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à✭á➈â✽ã↔äÐå✳äPæ☎çèá❹é✖ê↔ë➜ì✖äPæ ê
í ê➘æ➃é✣ä✜å✳äPæ❤é✣á➈â✽ã↔ä➜á➱î⑤ï ð
à✭á➈â✽ã↔äÐå✳äPæ❬ñ✽ò❏î✳ì✖äPæ ð✳ê➘ê
ó✏ô é✣ì✖õ⑤å✡î✡ö❾é✖ê↔õ ô ò✹÷ ô ÷➜ì✖á➱ã↔ä ø
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✠➈➴ ✝❹➴ ÿ ➑②⑩P❺➈➫✏➔➋➉➋➓➌❼➎❸➌➉➋⑩❷➒q❺➈➄♦➔➬❼❬➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄♦→✟➽ ➸ ➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞☎ ☛
✠➈➴ ✝❹➴ ÿ ➴ ÿ ➑②⑩P❺➈➳✏➔➋➄♦➫✏➔➏➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄✎➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞☎ ☛
✠➈➴ ✝❹➴ ÿ ➴✂✁ ➢ ⑩❷➊✝➇❿⑩❷➀➭❸➌➄✏➊✝➄✏➒➩❸➟❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄ ➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✚✝

✠➈➴ ✝❹➴✂✁ ➽Ò➒❇❆➱❶➈➄✏➒➈➙✏➄✫❺➈❶②❽➈➀➁❶➈➉➏❸❤➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✜✠
✠➈➴ ✝❹➴✂✁P➴ ÿ ➝✺➀➁❶➈➉➏❸✢❺➈➄♦➍❷➀➁➄✏➒➱❼❾➉➋➔➋➔➏➄✜➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✜✠
✠➈➴ ✝❹➴✂✁P➴✂✁ ➝✺➀➁❶➈➉➏❸➟❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄ ➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✧�
✠➈➴ ✝❹➴✂✁P➴ ✝ ➑②⑩P❺➈➳✏➔➋➄♦❺➈➄♦➔➋❼☎→✟➽ ➸ ❼☞➨➩➄✏➙♦❽➈➀➁❶➈➉➏❸☎➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✧�

✠➈➴ ✠ ➢ ⑩❷➒➩➨➩➄✏➀➭❸➌➉➋➓➁➓➁➄✏❶➈➀✩➙✏⑩❷❶➈➀➌❼❾➒➩❸➭➡ ❸➌➄✏➒➈➓➁➉➋⑩❷➒ ➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✚✆
✠➈➴ ✠➈➴ ÿ ➷✟❻ ❼❾➊✝➇➈➔➋➉➏❒➱➙☞❼➎❸➌➄✏❶➈➀➟➐❤➲➱❼❾❶❹❸➌➄♦➉➋➊✝➇❿➫✏❺➱❼❾➒➈➙✏➄ ➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✚✆
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⑨✡➻✦➝➥➷ ➦ ➵ ➦ ➼②➑②➻✟⑨➟➽✍✌ ➧✩➦ ➼
✠➈➴ ✠➈➴✂✁ ➷✟❻ ❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀➟❺➈➄❢❸➌➀➌❼❾➒➈➓➁➉➋➊✝➇✹➫✏❺➱❼❾➒➈➙✏➄ú➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✦✆ ☛
✠➈➴ ✠➈➴ ✝ ➦ ❸➌❶➈❺➈➄✸➄➃❸❱➑②⑩P❺➈➫✏➔➋➉➋➓➌❼➎❸➌➉➋⑩❷➒q❺➈❶✎⑨➟➽Ò➻❄➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✦✆ ☛

✠➈➴✂� ➻❱➊✝➇➈➔➋➉➏❒➱➙☞❼➎❸➌➄✏❶➈➀➥❺➈➄♦➊✝➉➋➓➁➄❢➄✏➒✎➣↔⑩❷➀➁➊✝➄✘➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴ ☛❹ÿ
✠➈➴ ✄ ➷⑤➄✏➓✢➙✏➉➋➀➁➙✏❶➈➉➏❸➌➓➟❺➈➄♦❺➈➫✏➙✏➉➋➓➁➉➋⑩❷➒✎➄➃❸✩❺➈➄♦➀➁➫✏➙✏❶➈➇❿➫✏➀➌❼➎❸➌➉➋⑩❷➒✎❺❞❻ ➲➈⑩❷➀➁➔➋⑩❷➍❷➄❢➄➃❸✩❺➈➄♦❺➈⑩❷➒➈➒➈➫✏➄✏➓✉➴✸➴✸➴✸➴✸➴ ☛ ✝
✠➈➴✂☎ ➼P➉➋➊❬❶➈➔➬❼➎❸➌➉➏⑩❷➒✯❺➈❶②➊✝⑩P❺➈❶➈➔➋➄ú➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴ ☛ ✄
✠➈➴ ✆ ➢ ⑩❷➒➈➙✏➔➋❶➈➓➁➉➋⑩❷➒❆➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴ ÿ✟✞❹ÿ

❈ õ ô ö➩ã➹î✡æ☞ê↔õ ô❊❉ ÷ ô ÷➜ì✖á➱ã↔ä ø✯❋ ✩
● ê↔â✽ã➹êýõ✹ò✹ì✖á ✒ ✕✡ê↔ä ø✯❋❿þ
✏ ❃ õ⑤å✳ëPã↔ä■❍■❏▲❑ í◆▼ ✏ ❃ ùÑå✡î✛❍ ❈ ùP❖ í ø✹ø✹ø
●❄❃ õ⑤å✳ëPã↔ä■❍■❏▲❑ í◆▼ ✏ ❃ ùÑå✫✪➏î ô ò✹÷ ô ÷➜ì✖á❹é✣äPî✳ì✯å✳ä✍â✡ì➎î✡êýé ❉ á➱î✽æ☞æ☞ê↔ä ô ø✹øPþ
❈ ❃ õ⑤å✳ëPã↔ä■❍■❏▲❑ í◆▼ ✏ ❃ ùÑå✫✪➏î ô ò✹÷ ô ÷➜ì✖á❹é✣äPî✳ì ✒ æ☞äPî✡å✳õ ▼ á➱ã↔÷➜á❹é✣õ❿ê↔ì✖ä ø✹ø ❅
❑ ❃ õ⑤å✳ëPã↔ä■❍■❏▲❑ í◆▼ ✏ ❃ ùÑå✡î❘◗✦á➱ö✙❙❹á➈ò✹ä✜é✙✕✳ä➜ì➎çüê✘✗❞î✳ä✜å✡î✛❍ ❈ ùP❖ í ø ✎ ø
❖❚❑qõ ô✡ô ÷➜äPæ✝ö❷õ ô æ➃é✣ì➎î✡ö❾é✣äPî✳ì➎æ☎å✳äÐã↔á❯◗ ó❲❱ ✏✓❳ à ø ✎❨✩
❩❄❃ õ⑤å✳ëPã↔ä■❍■❏▲❑ í◆▼ ✏ ❃ ùÑå✳äÐã↔á❯◗ ó❲❱ ø ✎ þ
❉ ✏ ô á➱ãýû✳æ✏ä✍å✳äÐã✍✪ á➱ç ✒ ã➘ê➬ñ✪ö❷á❹é✣äPî✳ì❥å✳äÐà✭ì✖á ô æ☞ê➘ç ✒ ÷På✡á ô ö❷ä✍à ó ✏ ø ✎❨❬

➉➏➨



❭✘③⑤⑧✝⑦✎s Þ❄s✉⑧ ⑦ Û❝Ü❀Ý s Û❫❪❵❴

ÿ ➴ ÿ ➼P➇❿➄✏➙➃❸➌➀➁➄✸➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➊❥❼❾➍❷➒➈➫➃❸➌➉➋➛➜❶➈➄❾➴➟➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ✄ÿ ➴✂✁ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄♦❺❞❻ ❶➈➒②➓➭➯P➓➭❸➌➳✏➊✝➄✸❺➈➄♦➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒q⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴ ➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞✁ ✞
✁P➴ ÿ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿➴✾➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞✁✚✁
✁P➴✂✁ ➸ ⑩❷➀➁➊✝➄ ➶ ➼ ➧ ➡ ÿ Ï →✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✢❺➈➄♦➔➹❻ ➫✏➊✝➄➆❸➌❸➌➄✏❶➈➀✏➴✻➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞✁✚☎
✁P➴ ✝ ➸ ⑩❷➀➁➊✝➄ ➶ ➼ ➧ ➡ ÿ Ï →✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✢❺➈➄♦➔➬❼❬➔➋➉➬❼❾➉➏➓➁⑩❷➒❞➴è➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞✁✚☎
✁P➴ ✠ ➸ ⑩❷➀➁➊✝➄ ➶ ➼ ➧ ➡ ÿ Ï →✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✢❺➈➄♦➀➁➫✏➙✏➄✏➇❹❸➌➉➋⑩❷➒❞➴✯➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞✁✜✆
✁P➴✂� ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✏➓✢❺➈❶②❺➈➫✏➊✝⑩❷➒➈➓➭❸➌➀➌❼➎❸➌➄✏❶➈➀❱➼ ➤ ➻❢➑②➻ ➸ ➴è➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✝ ✞
✁P➴ ✄ ➻❱➒➱❼❾➔➋⑩❷➍❷➉➋➄❱❸➌➲➈➄✏➀➁➊✝⑩➎➡Ò➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄❾➴ ➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✝✚✄
✝❹➴ ÿ ➢ ⑩❷➊✝➇➱❼❾➀➌❼❾➉➋➓➁⑩❷➒q➄✏➒➜❸➌➀➁➄ ➶❱➢ ➼ ➦ ➷ü➄➃❸ ➦✥➦ ➷✪➴✫➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴★✠✯�
✝❹➴✂✁ →✪❼❾➀➌❼❾➊☎➳➃❸➌➀➌➄➃➓✢❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴✽➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴★✠ ☛
✝❹➴ ✝ →✪❼❾➀➌❼❾➊☎➳➃❸➌➀➌➄➃➓✢❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴✽➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞� ✞
✝❹➴ ✠ →✪❼❾➀➌❼❾➊☎➳➃❸➌➀➌➄➃➓➟❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓✢❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴✉➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✄ ✞
✝❹➴✂� →✪❼❾➀➌❼❾➊☎➳➃❸➌➀➌➄➃➓➟❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓✢❺➈❶ ➶❱➢ ➼ ➦ ➷ü➄➃❸✢❺➈➄♦➓➁⑩❷➒②➄✏➒➜➨P➉➋➀➁⑩❷➒➈➒➈➄✏➊✝➄➃➒➜❸☞➴✉➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞☎✜✝
✠➈➴ ÿ ➢ ⑩❷➊✝➇➱❼❾➀➌❼❾➉➋➓➁⑩❷➒q➄✏➒➜❸➌➀➁➄♦➔➋➄✏➓✢→✟➽ ➸ ➄➃❸✩➔➋➄✏➓✩→✥➵➟➻❴➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄✏➓✏➴✺➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞☎✜✆
✠➈➴✂✁ →✪❼❾➀➌❼❾➊☎➳➃❸➌➀➌➄➃➓✢❺➈➄♦➔➬❼❤➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄♦→✟➽ ➸ ➴✪➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✚✝
✠➈➴ ✝ →✪❼❾➀➌❼❾➊☎➳➃❸➌➀➌➄➃➓➟❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓✢❺➈➄♦➔➹❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄❢❺➈➄✫✃♦❼❾➇❞➴❀➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✜✠
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Ú✘Û❝Ü❀Ý s Þ❄s✉⑧ ❛✦❜ ❪ ✈②s✉⑧

