

=

[∑

k

ak δ(t− kTs)
]
∗ g1(t)

=
∑

k

ak g1(t− kTs)

A#EUJ�J.B
g1(t)

BPOVL�HFK98cQYLVT	B�CFB�J�WSO	BnBIK;: EUTVJ.BpT	BPGIL�b;KFX7HFQ¡b;WYT	B�ZIXMb;Q��
1
BIKMLVT	B

0
BIL
Ts
BIL�fMHcB

ak = ±V <
x2(t) = NRZ (±V, Ts)


��>= �����@?A')�
�CB;�
�D��'�,
*-*$����?"�E0)'(*-,/.��)�F�
x2(t) 7

Px2 = lim
T→+∞

1

T

∫

[T ]
|x2(t)|2 dt

= lim
T→+∞

1

T

∫

[T ]
V 2 dt

= lim
T→+∞

1

T

(
V 2T

)

= V 2


��>G �����@?A')�
�CB;�
�D��'�,
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x3(t) 7

1

T

∫

[T ]
|x3(t)|2 dt =

1

T

∫

[T ]
|x2(t) cos(2πfpt)|2 dt

=
1

T

∫

[T ]
|x2(t)|2 cos2(2πfpt) dt

=
1

T

∫

[T ]
V 2 cos2(2πfpt) dt

=
V 2

T

∫

[T ]
cos2(2πfpt) dt

m



Px3 = lim
T→ 1

fp

[
1

T

∫

[T ]
|x3(t)|2 dt

]

= lim
T→ 1

fp

[
V 2

T

∫

[T ]
cos2(2πfpt) dt

]

= V 2fp

∫

[ 1
fp

]
cos2(2πfpt) dt

= V 2fp
1

2fp

=
V 2

2
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?[ZP��\@�)�]0P�^�-BL����*-�_,@*-*$,
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�
�kMO'P� *d�U,/�&�jH)�

x2(t) = x1(t) ∗ g1(t)

x3(t) = x2(t) cos(2πfpt)saByG�b;K�b;Q�BPOVLkWSCFZ�b;QªCFEUKcG < x4(t) = x3(t) ∗ c(t) = x3(t) = x2(t) cos(2πfpt)

x5(t) = x4(t) cos(2πfpt)

= x2(t) cos2(2πfpt)

= x2(t)
cos(4πfpt) + 1

2

=
1

2
x2(t) +

1

2
x2(t) cos(4πfpt)

g2(t)
BPOVLÁHFKl8cQYLVT	B#w�bUO	O�B%m½o�bUOÁCFEUK?L/Q¡b�:ÒT	ZPfMHcBIKcGPB#CFB#GPEUHFwFHFT	B#BPO	Lªw"BILVWYL	B�CFBIxUb;K?L

fp
~FCFEUKcG <

x6(t) = x5(t) ∗ g2(t) =
1

2
x2(t) ∗ g2(t) =

1

2
x1(t) ∗ g1(t) ∗ g2(t)


��>n JK���&�-BL�CBoMO')�p�
�kq6rOst0�'+i)BL'�,e�
n1(t)

� *d�oXC.��F�/�6f N0

4

�

n1(t) = n(t) cos(2πfpt)

CFEUKcG <
N1(f) = N(f) ∗ TF [cos(2πfpt)]

u



C�tvE-v <
Sn1(f) = Sn(f) ∗DSP [cos(2πfpt)]

= Sn(f) ∗
[

1

4
(δ(f − fp) + δ(f + fp))

]

=
1

4
(Sn(f − fp) + Sn(f + fp))

=
1

4

(
N0

2
+
N0

2

)