ÿ ➴ ÿ ➼➜➯P➓➭❸➌➳✏➊✝➄✸❺➈➄♦➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒q⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴✭➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ✄ÿ ➴✂✁ ➼P➇❿➄✏➙➃❸➌➀➁➄✸➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➊❥❼❾➍❷➒➈➫➃❸➌➉➋➛➜❶➈➄✦➇❿⑩❷❶➈➀✢➔➬❼❬➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒q⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴②➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ☎ÿ ➴ ✝ ✃❢➫✏➒➈➫✏➀➌❼➎❸➌➄✏❶➈➀✢❺❞❻ ❶➈➒②➓➁➉➋➍❷➒➱❼❾➔❞➇➈➓➁➄✏❶➈❺➈⑩✯❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➭➄❾➴ ➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ✆ÿ ➴ ✠ ➷⑤➄♦➓➭➯P➓➭❸➌➳✏➊✝➄❬➑✍➞ ➦ ➑❆➴✳➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ☛ÿ ➴✂� ➑②⑩P❺➈❶➈➔➋➄❢❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒❞➴❆➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ÿ✟✞ÿ ➴ ✄ ⑨✡➀➌❼❾➒➈➓➁➉➏❸➌➉➋⑩❷➒➈➓➟➄✏➒➩❸➌➀➁➄♦❺➈➄✏❶P➅②➒➈➉➏➨❷➄☞❼❾❶P➅✎❺❞❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄❾➴❬➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ÿ✟✞ÿ ➴✂☎ →✟➀➁➉➋➒➈➙✏➉➋➇❿➄❢❺➈❶②➔➬❼❾➓➁➄✏➀✏➴✝➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ÿ ✁ÿ ➴ ✆ ⑨✡⑩❷➇❿⑩❷➔➋⑩❷➍❷➉➋➄✦❺❞❻ ❶➈➒②➊✝⑩➜❺➈❶➈➔➋➄❢❺➈➄♦➀➁➫✏➙✏➄✏➇❹❸➌➉➋⑩❷➒❞➴ ➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ÿ �ÿ ➴ ☛ →✟➀➁➉➋➒➈➙✏➉➋➇❿➄❢❺❞❻ ❶➈➒➈➄✸→✟➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄❾➴❂➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ÿ ✄ÿ ➴ ÿ✟✞ ➼➜❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸❺❞❻ ❶➈➒➈➄❢❒➱❽➈➀➁➄♦⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴ ➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ÿ ☎ÿ ➴ ÿ❷ÿ →✟➀➁⑩❾❒➱➔⑤❺❞❻ ➉➋➒➈❺➈➉➋➙✏➄❢❺➈➄♦➔➬❼❬❒➱❽➈➀➁➄♦⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴❆➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ÿ ✆ÿ ➴ ÿ ✁✇→✟➀➁⑩❷➇➱❼❾➍➩❼➎❸➌➉➋⑩❷➒q❺❞❻ ❶➈➒②➀➌❼✣➯❷⑩❷➒②❺➱❼❾➒➈➓✢➔➬❼✫❒➱❽➈➀➁➄❾➴✯➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ÿ✟☛
✁P➴ ÿ ➼➜❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸❺❞❻ ❶➈➒②➊✝⑩P❺➈➳✏➔➏➄ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿➴❏➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞✁✜✝
✁P➴✂✁ ➦ ➒➜➨P➉➋➀➁⑩❷➒➈➒➈➄➃➊✝➄✏➒➜❸✩❺➈➄❢❸➌➀➌❼☞➨❾❼➎➉➋➔ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿➴✎➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞✁✖✠
✁P➴ ✝ ➵❱➫✏➊✝⑩❷➒➈➓➭❸➌➀➌❼➎❸➌➄✏❶➈➀❱➼ ➤ ➻❢➑②➻ ➸ ➴②➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞✁ ☛
✁P➴ ✠ ➠✩➒➈➄✥➊✝➫➆❸➪➲➈⑩➜❺➈⑩❷➔➋⑩❷➍❷➉➏➄✽➇❿⑩❷➓➁➓➁➉➋❽➈➔➋➄✪❺➈➄✥➙✏⑩❷➒➈➙✏➄➃➇❹❸➪➉➏⑩❷➒❢❸➌⑩❷➇P➡Ò❺➈⑩✙❝✢➒❢➄➃❸✳❽❿⑩❾❸➁❸➌⑩❷➊❤➡Ò❶➈➇❢❼✣➨❷➄✏➙ ➶✦➤ ➵✦➷❏➡Ò➻❢➑✍➼❿➴❞✝ ÿ
✁P➴✂� ➼P➇❿➫✏➙✏➉➏❒➱➙☞❼➎❸➌➉➋⑩❷➒➈➓➟❺➈❶✜→✭➞♦➑❆➴❿➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✝✧✁
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✝❹➴ ✝✚✝ ➶ ❼❾➀➁➉➬❼➎❸➌➉➋⑩❾➒✯❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❢❺➈❶②➙✏⑩❷❶➈➀➌❼❾➒➩❸☞➴➥➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴☞☎ ✞
✝❹➴ ✝✜✠ ➶ ❶➈➄♦➄✏➒②➙✏⑩❷❶➈➇❿➄♦❺➈❶②➊✝⑩P❺➈❶➈➔➋➄✦❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒❞➴✾➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴☞☎ ÿ
✝❹➴ ✝✧� ➶ ❶➈➄♦➄✏➒②➙✏⑩❷❶➈➇❿➄♦❺➈❶②➓➁⑩❷❶➈➓Ø➡Ò➄✏➒➈➓➁➄✏➊❬❽➈➔➋➄♦⑩❷➇❹❸➌➉➋➛➜❶➈➄♦❺➈➄♦➔➹❻ ➫✏➊✝➄➃❸➁❸➌➄✏❶➈➀✏➴⑤➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴☞☎✚✁
✝❹➴ ✝✚✄ ➦ ➊✝➇➈➉➋➔➋➄✏➊✝➄✏➒➩❸➥❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❢❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴❴➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴☞☎✚✁
✝❹➴ ✝✧☎✉➑②⑩P❺➈➳✏➔➋➄✦❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄♦❺➈❶✎➇➱❼❾➙➆➚✖❼❾➍❷➉➋➒➈➍➈➴⑤➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴☞☎✜✝
✝❹➴ ✝✚✆✉➵❱➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓✢❸➌➄✏➊✝➇✹➫✏➀➌❼➎❸➌❶➈➀➌➄➃➓✩➔➋⑩➜➙☞❼❾➔➋➄✏➓➟❺➈❶②➊✝⑩➜❺➈❶➈➔➋➄❾➴ ➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴☞☎✖✠
✠➈➴ ÿ ➼P➙➪➲➈➫✏➊❥❼☎❽➈➔➋⑩P➙❢❺➈❶✎➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀✩⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴ ➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴☞☎✜✄
✠➈➴✂✁ ⑨✡➀➌❼❾➒➈➙➪➲➈➄✸❺❞❻ ❶➈➒②➓➁➄✏➊✝➉➋➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➄✏❶➈➀❪➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴☞☎✚☎
✠➈➴ ✝ ➸ ➉➏➨❷➄☞❼❾❶P➅✎❺❞❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄♦❺➈➄♦➔➬❼❬➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄♦→✟➽ ➸ ➴◆➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴☞☎✜✆
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⑨✡➻✦➝➥➷ ➦ ➵ ➦ ➼✎Ö✽➽➭✃✸➠ ➧✩➦ ➼
✠➈➴ ✠ ➧ ➫✏➇❿⑩❷➒➈➓➁➄✸➓➁➇✹➄✏➙➃❸➌➀➌❼❾➔➋➄♦❺➈➄♦➔➬❼❤➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄♦→✟➽ ➸ ➴②➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞☎✜✆
✠➈➴✂� ➼P➙➆➲➈➫➃➊❥❼☎❽➈➔➋⑩P➙❢❺➈➄♦➔➬❼❬➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄❾➴✭➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴☞☎ ☛
✠➈➴ ✄ ➼P➙➆➲➈➫➃➊❥❼☎➫✏➛➜❶➈➉➏➨❾❼❾➔➋➄✏➒➩❸✢❺➈➄♦➔➬❼❤➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄❾➴ ➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆ ✞
✠➈➴✂☎ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄♦➽➹➡ ➶ ➴✽➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆ ÿ
✠➈➴ ✆ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄ ➢ ➡ ➶ ➴ ➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✧✁
✠➈➴ ☛ ➑✜❼❾❶❹➨❾❼❾➉➋➓➟➀➁➄✏➙✏⑩❷❶❹➨P➀➁➄✏➊✝➄✏➒➜❸✩❺➈❶✎➣➘❼❾➉➋➓➁➙✏➄☞❼❾❶✎➔➬❼❾➓➁➄✏➀✏➴ ➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✧✁
✠➈➴ ÿ✟✞ ➼P➙➆➲➈➫➃➊❥❼☎➫✏➛➜❶➈➉➏➨❾❼❾➔➋➄✏➒➩❸✢❺➈➄♦➔➬❼❤➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄♦❼☞➨➩➄✏➙♦❽➈➀➁❶➈➉➏❸☞➴ ➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✧�
✠➈➴ ÿ❷ÿ ➮ ⑩P⑩❷➊ ❺➈❶②➒➈➉➏➨❷➄☞❼❾❶②❽➱❼❾➓✢❺➈➄♦➔➋❼☎→✟➽ ➸ ➴ ➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✧☎
✠➈➴ ÿ ✁ ➮ ⑩P⑩❷➊ ❺➈❶②➒➈➉➏➨❷➄☞❼❾❶②➲➱❼❾❶❹❸✢❺➈➄♦➔➬❼☎→✟➽ ➸ ➴❞➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✧☎
✠➈➴ ÿ ✝✉➵❱➉➬❼❾➍❷➀➌❼❾➊✝➊✝➄❱❺➈➄♦➔➹❻ Ù♦➉➋➔❏❺➈➄♦➔➬❼☎→✟➽ ➸ ➴✡➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✧☎
✠➈➴ ÿ ✠♥➼P➙➆➲➈➫➃➊❥❼☎❽➈➔➋⑩P➙❢❺❞❻ ❶➈➒②➙✏⑩❷➒➩➨❷➄✏➀➭❸➌➉➋➓➁➓➁➄✏❶➈➀✩➙✏⑩❷❶➈➀➌❼❾➒➜❸➭➡ ❸➌➄✏➒➈➓➁➉➋⑩❷➒❞➴✎➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✚✆
✠➈➴ ÿ �✉➼➜❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸❺❞❻ ❶➈➒✜❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀➟➐☎➉➋➊✝➇✹➫✏❺➱❼❾➒➈➙✏➄❾➴ ➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆✚✆
✠➈➴ ÿ ✄❍➼➜❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸❺❞❻ ❶➈➒✜❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀➥❺➈➄❢❸➪➀➌❼❾➒➈➓➁➉➋➊☎➇❿➫✏❺➱❼❾➒➈➙✏➄❾➴➥➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✦✆ ☛
✠➈➴ ÿ ☎Ñ⑨✡⑩❷➇❿⑩❷➔➋⑩❷➍❷➉➋➄✦➓➁➉➋➊✝➇➈➔➏➄❢❺➈❶✎⑨➟➽Ò➻✫➴❂➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ☛✚✞
✠➈➴ ÿ ✆❍➼P➙➆➲➈➫➃➊❥❼☎❺➈❶ ➢ ➑✍➞♦➼q⑨➟➽Ò➻✫➴ ➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ☛❹ÿ
✠➈➴ ÿ✟☛ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄♦❺❹➯P➒➱❼❾➊✝➉➋➛➜❶➈➄❢❺➈❶✎❸➌➀➌❼❾➒➈➓➁➉➋➊✝➇❿➫✏❺➱❼❾➒➈➙✏➄❾➴ ➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴✸➴♦➴✸➴✸➴✸➴ ☛ ✁
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❤ ➽ ➦✥➦✥➦ ÿ✟✞ ☎✜✄❹➴ ÿ ✐➆❮✥➛➜❶➈➉✦➒❞❻ ➄✏➓➭❸q➇➱❼❾➓✯➔➋➄✜➙☞❼❾➓✯➇✹⑩❷❶➈➀ ➶ ➄✏➀➁➉➋➔➋⑩❷➍➎➡ ➻❢➑✍➼❿➴✭➻✩❶➈➓➌➓➁➉➹❮✭➛➜❶❞❻ ➐ü⑨➟➫✏➔➋➫✏➙✏⑩❷➊ →✪❼❾➀➁➉➋➓✏❮✭➄✏➒❸➪❼❾➒➜❸✦➛➜❶➈➄❬➄✏❶➈➀➁⑩❷➇✹➫✏➄✏➒❞❮❞➒➈⑩❷❶➈➓✦❼✣➨❷⑩❷➒➈➓✦➔➹❻ ➲➱❼❾❽➈➉➏❸➌❶➈❺➈➄✸❺➈➄✸❸➌➀➌❼✣➨➎❼❾➉➋➔➋➔➏➄✏➀❱❼☞➨❷➄✏➙❬➙✏➄❬➔➬❼❾➒➈➍➩❼❾➍❷➄✸➄➃❸✦➒➈⑩❷❶➈➓✦➫➃❸➌➉➋⑩❾➒➈➓❱➔➋➄✏➓➇➈➀➁➄✏➊✝➉➋➄✏➀➁➓✢➐☎➔➋➄✦➣➘❼❾➉➋➀➁➄❾➴➠✩➒q➊✝⑩➜❺➈❶➈➔➋➄❱⑩❷➇❹❸➌➉➋➛➜❶➈➄✦➇➱❼❾➀➌❼❾➔➋➔➋➳✏➔➏➄✢➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➱❼❾➒➩❸➟➐
1.25Gb/s

➇➱❼❾➀✺➙☞❼❾➒➱❼❾➔❏➊✝➄➃❸➟➄✏➒✫➂➭➄✏❶q❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓❺➈➉➋➓➁➙✏➉➋➇➈➔➋➉➋➒➈➄✏➓⑤❸➌➄✏➙➪➲➈➒➈⑩❷➔➋⑩❷➍❷➉➋➛➜❶➈➄✏➓⑤❸➌➄✏➔➋➔➋➄✏➓✳➛➜❶➈➄✺➔➹❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄❾❮✣➔➬❼➥❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❾❮✖➔➹❻ ⑩❷➇❹❸➌➉➋➛➜❶➈➄✥➄➃❸✽➔➬❼➟➊✝➫✏➙☞❼❾➒➈➉➋➛➜❶➈➄❾➴→✽⑩❷❶➈➀✩❺➈➫✏➙✏➀➁➉➋➀➁➄✫➙✏➄✫➊✝⑩P❺➈❶➈➔➏➄✸➄✏➒✜❸➌➄✏➒➱❼❾➒➩❸✦➙✏⑩❷➊✝➇❹❸➌➄✸❺➈➄✫➙✏➄✏➓❱❺➈➉➋➓➁➙✏➉➋➇➈➔➋➉➋➒➈➄✏➓✢❺➱❼❾➒➈➓❱❶➈➒✍➊❷✢✏➊✝➄✸➊☎⑩P❺➈➳✏➔➋➄❾❮✹➒➈⑩❷❶➈➓❶❹❸➌➉➋➔➋➉➋➓➁➄✏➀➁⑩❷➒➈➓✢➔➋➄✸➔➬❼❾➒➈➍➩❼❾➍❷➄♦➊❤❶➈➔➏❸➌➉ ➡Ò❺➈⑩❷➊✝❼❾➉➏➒➈➄ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼②➛➜❶➈➉✡❺➈➄✫➇➈➔➋❶➈➓❱➇✹➄✏➀➁➊✝➄➃❸✦❺❞❻ ❶❹❸➌➉➋➔➋➉➏➓➁➄✏➀✩❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➓➒➈➉➏➨➩➄☞❼❾❶P➅✫❺❞❻ ❼❾❽➈➓➭❸➌➀➌❼❾➙➃❸➌➉➋⑩❷➒❞➴ ➸ ⑩❷❶➈➓✪❺➈➄➃➨❷⑩❷➒➈➓✥❼❾❶➈➓➁➓➁➉❹➄✏➊✝➇➈➔➋⑩✣➯➩➄✏➀✡➔➬❼❱➊✝➫➆❸➪➲➈⑩➜❺➈⑩❷➔➋⑩❷➍❷➉➏➄✭❺➈➄➥➇➈➀➁⑩❾❸➌⑩❾❸Ò➯P➇➱❼❾➍❷➄✭➨P➉➋➀➭❸➌❶➈➄✏➔➇❿⑩❷❶➈➀✟❼❾➊✝➫✏➔➋➉➋⑩❾➀➁➄✏➀✽➔➋➄✺❺➈➫✏➔➬❼❾➉P❺❞❻ ❼❾➙✏➙✏➳✏➓✭❼❾❶❤➊❥❼❾➀➁➙➪➲➈➫❾❮❾➔➋➄✏➓✪➙✏⑩❷×❹❸➌➓✪❺❞❻ ➫➃❸➌❶➈❺➈➄✏➓✏❮➩➔➬❼❱➀➁➫✏❶❹❸➌➉➋➔➋➉➋➓➌❼❾❽➈➉➏➔➏➉ ❸➌➫✺➄➃❸✟➔➬❼✩❒✹❼❾❽➈➉➋➔➏➉➏❸➌➫❺➈❶②➇➈➀➁⑩P➙✏➄✏➓➁➓➁❶➈➓❱❺➈➄♦➙✏⑩❷➒➈➙✏➄✏➇❹❸➌➉➋⑩❷➒❞➴
➴➷s➞➬◆⑧⑨➮➯s✔⑧✵➬➱t✃①⑨⑧❒❐❮⑤✥❐❮♣➫❰✽➬➱t

➸ ⑩❷❶➈➓❱➇➈➀➁➫✏➓➁➄✏➒➜❸➌⑩❷➒➈➓✦❺➱❼❾➒➈➓✦➔➋➄✫➇➈➀➁➄✏➊✝➉➋➄➃➀❱➙➪➲➱❼❾➇➈➉➏❸➌➀➁➄✫➔➋➄✏➓❱➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✏➓✦❺➈➄✏➓❢➀➁➫✏➓➁➄☞❼❾❶P➅✍❺➈➄✫❸➌➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉ ➡➙☞❼➎❸➌➉➋⑩❷➒❞➴ ➢ ➄➃❸➁❸➌➄❢❺➈➄✏➓➁➙✏➀➁➉➋➇❹❸➌➉➋⑩❷➒q❼❾➉➋❺➈➄✏➀➌❼✸➔➋➄❱➔➋➄✏➙➃❸➌➄✏❶➈➀➥➇➱❼❾➀✺➔➬❼✫➓➁❶➈➉➏❸➌➄✦➐❬➙✏⑩❷➊☎➇➈➀➌➄➃➒➈❺➈➀➌➄✦➔➬❼✸➙✏⑩❷➒➈➓➭❸➌➉➏❸➌❶❹❸➌➉➋⑩❷➒❥❺❞❻ ❶➈➒➈➄➔➋➉➬❼❾➉➏➓➁⑩❷➒q➇➱❼❾➀➟❒➱❽➈➀➁➄♦⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴➷⑤➄✫➓➁➄✏➙✏⑩❷➒➈❺✍➙➆➲➱❼❾➇➈➉➏❸➌➀➁➄✸➓➁➄✏➀➌❼✝➙✏⑩❷➒➈➓➌❼❾➙✏➀➁➫❬➐✝➔➬❼☎➇➈➀➁➫✏➓➁➄✏➒➜❸➪❼➎❸➌➉➋⑩❷➒✜❺➈❶✍➇➈➀➁⑩➎➂➭➄➃❸❢➼ ➤ ➻❢➑②➻ ➸➽Ï ❮❿➓➁❶➈➇➈➇✹⑩❷➀➭❸✦❺➈➄✫➒➈⑩❷➓❸➌➀➌❼✣➨➎❼❾❶P➅✫❺➈➄✺➀➁➄✏➙➪➲➈➄✏➀➁➙➪➲➈➄➟➄➃❸✪➐✩➔➬❼✢➊✝➫➃❸➌➲➈⑩P❺➈⑩❷➔➋⑩❷➍❷➉➏➄✥➄✏➊✝➇➈➔➋⑩✣➯❷➫✏➄✺➇✹⑩❷❶➈➀✽➔➬❼✢➊✝⑩➜❺➈➫✏➔➋➉➋➓➌❼➎❸➌➉➏⑩❷➒✸❺➈➄✭➒➈⑩❾❸➌➀➌➄✭➓➭➯P➓➭❸➌➳✏➊✝➄❾➴➠✩➒➈➄✝❽➈➀➁➳➃➨❷➄✝➇➈➀➁➫✏➓➁➄✏➒➩❸➪❼➎❸➌➉➋⑩❷➒❆❺➈❶❆➔➬❼❾➒➈➍➩❼❾➍❷➄ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼Ð➄✏➓➭❸❬❼❾❶➈➓➁➓➁➉✟➀➌❼❾➇➈➇❿➄✏➔➋➫✏➄✝❼❾❶❆➓➁➄✏➉➋➒✼❺➈➄✝➙✏➄☎➓➁➄✏➙✏⑩❷➒➈❺
Ð✣ÑÒ➎ Ó✫➐✙→✂➊➀➅➃➎ ➙❽➄➍Ô❣ÕÒÖ✙➉➇➎✂➋✟➆×↔✜➙❽➐✙➉❣Ø❣↔✙↔✙→ ➎✂➏❥➊➀➅➇➎ ➙❽➄ ➟ ↕❸➐✙→ ➅➇➎ ➠✷➋✟➙❽Ó❶➊✽➎ ➄✙➆ ➟ Ø❣➄✖➊✽→ ➙❽➈❽➎✂Ù❲➐✙➆ ➟ ➆✍➅✔➡❣➐✙Ó ➝ ➉➇➎✂Ù❲➐✙➆ ➟
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Ú Û ÛqÜ ③❿⑦✎✈②s Ý