=
N0

4


��>w xy�(0)X 0)'�,/BU�p�/�k?[ZP��\@�)�p�)�F*-*d�A!%i)�F*oX MO'),/S��F�
� �&�-�6�AS���?z�
�zi�BL'),/�
�F0�0),e�U,
{

n1(t)
�

g1(t)
x1 x2

n1(t)

g2(t)
x6 CFZPGIWSOVWSEUKcO

1
2


��}| �����@?A')�
�CB2�
�~BLXC�����)*$�K,@����')�@*$,
���)�)� �
�
�Q0)�
g2(t)

0P��{��F�"����f
�CS���,/B�')�2���e�WBU�z��0)���P�WXp� �+BUX ?"�C�)�U,/�����

� E7O	EUKcO < p(t) = g1(t) ∗ 1
2

BIL
he(t) = g1(t) ∗ 1

2 ∗ g2(t)

��Kûb�HFK`8cQYLVT	BpbUCcb;wFL	ZyBIKeT	ZPGPBIwFLVWSEUKDOVW < g2(t) = k
Sn1 (f)p

∗(t0 − t)
� tvE-v <

g2(t) =
k

Sn1(f)
p∗(t0 − t)

=
k

Sn1(f)
p(t0 − t)

=
4k

N0

(
g1(t0 − t) ∗

1

2

)

=
2k

N0
g1(t0 − t)

�



Ts

g1(t) =

g1(t0 − t) =

0

1

t

t0t0 − Ts

1

t

Ts0

1

tg1(t0 − t) =

G�b;HcO�b;QYWYL	Z

w�b;T�OVHFWYL	B < g2(t) = 2k
N0
g1(t)

g2(t)
BPOVL�CFEUKcGyZIXMb;Q��

g1(t)
��HFKcB-GPEUKcOVL�b;KML	BpwFT��PO�r
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he(t) = g1(t) ∗ 1

2
∗ g2(t)

=
1

2


∏

Ts

(t− Ts
2

) ∗
∏

Ts

(t− Ts
2

)




=
1

2
Ts
∧

Ts

(t− Ts
2

)

�



−Ts
2

Ts
2

3Ts
2

1

0.5

0
t

∧
Ts(t− Ts

2 )

Ts 2Ts

cte

0
t

he(t)

G�b;HcO�b;QYWYL	Z

∃t0 = Ts
L	BIQ�f?HcB < he(t0) = 1

BIL
he(t0 + kTs) = 0 (k 6= 0)

~uQ¡b`G	z�bd�SKcB
w�bUO�O	B%m½o�bUO�ZPf?HFWYxUb;QSBIK?L	Byx[ZITVW�8�ByCFEUKcGyd��2fMHFWSOVL�r

��>� �����@?A')��0)'(��xy��*-'PB�?"�F�P�F��,
0)XC�F���
�� I¡F }� ¢`£�¤¥¤�¦[§©¨ª¦L«­¬A®C¨ª¦[¯&§d«­°¥¦

x6(kTs)
®C¯�±E²}¤�«´³4®C¤�³4«y°¥¦�µ¥§$²ª«4¦¶°¥¦�°¥·L¸L²º¹

«»²ª£�¤) 
� TVWSO	ByCFB-CFZPGIWSOVWSEUKûBIK

t0 = Ts <
x6(kTs) = ±V

P (±V ) =
1

2

�� I¡F º¼ ½l®C¨ª¸L¯&¨ª¦[§�¨ª®�¬A®A§$²ª®C¤&¸U¦�°O¯D¾¥§$¯¥²>³¿®C¯�±D²ª¤&«´³4®C¤�³4«y°¥¦�µ¥§$²ª«4¦�°¥¦�°¥·L¸L²º¹
«»²ª£�¤) 

n1(t) g2(t) n2(t)