Þàß ⑧✝⑦✎ß✉t s✉⑧ Þ❄s ①á❧ t t ❪ ⑥ ③⑤① Û ⑦②③P❧ ⑥ ⑧

â➫ã❲â ä rås➞➬➱♣❷①⑨⑧⑨➮➯s❣❰❽♣❞r
➷⑤➄♦❺➈⑩❷➊❥❼❾➉➋➒➈➄✦❺➈➄✏➓➟❸➌➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓➟➐☎➔➬❼✫❒➱➒②❺➈❶⑨æ➵æ❴➓➁➉➋➳✏➙✏➔➋➄❢➄✏➓➭❸❱➊❥❼❾➀➁➛➜❶➈➫❢➇➱❼❾➀➟➔➋➄❢➀➁➄➃❸➌⑩❷❶➈➀✢➄✏➒➣↔⑩❷➀➁➙✏➄❬❺➈➄✏➓✦➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➋⑩❷➒➈➓✩⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓✦➛➜❶➈➉✟❼☞➨❾❼❾➉➏➄✏➒➜❸❱➨P❶Ð➔➋➄✩➂➭⑩❷❶➈➀❱➍❷➀✹❿❾➙✏➄❤❼❾❶P➅✍➉➋➒➈❺➈➉➋➄✏➒➈➓❱❺❞❻ ➻❱➊✝➫✏➀➁➉➋➛➜❶➈➄❾➴➵❱➄✏➓✦❽❿⑩❷❶➈➔➋➄➃➨❷➄✏➀➁➓➁➄✏➊✝➄✏➒➩❸➌➓❱❸➌➄✏➙➆➲➈➒➈⑩❷➔➋⑩❷➍❷➉➋➛➜❶➈➄✏➓❱❺➱❼❾➒➈➓❱➔➋➄✏➓✩❸➌➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓✩⑩❷➒➩❸❱➣➘❼❾➉➏❸✩➓➁❶➈➉➏❸➌➄❬➐❥➔➹❻ ❼❾➇➈➇➱❼✖➡➀➁➉➏❸➌➉➋⑩❾➒q❺➈➄♦➔➹❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄❢❼✣➨❷➄✏➙♦➔➹❻ ➉➋➒➩➨➩➄✏➒➩❸➌➉➋⑩❷➒q❺➈❶q❸➌➀➌❼❾➒➈➓➁➉➋➓➭❸➌⑩❷➀➟➄✏➒ ÿ✟☛ ✠✧✆❹❮➈➙➃➄✸➛➜❶➈➉✳❼❤➇✹➄✏➀➁➊✝➉➋➓➟➄✏➓➁➓➁➄✏➒➩❸➌➉➋➄✏➔➋➔➋➄➆➡➊✝➄✏➒➩❸➟➔➬❼❬➊✝➉➋➒➈➉➬❼✖❸➌❶➈➀➁➉➋➓➌❼➎❸➌➉➏⑩❷➒✯❺➈➄✏➓➟➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➓✏❮➈➔➹❻ ❼❾❶➈➍❷➊✝➄✏➒➜❸➪❼➎❸➌➉➏⑩❷➒✯❺➈➄❢➔➬❼✫❒✹❼❾❽➈➉➋➔➋➉ ❸➌➫❱➄➃❸✢➔➬❼❬➒➜❶➈➊✝➫✏➀➁➉➋➓➌❼➎❸➌➉➋⑩❷➒❺➈❶②➓➁➉➋➍❾➒➱❼❾➔➘➴➵✦❼❾➒➈➓✦➙✏➄❬➙➆➲➱❼❾➇➈➉➏❸➌➀➁➄✫➒➈⑩❷❶➈➓✦➇➈➀➁➫✏➓➁➄✏➒➩❸➌⑩❷➒➈➓♦➔➋➄✏➓❱➓➭➯P➓➭❸➌➳✏➊✝➄✏➓♦❺➈➄✏➓❱❸➌➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓✩⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓✦➄✏➒Ð➊✝➄➃❸➭➡❸➪❼❾➒➩❸✢➔➹❻ ❼❾➙✏➙✏➄✏➒➩❸✩➓➁❶➈➀✢➔➹❻ ❼❾➇➈➇❿⑩❷➀➭❸➟➊❥❼✖➂➭➄✏❶➈➀➟❺➈➄♦➔➹❻ ⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴➈➻✳➨❷➄✏➙✸➇➈➔➋❶➈➓➟❺➈➄♦❺➈➫➃❸➪❼❾➉➋➔➋➓✏❮➈➒➈⑩❷❶➈➓✢➉➋➒➩❸➌➀➁⑩P❺➈❶➈➉➋➓➁⑩❷➒➈➓➟➔➋➄✏➓➊✝⑩➜❺➈❶➈➔➋➄✏➓➟❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒✎➄➃❸✢❺➈➄♦➀➌➄➃➙✏➄✏➇❹❸➌➉➋⑩❷➒❞➴

â➫ã✹ç è ④⑥♣➫é✵s❣❰❲ê❷⑧✵të①⑨ì➫r⑨íî③❽t✥íqíPï✓íPs❣ð✥❐❮t✥íî①✵tñs❣⑤❶③❽⑤✥➮✈♣❞❐ò❐ó⑧⑨r✵❰❲➮⑦ì❸s❣❰❽♣✻r⑨í
➠✩➒q➓➭➯P➓➭❸➌➳✏➊✝➄✦❺➈➄✦➙✏⑩❷➊✝➊❤❶➈➒➈➉➏➙☞❼➎❸➌➉➋⑩❷➒✝➇❿➄✏➀➁➊✝➄➃❸➥❺➈➄❱❸➌➀➌❼❾➒➈➓➁➊✝➄➃❸➁❸➌➀➁➄✦➔➹❻ ➉➋➒❹➣↔⑩❷➀➁➊✝❼➎❸➌➉➏⑩❾➒❥❺❞❻ ❶➈➒q➄✏➒➈❺➈➀➁⑩❷➉➏❸➟➐✫❶➈➒❼❾❶❹❸➌➀➁➄☎➓➁➫✏➇➱❼❾➀➁➫✏➓✫➓➁⑩❷➉➏❸✸➇➱❼❾➀♦❺➈➄✏➓✸➚➜➉➋➔➋⑩❷➊✝➳➃❸➌➀➁➄✏➓❢➓➁⑩❷➉➏❸✸➇➱❼❾➀♦❺➈➄✏➓✸➙✏➄✏➒➜❸➌➉➋➊✝➳➃❸➌➀➁➄✏➓✏➴✳➷✳❼✎➇➈➀➁➄✏➊✝➉➋➳✏➀➁➄❤❸➌➄✏➒➩❸➪❼➎❸➌➉➏➨➩➄☎❺➈➄❸➌➀➌❼❾➒➈➓➁➇✹⑩❷➀➭❸☎❺➈➄q❺➈⑩❷➒➈➒➈➫✏➄✏➓✝❼✍➫➃❸➌➫✯➣➘❼❾➉➏❸➌➄❥➇➱❼❾➀ ➢ ➔➬❼❾❶➈❺➈➄ ➢ ➲➱❼❾➇➈➇❿➄q➄✏➒ ÿ ☎ ☛ ✁✜➛➜❶➈➉➟❼✍❶❹❸➌➉➋➔➋➉➏➓➁➫❥❶➈➒◆❸➌➀➌❼❾➒➈➓➭➣↔➄✏➀➭❸➊✝➫✏➙☞❼❾➒➈➉➋➛➜❶➈➄♦❺➈➄✏➓✩➊✝➄✏➓➁➓➌❼❾➍❷➄✏➓❱➙✏⑩➜❺➈➫✏➓✦➐❤❸➌➀➌❼☞➨➩➄✏➀➁➓✩❺➈➄✏➓✩❺➈➉➋➓➭❸➪❼❾➒➈➙✏➄✏➓✩❺❞❻ ❶➈➒➈➄✫➙✏➄✏➒➩❸➪❼❾➉➋➒➈➄✸❺➈➄✸➚➜➉➋➔➋⑩❾➊✝➳➃❸➌➀➁➄✏➓✏➴ ➶ ➄✏➀➁➓➔➋➄✏➓✫❼❾➒➈➒➈➫✏➄✏➓å✆ ✞ ❮✡➔➋➄☎❸➌➀➌❼❾➒➈➓➁➇✹⑩❷➀➭❸❬❺➈➄❥❺➈⑩❷➒➈➒➈➫✏➄✏➓❤➀➁➄✏➇✹⑩❷➓➁➄✯➄✏➓➁➓➁➄✏➒➩❸➌➉➋➄✏➔➋➔➋➄✏➊✝➄✏➒➩❸❬➓➁❶➈➀✫➔➋➄✝➙Ò❿❾❽➈➔➋➄✝➙✏⑩➩❼✖➅❹➉➬❼❾➔✭❺❞❻ ❶➈➒➈➄➇➱❼❾➀➭❸✩➄➃❸❱➓➁❶➈➀✩➔➬❼☎➀➌❼❾❺➈➉➋⑩☎❺❞❻ ❼❾❶❹❸➌➀➁➄✸➇➱❼❾➀➭❸☞➴❿→✟❶➈➉➋➓✢➔➬❼☎➇➈➀➁➄✏➊✝➉➋➳✏➀➁➄♦❶❹❸➌➉➋➔➋➉➏➓➌❼➎❸➌➉➏⑩❷➒✎❺➈➄✸➔➹❻ ⑩❷➇❹❸➌➉➋➛➜❶➈➄✸❼❤➨P❶✍➔➋➄➥➂➭⑩❷❶➈➀✢➄✏➒ÿ✟☛ ✆ ✞ ➇❿➄✏➀➁➊✝➄➃❸➁❸➪❼❾➒➩❸❬❺❞❻ ❼➎❸➁❸➌➄✏➉➋➒➈❺➈➀➁➄✝❶➈➒ü❺➈➫✏❽➈➉➏❸✫❺➈➄

45Mb/s
➓➁❶➈➀✫❶➈➒➈➄❥❺➈➉➋➓➭❸➪❼❾➒➈➙✏➄✯❼❾➔➋➔➬❼❾➒➩❸➟➂➭❶➈➓➁➛➜❶❞❻ ➐

10km➄➃❸✝➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➱❼❾➒➜❸❥➐
0.8µm

➴✭➠✩➒➈➄✜➓➁➄✏➙✏⑩❷➒➈❺➈➄Ð➍❷➫✏➒➈➫➃➀➪❼✖❸➪➉➏⑩❷➒✇❺➈➄✜➓➭➯P➓➭❸➌➳✏➊✝➄✏➓❥➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➱❼❾➒➜❸❥➐
1.7Gb/s➓➁❶➈➀✺❶➈➒➈➄✦➙✏➉➋➒➈➛➜❶➱❼❾➒➩❸➪❼❾➉➋➒➈➄❱❺➈➄❱➚➜➉➋➔➋⑩❷➊✝➳➃❸➌➀➁➄✏➓✺❼✫➫➃❸➌➫❱➙✏⑩❷➊✝➊✝➄✏➀➁➙✏➉➬❼❾➔➏➉➋➓➁➫✏➄✩➄✏➒ ÿ✟☛ ✆✧☎P➴P➷✳❼✸❸➌➀➁⑩❷➉➋➓➁➉➋➳✏➊✝➄✢➍❷➫✏➒➈➫✏➀➌❼➎❸➌➉➋⑩❷➒➙✏⑩❷➊✝➊✝➄✏➀➁➙✏➉➬❼➎➔➋➉➏➓➁➫✏➄✎➄✏➒ ÿ✟☛✚☛✚✞ ➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✜➐

2.5Gb/s
➴✭➷✟❻ ❶❹❸➌➉➋➔➋➉➏➓➌❼➎❸➌➉➋⑩❾➒Ñ❺➈➄✏➓✯❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀➁➓✝⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓

© Mohamed Karray, Télécom Paris - Décembre 2004
�



➳✔ô✥➾➵õ×➥✧➧P➨✥➪îö✧÷✔ø➯ù➞ø×➧Pú✫û■➪➯øü➭➍➪❫➳❶➩➯û■û❊➲P➦✥➥✖➳❣➾➫➧➸➥✖➩➯➦➵ø
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ÿ✁�✄✂✆☎ ÿ ➴ ÿ✞✝ ➼➜➯P➓➭❸➌➳✏➊✝➄✸❺➈➄♦➙✏⑩❷➊☎➊❤❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒q⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴
✟✡✠☞☛✆✠✌✟ ✍✏✎✡✑✓✒✓✔✕✒✓✔✗✖✙✘✛✚✢✜✣✜✥✤✓✑✓✦✧✘✛✎✩★✪✦✧✚✡✑✓✖✙✚✬✫✭★✪✦✧✮✯✤✓✔✗✖

➷⑤➄✦➓➁➇❿➄✏➙➃❸➌➀➁➄♦➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➊❥❼❾➍❷➒➈➫➃❸➌➉➋➛➜❶➈➄✦➄➃➓➁❸✢➔➬❼✫❺➈➉➋➓➭❸➌➀➁➉➋❽➈❶❹❸➌➉➋⑩❷➒❥❺➈➄✏➓✢➀➌❼❾❺➈➉➬❼➎❸➌➉➏⑩❷➒➈➓✺➓➁➄✏➔➋⑩❷➒q➔➋➄✏❶➈➀➥➫✏➒➈➄✏➀➁➍❷➉➋➄❢➀➁➄✏➔➬❼✖➡❸➌➉➏➨➩➄❾➴❞➷⑤➄✫❸➪❼❾❽➈➔➋➄☞❼❾❶ ÿ ➴ ÿ ➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄☎➔➋➄✏➓✦❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓❢➀➁➄✏➍❷➉➋⑩❷➒➈➓✏❮❏➔➋➄✏➓✦➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀➁➓✦❺❞❻ ⑩❷➒➈❺➈➄✏➓✸❼❾➓➁➓➁⑩➜➙✏➉➋➫✏➄✏➓✸❼❾➉➋➒➈➓➁➉➛➜❶➈➄✸➔➋➄✏❶➈➀➁➓➟➫✏➒➈➄✏➀➁➍❷➉➋➄✏➓✏➴
➧ ➫✏➍❷➉➋⑩❷➒ ➷❞⑩❷➒➈➍❷❶➈➄✏❶➈➀✢❺❞❻ ⑩❷➒➈❺➈➄ ❤

nm
✐ Ö➱➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄ ❤

GHz
✐ ➦ ➒➈➄✏➀➁➍❷➉➋➄ ❤

eV
✐➧ ❼❾❺➈➉➋⑩

> 108 < 3 < 10−5➑②➉➋➙✏➀➁⑩➎➡Ò⑩❾➒➈❺➈➄
108 − 105 3 − 3 ∗ 103 10−5 − 0.01➽Ò➒❹➣↔➀➌❼❾➀➁⑩❷❶➈➍❷➄
105 − 700 3 ∗ 103 − 4.3 ∗ 105 0.01 − 2➶ ➉➋➓➁➉➋❽➈➔➋➄
700 − 400 4.3 ∗ 105 − 7.5 ∗ 105 2 − 3➠✩➔➏❸➌➀➌❼✣➨P➉➋⑩❷➔➏➄➃❸
400 − 1 7.5 ∗ 105 − 3 ∗ 108 < 3 − 103➧ ❼☞➯❷⑩❷➒➈➓

X 1 − 10−2 3 ∗ 108 − 3 ∗ 1010 103 − 105➧ ❼☞➯➩⑩❷➒➈➓
Gamma < 10−2 > 3 ∗ 1010 > 105

✰✢✱✳✲✳☎ ÿ ➴ ÿ✞✝ ➼P➇❿➄✏➙➃❸➌➀➁➄♦➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➊❥❼❾➍❷➒➈➫➃❸➌➉➋➛➜❶➈➄❾➴
➵✫❻ ❼❾➇➈➀➁➳✏➓☎➔➹❻ ➠✩➒➈➉➋⑩❷➒è➽Ò➒➜❸➌➄✏➀➁➒➱❼➎❸➌➉➋⑩❷➒➱❼❾➔✭❺➈➄✏➓❤⑨➟➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➋⑩❷➒➈➓✸➽Ò⑨✢➠ ❹ ➓➁➉ ➅ü❽➱❼❾➒➈❺➈➄✏➓❤➓➁➇❿➳✏➙➃❸➌➀➌❼❾➔➋➄✏➓❤➓➁⑩❷➒➩❸
➁✵✴✻➊✷✶✽➆❥→ ➆❥➄✙➈✽➅➇➤✞✸✔➎ ✶Ò➎ ➟ ➎ ➙❽➄➍↕❸➐✙→ ➅➇➎ ↔✙→ ➆✧✹✟➎ ➄✙➈➑✍➂✷➄❽➅➇➆❥➉➇➄✖➊➀➅➇➎ ➙❽➄✖➊✽→✯➢❂➆❥→ ➆✣➏✍➙❽Ó⑦Ó➯➐✙➄✙➎✂➏❥➊➀➅➇➎ ➙❽➄ ➟✻✺ ➄✙➎ ➙❽➄
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Longueur


d’onde (nm)


1625
 1675
1565
1530
1460
1360


Band-O
 Band-E
 Band-S
 Band-C
 Band-L
 Band-U


ÿ✁�✄✂✆☎ ÿ ➴✂✁ ✝ ➼P➇❿➄✏➙➃❸➌➀➁➄✸➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➊❥❼❾➍❾➒➈➫➃❸➌➉➋➛➜❶➈➄❢➇❿⑩❷❶➈➀➟➔➬❼❤➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒q⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴

✟✡✠☞☛✆✠☞☛ ❖✏✚✡✑✓✘✛✔✻✫✭★✙P✞✎✡✖◗✦✧✮✯✤✓✔
→✡⑩❷❶➈➀✺❼❾➒➱❼❾➔➏➯P➓➁➄✏➀✥➄➃❸✺➙✏⑩❷➒➈➙✏➄➃➨❷⑩❷➉➋➀✭❶➈➒✝➙✏➉➋➀➁➙✏❶➈➉➏❸✭⑩❷❶✝❶➈➒❥➓➭➯P➓➭❸➌➳✏➊✝➄✩❺➈➄✩➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➋⑩❾➒☎⑩❷➇❹❸➌➉➋➛➜❶➈➄❾❮➩➉➋➔➈➣➘❼❾❶❹❸❽➈➉➋➄✏➒✝➙✏⑩❷➒➈➒➱❼✖✱➋❸➌➀➁➄✩❺➈➄✏➓✺➒➈⑩❾❸➌➉➋⑩❾➒➈➓✭➓➁❶➈➀✭➔➋➄✏➓✭➇➈➀➁⑩❷➇➈➀➁➉➋➫➃❸➌➫✏➓✭❺➈❶❥➓➁➉➋➍❷➒➱❼❾➔➱➄➃❸✺➓➁❶➈➀✺➔➋➄✏➓✭❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➓✥❸➌➀➌❼❾➉➏❸➌➄✏➊✝➄✏➒➩❸➌➓✭➛➜❶➈➄➒➈⑩❷❶➈➓✺➇❿⑩❷❶❹➨❷⑩❷➒➈➓✺➣➘❼❾➉➋➀➁➄❾➴➜➠✩➒✯➓➭➯P➓➭❸➌➳✏➊✝➄✦❺➈➄❱➙✏⑩❷➊✝➊❤❶➈➒➈➉➋➙☞❼✖❸➪➉➏⑩❷➒✝⑩❷➇❹❸➌➉➋➛➜❶➈➄✩➄✏➓➭❸➟➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➁➫❱➄➃➓➌➓➁➄✏➒➩❸➌➉➋➄✏➔➋➔➋➄✏➊✝➄✏➒➩❸➇➱❼❾➀✺➓➁⑩❷➒q❺➈➫✏❽➈➉➏❸➥❽➈➉➋➒➱❼❾➉➋➀➁➄ ❑ ❮P➓➁⑩❷➒✯❸➪❼❾❶P➅✯❺❞❻ ➄✏➀➁➀➁➄✏❶➈➀➥❺➈➄✦❽➈➉➏❸➟➝ ➦✥➧ ❼☞❮❹➓➁⑩❷➒q➀➌❼❾➇➈➇✹⑩❷➀➭❸➥➓➁➉➋➍❷➒➱❼❾➔❏➐✫❽➈➀➁❶➈➉➏❸✢➼ ➸❱➧ ❾ ❮➔➋➄❢❺➈➉➬❼❾➍❾➀➪❼➎➊✝➊✝➄❱❺➈➄✸➔➹❻ Ù❢➉➋➔➹➴➏➴➏➴

ø❑❘ ✎ ❘ ✎ ❘➘ø ù⑤ê↔ò ô á➱ã✺á➱ã↔÷➜á❹é✣õ❿ê↔ì✖ä
➢ ❻ ➄✏➓➭❸q❶➈➒➈➄✍➓➁➫✏➛➜❶➈➄✏➒➈➙☞➄Ð❺➈➄✍❽➈➉➏❸➌➓❢❡

0
❡②➄➃❸✯❺➈➄ ❡

1
❡②➛➜❶➈➉❱➙✏⑩❷➒➩❸➌➉➋➄✏➒➩❸✯➔➹❻ ➉➋➒❹➣↔⑩❷➀➁➊✝❼➎❸➌➉➏⑩❷➒Ñ➄➃❸q➛➜❶➈➉❱➄✏➓➭❸➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄➃➒➜❸✝➫✏➛➜❶➈➉➋➇➈➀➁⑩❷❽➱❼❾❽➈➔➋➄❾➴✟⑨➟➲➈➫✏⑩❷➀➁➉➋➛➜❶➈➄✏➊✝➄✏➒➩❸✯❶➈➒➈➄✎❸➌➄✏➔➋➔➋➄q➓➁➫✏➛➜❶➈➄✏➒➈➙☞➄✍➇✹➄✏❶❹❸✯➙✏⑩❷➒➩❸➌➄✏➒➈➉➋➀✝❼❾❶❹❸➪❼❾➒➜❸✝❺➈➄➣↔⑩❷➉➋➓✪❺➈➄❞❡ ✞ ❡➥➛➜❶➈➄✩❺➈➄❞❡ ÿ ❡➥➙✏⑩❷➒➈➓➁➫✏➙✏❶❹❸➌➉➏➣↔➓✏❮➜➊❥❼❾➉➋➓✪➙✏➄✏➙✏➉✹➙✏➀➁➫✏➄✢❺➈➄✏➓✭➇➈➀➁⑩❷❽➈➔➋➳✏➊✝➄✏➓✥❼❾❶☎➒➈➉➏➨❷➄☞❼❾❶✝❺➈❶✝➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀✏➴➷⑤➄✏➓✺➓➭❸➪❼❾➒➈❺➱❼❾➀➁❺➈➓✺❺➈➄✩➙✏⑩❷➊✝➊❤❶➈➒➈➉➋➙☞❼✖❸➪➉➏⑩❷➒☎➓➁➇❿➫✏➙✏➉➏❒➱➄✏➒➩❸➥➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➩❸✺❶➈➒✯➊❥❼✖➅❹➉➋➊❬❶➈➊ ❺➈➄➍☎✚✁♦❽➈➉➏❸➌➓ ❤ ➢ ➽Ø➵ Ï ✐➆➴→✡⑩❷❶➈➀✡➄➆➅❹➇➈➀➁➉➋➊✝➄✏➀✡❶➈➒❬➓➁➉➋➍❷➒➱❼❾➔➜❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄✥❺➱❼❾➒➈➓✡➔➋➄✭❺➈⑩❷➊❥❼❾➉➋➒➈➄✟➣↔➀➁➫✏➛➜❶➈➄✏➒➩❸➌➉➋➄✏➔➹❮✖➉➋➔➩➣➘❼➎❶❹❸✽➙✏⑩❷➊✝➊✝➄✏➒➈➙✏➄✏➀✡➇➱❼❾➀✽➫➃➙✏➀➁➉➋➀➁➄➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴ ÿ ❺➱❼❾➒➈➓✢➔➋➄❢❺➈⑩❷➊❥❼❾➉➋➒➈➄❱❸➌➄✏➊✝➇❿⑩❷➀➁➄✏➔×➶ ➧ ❼ ❂ ✞ ✝✖➘➹➴

x(t) =
∑

k

bkp(t − kTb)
❤ ÿ ➴ ÿ ✐

⑩❷Ô
bk = ±1

➄➃❸
p(t)