À



Sn2(f) = Sn1(f)|G2(f)|2

=⇒ Pn2 =
N0

4

∫
|G2(f)|2 df

C�t b;wFT��PO � BIT	GPBIxUb;Q <
Pn2 =

N0

4

∫
|g2(f)|2 df

=
N0

4
Ts

��K�O�b;WYL�f?HcB < Pn2 = µ2
n2

+ σ2
n2��T

n2(t)
BPOVLkHFKNoFTVHFWYL���J.E»�[BIKFKcByK?HFQYQSB7~�CFEUKcG < µ2

n2
= 0

C�tvE-v <
σ2
n2

= Pn2 =
N0

4
Ts

�� I¡F IÁ ¢`¦L«4«d²ª¤&¦L§�¨ª¦9°O²>®AÂ�§d®CÃzÃ^¦;°&¦9¨@ÄÆÅ9²}¨�§d¦[ÇL¯k¦È¤k¨@ÄÆ®A¾&«»¦[¤&¸U¦;°¥¦9¾¥§-¯&²>³W 

0

0

Ts 2Ts

wFTVWSO	BpCFB-CFZPGIWSOVWSEUK

�� I¡F ÆÉ ¢`£�¤¥¤�¦[§©¨ª®o§$·LÂ�¨ª¦`°&¦�°¥·L¸[²>«d²>£�¤EÊ+ËÍÌÏÎ�¯¥²PµP¦[§$Ã]¦U³­°&¦�°O²ª«´³»²}¤�Â�¯�¦[§
¨ª¦L«©«´Ð�Ão¾P£�¨ª¦L«y§$¦LÇL¯&«W 

±V ZPf?HFWYwFT	EUo�b;oFQSBPO =⇒ seuil = (+V )+(−V )
2 = 0

j��IX7QSB �oÑ�� <
si x6(t0 + kTs) > 0 =⇒ +V

Ò



si x6(t0 + kTs) < 0 =⇒ −V
si x6(t0 + kTs) = 0 =⇒ au choix

�� I¡F ºÓ ½l®C¨ª¸L¯&¨ª¦[§�¨ª¦;ÔlÕ�ÖV°¥¦;¨ª®^¨}²ª®C²>«»£�¤) 

TEB = Q

[
(+V )− (−V )

2σn2

]
= Q

[
V

σn2

]

��T < σ2
n2

= N0
4 Ts

CFEUKcG <
TEB = Q

[
2V√
N0Ts

]


��

C× �Íxy��*-')Bo?"�F�P�F��,@0PXC�F��� �+{����)?È�U,/�&�20)� Eb
N0

�
�� }�ÈØF }� ½l®C¨ª¸L¯¥¨ª¦L§Ù¨@ÄÆ·[¤&¦L§$Â�²ª¦

Eb
¸L£�¤&«4£�ÃzÃ^·L¦yµ)£�¯&§�·[Ã^¦L³´³4§d¦�¯&¤^¾¥²>³�°&®C¤&«

¨ª¦9¸L®C¤�®C¨@ 

Px3 G�b;K�b;Q
x3

Ú KcBITVX7WSB
Es
GPEUKcO	EUJ�J.ZPB-w"EUHFT�ZIJ.BILVLVT	B-HFKûOÛ�?Jno&EUQSB-Ccb;KcO�QSB-G�b;K�b;Q <

Es = Px3Ts =
V 2

2
Ts

� tvE-v�Q½tvZIKcBITVX7WSByGPEUKcO	EUJ�J.ZPByw"EUHFT�ZIJ.BILVLVT	ByHFKeoFWYL�Ccb;KcOkQSByG�b;K�b;Q <
Eb =

Es
nombre de bits par symbole

��T�~
1
OÛ�?Jno&EUQSBpC2HFT	B

Ts
~FCFEUKcG <

Eb = Es =
V 2

2
Ts

�� }�ÈØF º¼ Õ�±�µ&§-²}Ã^¦[§Í¨ª¦;ÔÜÕ�ÖV°&¦o¨ª®^¨ª²ª®C²ª«4£�¤D¦[¤�Ý
£�¤�¸U³»²>£�¤D°¥¦ Eb
N0

 