❺➈➫✏➓➁➉➋➍❾➒➈➄✢➔➬❼✦➣↔⑩❷➒➈➙➃❸➌➉➋⑩❾➒☎➀➁➄✏➙➃❸➪❼❾➒➈➍❷❶➈➔➬❼❾➉➋➀➁➄➥➫✏➍➩❼❾➔➋➄✢➐
1
➓➁❶➈➀✥➔➹❻ ➉➋➒➩❸➌➄✏➀➭➨❾❼❾➔➋➔➏➄

[0, Tb]
➄➃❸✥➒P❶➈➔➏➔➋➄❼❾➉➋➔➋➔➏➄✏❶➈➀➁➓✏➴➠✩➒➈➄➟➓➁➫✏➛➜❶➈➄✏➒➈➙✏➄❱❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄✭➄✏➓➭❸✭⑩❷❽❹❸➌➄✏➒➜❶➈➄➟➇➱❼❾➀✟➔➬❼❱➀➁➄✏➇➈➀➁⑩P❺➈❶➈➙➃❸➌➉➋⑩❷➒❤➇❿⑩❷➓➁➉➏❸➌➉➏➨❷➄➥⑩❷❶❤➒➈➫✏➍➩❼➎❸➌➉➏➨➩➄➥❺➈➄➟➔➹❻ ➉➋➊✝➇➈❶➈➔➏➓➁➉➋⑩❾➒➙➪➲➱❼❾➛➜❶➈➄

Tb
➓➁➄✏➙✏⑩❷➒➈❺➈➄ ❤

Tb
➄✏➓➭❸✦➔➬❼❤❺➈❶➈➀➁➫✏➄✫❺➈➄✸➙➪➲➱❼❾➛➜❶➈➄✫❽➈➉➏❸✽✐➆➴✹➷✳❼✝❺➈➄✏➒➈➓➁➉➏❸➌➫✸➓➁➇❿➄✏➙➃❸➌➀➌❼❾➔➋➄✸❺➈➄

x(t)
➇✹➄✏❶❹❸➍✢➃❸➌➀➁➄➣↔⑩❷❶➈➀➁➒➈➉➋➄✦➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴✂✁P➴

Sx(f) =
1

Tb

|P (f)|2
❤ ÿ ➴✂✁✚✐

➓✌❙➸➎ ➅■❚❨➉➇➉➇➙❽➉ ➜ ➊➀➅➇➆➛ ÑÒ➎ ➈❽➄✖➊✽→✯➡❣➙❽➎ ➟ ➆ ➜ ➊➀➅➇➆Ð✹➌❀➙❽➄ ➟ ➆✣➏✍➐✟➅➇➎ ✶❽➆◆➂ ➋✟➆❥➄❽➅➇➎✂➏❥➊✽→◗✸✔➎ ➈❽➎ ➅ ➟
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☎



➳✔ô✥➾➵õ×➥✧➧P➨✥➪îö✧÷✔ø➯ù➞ø×➧Pú✫û■➪➯øü➭➍➪❫➳❶➩➯û■û❊➲P➦✥➥✖➳❣➾➫➧➸➥✖➩➯➦➵ø
⑩❷Ô

P (f)
➀➁➄✏➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✫➔➬❼✫❸➌➀➌❼❾➒➈➓➭➣↔⑩❷➀➁➊✝➫✏➄❢❺➈➄✫Ö➈⑩❷❶➈➀➁➀➁➉➋➄✏➀➟❺➈➄

p(t)
➴➵✦❼❾➒➈➓❱➔➋➄♦➙☞❼❾➓✩⑩❷Ô②➉➋➔❞➓☞❻ ❼➎➍❷➉➏❸✩❺❞❻ ❶➈➒➈➄✸➉➋➊✝➇➈❶➈➔➋➓➁➉➋⑩❾➒✎➀➁➄✏➙➃❸➪❼❾➒➈➍❷❶➈➔➬❼❾➉➋➀➁➄❢❺➈➄✸➔➬❼❾➀➁➍❷➄✏❶➈➀

Tb
❮
P (f)

➄✏➓➭❸❱❺➈⑩❷➒➈➒➈➫✏➄✸➇➱❼❾➀➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴ ✝❹➴
P (f) = Tb

sin πfTb

πfTb

❤ ÿ ➴ ✝✧✐
➢ ➄♦➛➜❶➈➉❞➇✹➄✏➀➁➊✝➄➃❸✢❺❞❻ ➄➆➅❹➇➈➀➁➉➋➊✝➄✏➀➥➔➬❼✫❺➈➄✏➒➈➓➁➉➏❸➌➫❢➓➁➇❿➄✏➙➃❸➌➀➌❼❾➔➋➄❢❺➈➄✦➔➬❼❬➓➁➫✏➛➜❶➈➄✏➒➈➙✏➄✫❼❾➔➋➫☞❼➎❸➌⑩❷➉➏➀➁➄❱➇➱❼❾➀➥➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴ ✠➈➴

Sx(f) = Tb

[
sin πfTb

πfTb

]2 ❤ ÿ ➴ ✠✯✐
ø❑❘ ✎ ❘ ✎ ❘ ✎ ❉ ÷ ô ÷➜ì✖á❹é✖ê↔õ ô å✫✪➏î ô æ☞ê↔ò ô á➱ã✺á➱ã↔÷➜á❹é✣õ❿ê↔ì✖ä
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27 − 1
❮
215 − 1
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23 − 1 = 7
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p(x) = x3 + x1 + 1
❤ ÿ ➴✂�✚✐

➽Ò➔❞➣➘❼❾❶❹❸✢➒➈⑩❾❸➌➄✏➀✢➛➜❶❞❻ ❶➈➒➈➄✸➉➋➒➈➉➏❸➌➉➋❼❾➔➏➉➏➓➌❼➎❸➌➉➋⑩❾➒q➄✏➓➭❸✩➒➈➫✏➙✏➄✏➓➁➓➌❼❾➉➋➀➁➄❾❮✹➓➁➉➋➒➈⑩❷➒✎⑩❷➒✜❼❾❽✹⑩❷❶❹❸➌➉➏❸✩➐❤❶➈➒②➫➃❸➪❼➎❸✩❺➈➫➃➍❷➫✏➒➈➫✏➀➁➫❾➴
✟✡✠☞☛✆✠❳❲ ❨❬❩✙❭❪❨❬❫

➷✟❻ ➉➋➒➩❸➌➀➁⑩P❺➈❶➈➙➃❸➌➉➋⑩❷➒♦❺❞❻ ❶➈➒➈➄✭➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➄✭⑩❷➇❹❸➌➉➋➛➜❶➈➄✥❺➱❼❾➒➈➓✡➔➋➄✥❺➈⑩❷➊❥❼❾➉➋➒➈➄✥❺➈➄➃➓✟➼➜➯P➓➭❸➌➳✏➊✝➄✏➓✟➑②➉➋➙✏➀➁⑩➎➡ ➦ ➔➋➄✏➙➃❸➌➀➁⑩➎➡➑②➫✏➙☞❼❾➒➈➉➋➛➜❶➈➄✏➓ ❤ ➑ ➦ ➑✍➼◗❴❲✐✡❼✦⑩❷❶❹➨❷➄✏➀➭❸✟❶➈➒❤➙➪➲➱❼❾➊✝➇❬❺❞❻ ❼❾➇➈➇➈➔➋➉➋➙☞❼➎❸➌➉➋⑩❷➒➈➓✡➙✏⑩❷➒➈➓➁➉➋❺➈➫✏➀➌❼❾❽➈➔➋➄✏➓✽➍❷➀✹❿❾➙✏➄➟❼❾❶P➅☎➼➜➯P➓➭❸➌➳✏➊✝➄✏➓➑②➉➋➙✏➀➁⑩➎➡➭➞✦➇❹❸➌⑩➎➡ ➦ ➔➋➄✏➙➃❸➌➀➁⑩➎➡➭➑②➫✏➙☞❼❾➒➈➉➋➛➜❶➈➄✏➓ ❤ ➑✍➞ ➦ ➑✍➼✪❵✽✐❢❺➱❼❾➒➈➓✫➔➏➄✏➓✸❺➈⑩❷➊❥❼❾➉➋➒➈➄✏➓♦❺➈➄✏➓✫❸➌➫✏➔➋➫➃➙✏⑩❷➊✝➊❤❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❾➒➈➓✏❮
❛❥↕❸➎✂➏✍➉➇➙✯❚❨→ ➆✣➏⑥➅➇➉➇➙❶↕❸➆✣➏➇➤✖➊✽➄✙➎✂➏❥➊✽→❂ÑÒÕ ➟ ➅➇➆❥Ó ➟❜ ↕❸➎✂➏✍➉➇➙✽➠✘➣✔↔✟➅➇➙✽➠❝❚❨→ ➆✣➏⑥➅➇➉➇➙✽Ó⑦➆✣➏➃➤✖➊➀➄✙➎✂➏❥➊✽→✯ÑÒÕ ➟ ➅➇➆❥Ó ➟

© Mohamed Karray, Télécom Paris - Décembre 2004
✆



ö✧÷✽✼❂÷➞➚✿✾ ➩➯õ➫➧➸➥❁❀å➲P➪❊➭❶➾➵➦➵øü➚❣➪➯ø❢ø➯ù➞ø×➧Pú✫û■➪➯øü➭➍➪à➧P➼✫➚➞➼➍➳❶➩➯û■û❊➲P➦✥➥✖➳❣➾➫➧➸➥✖➩➯➦➵ø
❺➈➄♦➔➹❻ ❼❾➓➭❸➌➀➁⑩❷➒➈⑩❷➊✝➉➏➄❾❮❹❺➈➄♦➔➹❻ ❼❾❶❹❸➌⑩❷➊✝⑩❷❽➈➉➏➔➏➄❾❮❹❺➈➄♦➔➹❻ ❼☞➨P➉➋⑩❷➒➈➉➋➛➜❶➈➄❢➄➆❸✩❺➈❶②➍❷➫✏➒➈➉➋➄❢❽➈➉➋⑩❷➔➋⑩❷➍❷➉➏➛➜❶➈➄❢➄➃❸✢➊✝➫✏❺➈➉➋➙☞❼❾➔➹➴➷✳❼❬❒➱➍❷❶➈➀➁➄ ÿ ➴ ✠☎➀➁➄✏➇➈➀➁➫✏➓➁➄✏➒➜❸➌➄✸➔➬❼❤➇✹⑩❷➓➁➉➏❸➌➉➋⑩❷➒✎❺➈➄✏➓❱➑✍➞ ➦ ➑✍➼②➐❬❸➌➀➌❼✣➨❷➄✏➀➁➓✩➔➏➄✏➓➟❸➌➀➁⑩❷➉➋➓➟❺➈⑩❷➊❥❼❾➉➋➒➈➄✏➓ Ï ➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄❾❮➊✝➫✏➙☞❼❾➒➈➉➋➛➜❶➈➄❢➄➃❸✩⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴

Optique


Mécanique


Electronique


Opto


électro


nique


Opto-


mécanique

Electro-


mécanique


MOEM


ÿ✁�✄✂✆☎ ÿ ➴ ✠ ✝ ➷⑤➄♦➓➭➯P➓➭❸➌➳✏➊✝➄✫➑✍➞ ➦ ➑❆➴
➷⑤➄✏➓②➑✍➞ ➦ ➑✍➼✉❽❿➫✏➒➈➫➃❒➱➙✏➉➋➄✏➒➩❸②❺➈➄✏➓②❼➎❸➁❸➌➀➁➉➋❽➈❶❹❸➌➓✏❮✭➊❥❼❾➉➋➒➜❸➌➄✏➒➱❼❾➒➩❸☞❮✭❽➈➉➋➄✏➒♥➫➃❸➪❼❾❽➈➔➋➉➏➓✯❺➈➄✏➓q➊✝➉➋➙✏➀➁⑩❷➓➭➯P➓➭❸➌➳✏➊✝➄✏➓q➄✏➒➍❷➫✏➒➈➫✏➀➌❼❾➔❞➛➜❶➈➉⑤➔➋➄✏➓➟➀➁➄✏➒➈❺➈➄✏➒➩❸❱➓➁➉⑤❼➎❸➁❸➌➀➌❼❾➙➃❸➌➉➏➣↔➓➥➇❿⑩❷❶➈➀➟➔➋➄❢❺➈➫➃➨❷➄✏➔➋⑩❷➇➈➇❿➄✏➊✝➄✏➒➩❸✩➉➋➒➈❺➈❶➈➓➭❸➌➀➁➉➋➄✏➔❏➄➃❸✩➙✏⑩❷➊✝➊✝➄✏➀➁➙✏➉➬❼❾➔ ❤ ➇➈➀➁⑩➎➡❺➈❶➈➙➃❸➌➉➋⑩❷➒②❺➈➄✸➊❥❼❾➓➁➓➁➄✸❽➱❼❾➓✩➙✏⑩❷×❹❸✽✐➆➴✹➵❱➄✫➇➈➔➋❶➈➓✢➔➬❼❤➇❿⑩❷➓➁➓➁➉➋❽➈➉➋➔➋➉➏❸➁➫❢❺❞❻ ➉➋➒➜❸➌➫✏➍❷➀➁➄✏➀✢➔➹❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄♦❺➈❶✎❸➌➀➪❼➎➉➏❸➌➄✏➊✝➄✏➒➜❸❺➈➄✏➓✯❺➈⑩❷➒➈➒➈➫✏➄✏➓q➀➁➄✏➒➈❺♥➙✏➄✏➓q❺➈➉➋➓➁➇✹⑩❷➓➁➉➏❸➌➉➏➣↔➓☎❸➌➀➁➳✏➓q➉➋➒➩❸➌➫✏➀➁➄✏➓➁➓➌❼❾➒➩❸➌➓q➇❿⑩❷❶➈➀✯❺➈➄➃➓✎❼❾➇➈➇➈➔➋➉➋➙☞❼➎❸➌➉➋⑩❾➒➈➓❥❺➈➄✜❸Ò➯P➇❿➄✙❞✫➓➭➯P➓Ø➡❸➌➳✏➊✝➄✍➓➁❶➈➀✎❶➈➒➈➄Ð➓➁➄✏❶➈➔➋➄✼➇➈❶➈➙✏➄✿❡➈➼➈➞ ➢✁❢ ➴➟➷⑤➄✏➓✎❺➈➉➋➓➁➇✹⑩❷➓➁➉➏❸➌➉➏➣↔➓✎➑✍➞ ➦ ➑✍➼❍➓➁➄✼❺➈➉➏➨P➉➏➓➌➄➃➒➜❸q➄✏➒❘❺➈➄✏❶P➅♥➍❷➀➌❼❾➒➈❺➈➄✏➓➙☞❼➎❸➌➫✏➍❷⑩❷➀➁➉➋➄✏➓✏➴✹➷✳❼❤➇➈➀➁➄✏➊✝➉➋➳✏➀➁➄♦➙✏⑩❷➒➈➙✏➄✏➀➁➒➈➄✸➔➋➄✏➓✢➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➓➟➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➱❼❾➒➜❸✢➓➁➄✏➔➋⑩❷➒②➔➋➄✏➓✢➇➈➀➁➉➋➒➈➙✏➉➋➇✹➄✏➓✢❺➈➄✸➔➹❻ ⑩❷➇P➡❸➌➉➋➛➜❶➈➄✜➍❷➫✏⑩❾➊✝➫➃❸➌➀➁➉➋➛➜❶➈➄✜➇❿⑩❷❶➈➀✝➔➬❼❆➙✏⑩❷➊✝➊❬❶❹❸➪❼➎❸➌➉➋⑩❷➒Ñ➓➁➇➱❼➎❸➌➉➬❼❾➔➋➄✎❺➈➄✍➔➬❼✼➔➋❶➈➊✝➉➋➳✏➀➁➄ ❤ ➓➁➲➜❶❹❸➁❸➌➄✏➀✯⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴➏➴➏➴✂✐➆➴✺➷✳❼❺➈➄✏❶P➅❹➉➋➳✏➊✝➄✍➙✏⑩❷➒➈➙✏➄✏➀➁➒➈➄✼❺➈➄✏➓q➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➓✯❽➱❼❾➓➁➫✏➓✎➓➁❶➈➀q➔➹❻ ⑩❷➇❹❸➌➉➋➛➜❶➈➄✜➇➈➲➜➯P➓➁➉➋➛➜❶➈➄ ❤ ➊✝➉➋➙✏➀➁⑩➎➡Ò➙☞❼☞➨P➉➏❸➌➫✜⑩❾➇❹❸➪➉➏➛➜❶➈➄❺➈➄②❸Ø➯P➇✹➄ÐÖ✹❼❾❽➈➀➭➯➩➡Ø→✡➫✏➀➁⑩❾❸☞❮✭➊✝➉➋➙✏➀➁⑩➎➡Ò➊✝➉➏➀➁⑩❾➉➏➀➁➓✝➇❿⑩❷❶➈➀❥➔➹❻ ⑩❷➇❹❸➌➉➋➛➜❶➈➄✜❼❾❺➱❼❾➇❹❸➪❼➎❸➌➉➏➨❷➄❾➴➏➴➏➴✂✐➆➴✺➷⑤➄✏➓✯➍❷➀➌❼❾➒➈❺➈➓❥❺➈⑩❷➊❥❼❾➉➋➒➈➄✏➓❺❞❻ ❼❾➇➈➇➈➔➋➉➋➙☞❼➎❸➌➉➏⑩❷➒q➙✏⑩❷➒➈➙✏➄✏➀➁➒➈➄✏➒➜❸❱➔➋➄✏➓✢➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➋⑩❷➒➈➓➥⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓ ❤ ➉➋➒➩❸➌➄✏➀➁➙✏⑩❷➒➈➒➈➄➆➅❹➉➋⑩❷➒➈➓✢⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓✩❺➱❼❾➒➈➓✩➔➋➄✏➓➓➭➯P➓➭❸➌➳✏➊✝➄✏➓ ý ➵❢➑ü✐➆❮❏➔➬❼❥➊✝➉➏➙✏➀➁⑩➎➡Ò⑩❷➇❹❸➌➉➏➛➜❶➈➄❬❼❾❺➱❼❾➇❹❸➪❼➎❸➌➉➏➨❷➄✫➄➃❸❢➔➏➄✏➓✦➊✝➉➋➙✏➀➁⑩➜➙☞❼❾➇❹❸➌➄✏❶➈➀➁➓ ❤ ➊✝➉➋➙✏➀➁⑩P➙☞❼❾➇❹❸➌➄✏❶➈➀❱❺➈➄✫❺➈➫➆➡➇➈➔➬❼❾➙✏➄✏➊✝➄✏➒➩❸☞❮➈❺➈➄♦➍➩❼ ❂ ❮➱➊✝➉➏➙✏➀➁⑩➎➡Ò➓➁➇❿➄✏➙➃❸➌➀➁⑩❷➊✝➳➃❸➌➀➁➄✏➓✏➴➏➴➏➴✂✐➆➴↕❾❶➈➓➁➛➜❶❞❻ ➐✼➇➈➀➁➫✏➓➁➄✏➒➩❸✣❮✟➔➬❼✍➊✝➉➋➓➁➄q➄✏➒ÑÙ♦❶❹➨P➀➁➄✎❺➈➄✏➓❥➑✍➞ ➦ ➑✍➼◆➓✏❻ ➄✏➓➭❸✝➣➘❼❾➉➏❸➌➄✯➔➋➄q➇➈➔➋❶➈➓❤➓➁⑩❷❶❹➨❷➄✏➒➜❸❥❼✣➨❷➄✏➙✎❺➈➄✏➓☎➓➁➉ ➡➍❷➒➱❼❾❶P➅✝⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓✭➨❷➫✏➲➈➉➋➙✏❶➈➔➋➫✏➓✺❺➱❼❾➒➈➓✺➔➹❻ ➄✏➓➁➇➱❼❾➙✏➄❱➔➋➉➋❽➈➀➁➄✢⑩❷❶❥➇➱❼❾➀✥❒➱❽➈➀➁➄❱⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴❹→✡⑩❷❶➈➀➭❸➪❼❾➒➩❸➥➔➋➄✢➊❥❼❾➀➁➉➬❼❾➍❷➄➟❺➈➄✏➓➑✍➞ ➦ ➑✍➼❥➄➃❸➟❺➈➄✦➔➹❻ ⑩❷➇❹❸➌➉➋➛➜❶➈➄❱➉➏➒➜❸➌➫✏➍❷➀➁➫✏➄❱➙✏⑩❷➒➈➓➭❸➌➉➏❸➌❶➈➄✦❶➈➒q➄✏➒➎➂➭➄✏❶q❺❞❻ ➉➋➊✝➇❿⑩❷➀➭❸➪❼❾➒➈➙✏➄✩❺➱❼❾➒➈➓➥➔➋➄✏❶➈➀➁➓➥➇✹➄✏➀➁➓➁➇❿➄✏➙➃❸➌➉➏➨❷➄✏➓❺➈➄✺❺➈➫➃➨❷➄✏➔➋⑩❷➇➈➇❿➄➃➊✝➄✏➒➜❸☞➴ ➢ ❻ ➄✏➓➭❸✟➇➈➀➁➉➋➒➈➙✏➉➋➇➱❼❾➔➋➄✏➊☎➄✏➒➜❸✳❺➱❼❾➒➈➓✪➙✏➄➆❸➌❸➌➄✺➇❿➄✏➀➁➓➁➇✹➄✏➙➃❸➌➉➏➨➩➄➥❺➈➄✺➔➬❼✢➊✝➉➋➓➁➄✥➄✏➒❬⑩P➄✏❶❹➨P➀➁➄➥❺➈➄✺➊✝➉ ➡➙✏➀➁⑩❷➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✏➓♦➓➁➫✏➔➋➄✏➙➃❸➌➉➏➨❷➄✏➓♦➄✏➒✼➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀✦❺❞❻ ⑩❷➒➈❺➈➄ ❤ ➀➁➫✏➓➁➄☞❼❾❶P➅✼❺➈➄❤❺➈➉➏❰❏➀➌❼❾➙➃❸➌➉➋⑩❷➒❞❮❿➊✝➉➋➙✏➀➁⑩P➙☞❼☞➨P➉➏❸➌➫✫⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓❼❾➙✏➙✏⑩❷➀➁❺➱❼❾❽➈➔➋➄✏➓❥➇➱❼❾➀❥➨❷⑩❷➉➋➄✜➊✝➉➋➙✏➀➁⑩è➊✝➫✏➙☞❼❾➒➈➉➋➛➜❶➈➄❾➴➏➴➏➴✂✐✝➛➜❶➈➄✍➓➁➄Ð➓➁➉➏❸➌❶➈➄✏➒➩❸✯❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➓✯➇➈➀➁⑩➎➂➭➄➃❸➌➓✯❽➱❼❾➓➁➫✏➓q➓➁❶➈➀✯➔➬❼➙✏⑩❷➊✝➇➈➔➋➫✏➊✝➄➃➒➜❸➪❼❾➀➁➉ ❸➌➫✢❺➈➄✏➓➥➔➬❼❾❽❿⑩❷➀➌❼➎❸➌⑩❷➉➏➀➁➄✏➓✭❼❾❶✯➒➈➉➏➨❷➄☞❼❾❶✯❺➈➄❱➔➋➄✏❶➈➀✭➓➌❼✣➨❷⑩❷➉➋➀Ø➡ ➣➘❼❾➉➏➀➁➄✢➄➃❸➥➙✏⑩❷➊✝➇❿➫➃❸➌➄✏➒➈➙✏➄✦❺➱❼❾➒➈➓✺➔➋➄✩❺➈⑩➎➡➊❥❼❾➉➋➒➈➄♦➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶P➅❏❮➱➊✝⑩P❺➈➫✏➔➋➉➏➓➌❼➎❸➌➉➋⑩❾➒❞❮➈❸➌➄✏➙➪➲➈➒➈⑩❷➔➋⑩❷➍❷➉➋➄❾❮✹➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➌❼➎❸➌➉➋⑩❷➒②➄➃❸✦➇➱❼❾➙➪➚✖❼❾➍❷➉➋➒➈➍ ❤ ➷✳❼❥Ö✽➫✏❺➈➫✏➀➌❼➎❸➌➉➋⑩❷➒❺➈➄✫➑②➉➋➙✏➀➁⑩☎➄➃❸ ➸ ❼❾➒➈⑩✝⑨✡➄✏➙➪➲➈➒➈⑩❷➔➋⑩❷➍❷➉➋➄✏➓➹➶ Ö✟➑ ➸ ➘✷✐➃➴
❣✣ÑÒÕ ➟ ➅➇➆❥Ó❊➣✔➄➹➌❀➤✙➎ ↔