TEB = Q
[

2V√
N0Ts

] BIL Eb
N0

= V 2Ts
2N0

~FCFEUKcG <

TEB = Q

[
Eb
N0

(
4
√
N0

V Ts
√
Ts

)]

Þ
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�
 ���F�P�F���P���(,@0PXC�F�b�
�� }� �  }� Ë©¹�³�¹b£�¤k°&¦o¨
ÄÆßdàFßOá
s�b�T	ZIw"EUKcO	B�C2HRG�b;K�b;Q�CFBkLVT�b;KcOVJ�WSO	OVWSEUKRxUb;HFL

c(t) = δ(t)−0, 4δ(t−Ts)
~[CFEUKcG

EUK�b.CFB�Q½tãâ�äÈâ�r
�� }� �  º¼ ¢`£�¤&¤&¦L§Ü¨ª¦L«1¬A®C¨ª¦[¯&§$«�°¥¦

x6(kTs)
®C¯�±c²}¤�«4³4®C¤�³4«�°&¦yµ¥§$²ª«4¦y°¥¦y°¥·L¸L²º¹

«»²ª£�¤�®C²ª¤&«»²FÎ�¯&¦©¨ª¦L«1µ¥§d£�¾&®A¾O²}¨ª²>³4·[«�§$¦L«4µP¦[¸W³»²>¬�¦[«�°&¦­¸U¦[«�°O²>å)·L§$¦[¤�³4¦[«
¬A®C¨ª¦[¯&§d«U 

� TVWSO	B4CFBRCFZPGIWSO	WSEUKöBIK
t0 = Ts

rÁsaBPO�x7b;QSBIHFT	O�O	EUKML < ±1, 4V
BIL ±0.6V

rÁsaBPO
f?H�b;LVT	B-x7b;QSBIHFT	O�O	EUK?L�ZPfMHFWYwFT	EUo�b;oFQSBPO�r


��

 = æ¿.����@,
*$� ')Bcç	è1xé� �+��BUX *$� �)?"�E0�aº')�(?"�F�P�F�1�P�&�(,
0PX ���b�
�� }�"¼� }� ¢`£�¤&¤&¦L§	¨@ÄÆ®A§d¸-ê¥²º³4¦[¸W³»¯&§d¦Ü°¥¦Ü¨@ÄÆ·LÂ ®C¨}²ª«4¦È¯�§1ëPì�Õk®L¬�¦[¸ÜÉy¸U£F¦Uí6¸L²ª¦[¤�³4«W 
G%:Ír2w"EUQÆ�9GPEUwFWSZ7r

�� }�"¼� º¼ ½l®C¨ª¸L¯¥¨ª¦L§­¨>¦[«Ü¸U£F¦Líz¸L²ª¦[¤�³4«l°&¦�¨
ÄÆ·[Â ®C¨}²ª«4¦[¯&§©ëPì�Õ2®U¬�¦[¸�¨ª¦Í¸L®C¤�®C¨O°¥¦
¨ª®cÎ�¯&¦L«´³»²ª£�¤î�  }���  

R.C = Y

R =




r(0) 0 0 0
r(1) r(0) 0 0
r(2) r(1) r(0) 0
r(3) r(2) r(1) r(0)



bPx[BPG

r(k) = x6(t0 + kTs)

C =




c0
c1
c2
c3




��KNx[BIHFL�EUoFL	BIKFWYT < Y =




1
0
0
0




ï KNC2WYT�bUGyBIKûBIKMLVT	ZPByCFEUKFKcB <
r(0) = 1

r(1) = −0, 4

r(k) = 0 (k ≥ 2)

� q



ð�HcBIQSO�GPE9B%ñ}GIWSBIKML	O
c0
~
c1
~
c2
BIL
c3 ò

{ y(0) = 1 = c0r(0)
{ y(1) = 0 = c0r(1) + c1r(0)
{ y(2) = 0 = c0r(2) + c1r(1) + c2r(2)
{ y(3) = 0 = c0r(3) + c1r(2) + c2r(1) + c3r(0)

⇐⇒
{ c0 = 1
{ c1 = 0, 4
{ c2 = 0, 16
{ c3 = 0, 064

�� }�"¼� IÁ ¢`£�¤&¤&¦L§o¨>¦[«�¬A®C¨ª¦[¯&§d«;°¥¯î«»²ªÂ�¤&®C¨Ùó	®Aµ&§$ôL«9¨@ÄÆ·LÂ�®C¨}²>«»¦[¯&§]ëPì�ÕÙó	®C¯�±
²}¤&«´³4®C¤�³4«©°¥¦9µ¥§$²ª«4¦�°¥¦9°¥·L¸[²>«d²>£�¤P 

−0.064V −0.0256V

0.064V

−0.16V

1V

0.4V

0.16V

−0.4V

t0 t0 + Ts t0 + 2Ts t0 + 3Ts

1V 0 0 0 −0.0256V

t0 + 4Ts

T	ZPOVWSC2H�C�tãâÛäÈâ
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 G ���F�
?A')�o0)'���xy� 0P�F��*j�
�Q?"�F*î0�'�?"���)�F�o�)����,
0)XC�F�6õ%*$�F�)*
ç�è1x�öU�

�� }�ÈÁF }� ¢`£�¤&¤&¦L§y¨ª®9§$·LÂ�¨>¦¶Ê+ËÍÌ�°¥¦�°¥·L¸[²>«d²>£�¤p®U¬�¦L¸`¨ª¦�¸L®C¤�®C¨5°¥¦`¨ª®9Î�¯&¦L«�¹
³»²ª£�¤î�  }���9®C²}¤�«»²�Î�¯&¦;¨ª¦9«4¦È¯&²}¨�°&¦;°&·[¸L²ª«»²ª£�¤_¯�³»²}¨}²ª«4·C 

0 → −1, 4V

→ −0, 6V

�7�



1 → +1, 4V

→ +0, 6V

seuil = 0

�� }�ÈÁF º¼ ½l®C¨ª¸L¯¥¨ª¦L§¶¨>¦oÔÜÕ�ÖV°&¦9¨ª®^¨}²ª®C²ª«4£�¤�¦[¤�Ý
£�¤�¸W³»²ª£�¤D°¥¦ Eb
N0

 

P (erreur) = P (emettre 0)P (erreur/0) + P (emettre 1)P (erreur/1)

=
1

2
P (erreur/0) +

1

2
P (erreur/1)

=
1

2
[P (erreur/− 1, 4V )P (−1, 4V/0) + P (erreur/− 0, 6V )P (−0, 6V/0)]

+
1

2
[P (erreur/+ 1, 4V )P (+1, 4V/0) + P (erreur/+ 0, 6V )P (+0, 6V/0)]

=
1

2

[
1

2
P (erreur/− 1, 4V ) +

1

2
P (erreur/− 0, 6V )

]

+
1

2

[
1

2
P (erreur/+ 1, 4V ) +

1

2
P (erreur/+ 0, 6V )

]

=
1

2

[
Q

(
(+1, 4V )− (−1, 4V )

2σn2

)
+Q

(
(+0, 6V )− (−0, 6V )

2σn2

)]

=
1

2
Q

[
1, 4V

σn2

]
+

1

2
Q

[
0, 6V

σn2

]

��T < σn2 =
√
N0Ts√

2

BIL Eb
N0

= V 2Ts
2N0

TEB =
1

2
Q

[
1, 4V

√
2√

N0Ts

]
+

1

2
Q

[
0, 6V

√
2√

N0Ts

]

=
1

2
Q

[
1, 4Eb
N0

(
2
√

2N0

V Ts
√
Ts

)]
+

1

2
Q

[
0, 6Eb
N0

(
2
√

2N0

V Ts
√
Ts

)]
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AH ���F�
?A')��0)'+��xy�÷0P�F�)*;�/�6?"��*90	aº'��+XC.��F�
,@*d��'PBcç	è1xR�AS&� ?]'��
?"���)�F���P���(,@0PXC�F���

s�b�x7b;TVW¡b;KcGPByC2HNoFTVHFWYL�b;wFT��POkQ½tvZIXMb;QYWSO�BIHFT�BPOVL�ZIXMb;QSBp�
σ2 r

TEB =
1

2
Q

[
1, 0256V

σ

]
+

1

2
Q

[
0, 9744V

σ

]

� h
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 n ���F�
?A')��0)'g��xy�R0P�F��*Í�/��?"�F*©0	a>')�P���CBLBU� 'PB¶*-'PB`��a>,
�)*d�W�F�&�y0)�
0PX ?A,@*$,
���	�

�� }�"Ó� }� ¢`£�¤&¤&¦L§�¨ª¦L«�¬"®C¨ª¦È¯�§$«�°¥¦
x6(kTs + Ts

4

®C¯�±ø²}¤&«´³4®C¤�³4«�°¥¦2µ&§-²ª«4¦
°¥¦j°¥·L¸[²>«d²>£�¤ù®C²}¤&«»²�Î�¯�¦2¨ª¦L«kµ¥§$£ ¾¥®A¾¥²}¨}²>³4·L«E§$¦L«4µP¦[¸W³»²>¬�¦[«�°¥¦î¸U¦[«
°O²>å)·L§$¦[¤�³4¦[«y¬A®C¨>¦È¯�§$«W 

âÓKcOVL�b;K?L�CFB-CFZPGIWSOVWSEUK�BIK
t0 = kTs + Ts

4

r

x6(
Ts
4

+ kTs) = ±1, 2V

= ±0, 7V

= ±0, 6V

= ±0, 1V

A#BPOkxUb;QSBIHFT	O�O	EUKML�ZPfMHFWYwFT	EUo�b;oFQSBPO�r

�� }�"Ó� º¼ Õ1¤k°¥·L°O¯¥²>§$¦9¨ª¦;ÔlÕ�ÖV°¥¦9¨ª®^¨}²>®C²ª«4£�¤P 

TEB = P (emettre 0)P (erreur/0) + P (emettre 1)P (erreur/1)

=
1

2
P (erreur/0) +

1

2
P (erreur/1)

0 → −1, 2V

→ −0, 7V

→ −0, 6V

→ −0, 1V

1 → +1, 2V

→ +0, 7V

→ +0, 6V

→ +0, 1V

TEB =
1

2
[P (erreur/− 1, 2V )P (−1, 2V/0) + P (erreur/− 0, 7V )P (−0, 7V/0)

+P (erreur/− 0, 6V )P (−0, 6V/0) + P (erreur/− 0, 1V )P (−0, 1V/0)]

+
1

2
[P (erreur/+ 1, 2V )P (+1, 2V/0) + P (erreur/+ 0, 7V )P (+0, 7V/0)

� m



+P (erreur/+ 0, 6V )P (+0, 6V/0) + P (erreur/+ 0, 1V )P (+0, 1V/0)]

=
1

2
[
1

4
P (erreur/− 1, 2V ) +

1

4
P (erreur/− 0, 7V )

+
1

4
P (erreur/− 0, 6V ) +

1

4
P (erreur/− 0, 1V )]

+
1

2
[
1

4
P (erreur/+ 1, 2V ) +

1

4
P (erreur/+ 0, 7V )

+
1

4
P (erreur/+ 0, 6V ) +

1

4
P (erreur/+ 0, 1V )]

=
1

2
Q

[
1, 2V

2σn2

]
+

1

2
Q

[
0, 7V

2σn2

]
+

1

2
Q

[
0, 6V

2σn2

]
+

1

2
Q

[
0, 1V

2σn2

]

ú WYKûC2HNGPEUKMLVT	^UQSB7r
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