© Mohamed Karray, Télécom Paris - Décembre 2004
☛



➳✔ô✥➾➵õ×➥✧➧P➨✥➪îö✧÷✔ø➯ù➞ø×➧Pú✫û■➪➯øü➭➍➪❫➳❶➩➯û■û❊➲P➦✥➥✖➳❣➾➫➧➸➥✖➩➯➦➵ø
â➫ã✌❤ ➴➷s➞➬◆⑧⑨➮➯s✔⑧✓➬➱t❥✐➫⑤✥r✵⑤⑦➬◆ì➹③❽t ① ④✍⑧⑨r❒❐❮♣❷①⑨⑧✵③❽t✃① ④⑥⑤✥❐❮❰❲í❣í➞❰❽♣❞r

➠✩➒✫➊✝⑩P❺➈❶➈➔➏➄✥❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒✸➄✏➓➭❸✪➙✏⑩❾➊✝➇❿⑩❷➓➁➫✭➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➩❸✽❺➈➄✭❺➈➄✏❶P➅✫➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➓✽➐✩➓➌❼☞➨❷⑩❷➉➋➀✡➔➬❼➟➓➁⑩❷❶➈➀➁➙✏➄⑩❷➇❹❸➌➉➋➛➜❶➈➄♦➄➃❸✩➔➋➄❢➙✏➉➋➀➁➙✏❶➈➉➏❸➟➛➜❶➈➉⑤➔➋➄❢➇➈➉➋➔➋⑩❾❸➌➄❾❮❹➙✏⑩❷➊✝➊✝➄❢➉➋➔❏➄✏➓➭❸❱➊✝⑩❷➒➩❸➌➀➁➫❢❺➱❼❾➒➈➓✢➔➬❼✫❒➱➍❷❶➈➀➁➄ ÿ ➴✂�P➴

Generateur TEST


           Période, ordre


Driver


VCSEL


Gnd


     Tension
 Courant


           Dimensions


Puissance


Optique


ÿ✁�✄✂✆☎ ÿ ➴✂� ✝ ➑②⑩➜❺➈❶➈➔➋➄♦❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒❞➴
➞✦➒❤➇✹➄✏❶❹❸✟➉➋➒➩❸➌➄✏➀➁➙☞❼❾➔➋➄✏➀✽❺❞❻ ❼❾❶❹❸➌➀➁➄✏➓✪➙✏⑩❷➊✝➇✹⑩❷➓➌❼❾➒➜❸➌➓✽❺➱❼❾➒➈➓✪➙✏➄➥➊✝⑩➜❺➈❶➈➔➋➄✥❸➌➄✏➔❹➛➜❶❞❻ ❶➈➒☎❼❾➊✝➇➈➔➋➉➏❒➱➙☞❼➎❸➌➄✏❶➈➀✡❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➉➋➄✏➔❼✣➨➎❼❾➒➜❸✢➔➹❻ ➫➃❸➪❼❾➍❷➄❢❺➈➄♦➙✏⑩❷➊✝➊❥❼❾➒➈❺➈➄❾➴
✟✡✠❳❲❦✠✌✟ ❖✏✚✡✑✓✘✛✔✻✫✭★✙P✞✎✡✖◗✦✧✮✯✤✓✔✕✖◗✤✭❧♥♠♣♦rq■✜s✦✧✖◗✖◗✦✧✚✡✑t✔✛★✉♠♣♦r✎✬P✞✖◗✚✬❧✪✫✭★✪✦✧✚✡✑t✒✓✔✗✖✈✫✞✇✓✚✩★✪✚✡✑✓✖

➷✳❼❆➊❥❼➎❸➌➉➋➳✏➀➁➄✎➇❿➄✏❶❹❸✯➫✏➊✝➄➃❸➁❸➌➀➁➄②⑩❷❶✉❼❾❽➈➓➁⑩❷➀➁❽❿➄✏➀❥❺➈➄✏➓❥➀➌❼✣➯❷⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸➌➓❥➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➊❥❼❾➍❷➒➈➫➃❸➌➉➋➛➜❶➈➄✏➓✏❮✥➙✏➄✍➛➜❶➈➉➙✏⑩❷➀➁➀➁➄✏➓➁➇❿⑩❷➒➈❺◆➐②➔➹❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❾➒❆⑩❷❶è➔➘❻ ❼❾❽➈➓➁⑩❷➀➁➇❹❸➪➉➏⑩❷➒❆❺➈➄✝➇➈➲➈⑩❾❸➌⑩❷➒➈➓✫➇➱❼❾➀♦➔➋➄✏➓✫❼➎❸➌⑩❷➊✝➄✏➓✏➴ ➦ ➒è➄➃❰❏➄➃❸☞❮✡➔➋➄✏➓✫❼➎❸➌⑩❷➊✝➄✏➓➙➆➲➱❼❾➒➈➍❷➄✏➒➩❸✦❺❞❻ ➫➃❸➪❼➎❸✦❺❞❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄❾❮✹➄➃❸✦⑩❷➒✜➇❿➄✏❶❹❸✦❺➈➉➋➓➭❸➌➉➋➒➈➍❷❶➈➄✏➀✢❸➌➀➁⑩❷➉➋➓✢➙☞❼❾➓❱➛➜❶➈➉✡➉➋➔➋➔➏❶➈➓➭❸➌➀➁➄✏➒➜❸✩➙✏➄✏➓✦➇➈➲➈➫✏➒➈⑩❾➊✝➳✏➒➈➄✏➓ Ï➔➹❻ ❼❾❽➈➓➁⑩❷➀➁➇❹❸➌➉➋⑩❷➒❞❮❹➔➹❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒q➓➁➇❿⑩❷➒➩❸➪❼❾➒➈➫✏➄♦➄➃❸✩➔➹❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒q➓➭❸➌➉➋➊❬❶➈➔➋➫✏➄✦➙✏⑩❷➊✝➊✝➄❢➔➋➄❢➊✝⑩❷➒➩❸➌➀➁➄❢➔➬❼✫❒➱➍❷❶➈➀➁➄ ÿ ➴ ✄❹➴
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Emission 
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 Absorption
 Emission 
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Trou


E
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e
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ö✧÷❝①✯÷❣ø×➧P➨➷➲➯➳➵➧➽➲P➨✥➪ ➺➯➼✫➦➽➼✫➨❶➾➵➚❣➪✳➭②✾ ➲P➦qûá➩➯➭■➲P➚❣➪ ➭②✾ ➼✫û⑨➥➀ø➔ø❇➥✖➩➯➦
í ✪ á➈â✽æ✏õ✹ì ✒ é✖ê↔õ ô Ï ➙❾❻ ➄✏➓➭❸❢➔➹❻ ❼❾❽➈➓➁⑩❷➀➁➇❹❸➌➉➋⑩❷➒②❺❞❻ ❶➈➒✍➇➈➲➈⑩❾❸➌⑩❷➒✍➇➱❼❾➀✩❶➈➒✍➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒✜➓➁⑩❷❶➈➊✝➉➋➓❱➐✝❶➈➒➈➄✫⑩❷➒➈❺➈➄✫➔➋❶➈➊✝➉ ➡➒➈➄✏❶➈➓➁➄❾➴P➷✟❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒✝➇➱❼❾➓➁➓➁➄✩❼❾➔➋⑩❷➀➁➓✪❺➈❶✝➒➈➉➏➨❷➄☞❼❾❶✝❺❞❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄

Ev
➐

Ec
➴ ➢ ➄✢➇➈➀➁⑩P➙✏➄✏➓➁➓➁❶➈➓✭❺❞❻ ❼❾❽➈➓➁⑩❷➀➁➇❹❸➌➉➋⑩❷➒➄✏➓➭❸❢❺❞❻ ❼❾❶❹❸➪❼❾➒➜❸✦➇➈➔➋❶➈➓❱➄➃Õ✝➙☞❼❾➙✏➄❬➛➜❶➈➄❬➔➹❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄

hν
❺➈❶✍➇➈➲➈⑩❾❸➌⑩❷➒✍➄✏➓➭❸❢➇➈➀➁⑩P➙➪➲➈➄❬❺➈➄❬➔➹❻ ➫✏➙☞❼❾➀➭❸

Ec − Ev➄✏➒➜❸➌➀➁➄♦➔➋➄✏➓➟❺➈➄✏❶P➅②➒➈➉➏➨❷➄☞❼❾❶P➅✎❺❞❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄♦❺➈➄♦➔➹❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒❞➴í ✪ ÷Pçüê➘æ☞æ☞ê↔õ ô æ ✒ õ ô é✣á ô ÷➜ä Ï ➙❾❻ ➄✏➓➭❸❬➔➬❼q➍❷➫✏➒➈➫✏➀➌❼➎❸➌➉➋⑩❷➒✼❺❞❻ ❶➈➒è➇➈➲➈⑩❾❸➌⑩❷➒❆➇➱❼❾➀♦➀➁➄✏➙✏⑩❷➊❤❽➈➉➋➒➱❼❾➉➋➓➁⑩❷➒Ð➓➁➇❿⑩❷➒➩❸➪❼❾➒➈➫✏➄❺❞❻ ❶➈➒è➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒❆➄➃❸✫❺❞❻ ❶➈➒❆❸➌➀➁⑩❷❶❞➴✳➷⑤➄☎➇➈➲➈⑩❾❸➌⑩❷➒❆➇❿➄✏❶❹❸❞✢➃❸➌➀➁➄✝➫✏➊✝➉➋➓❢❺➱❼❾➒➈➓✸➒❞❻ ➉➋➊✝➇✹⑩❷➀➭❸➌➄❤➛➜❶➈➄✏➔➋➔➋➄☎❺➈➉➋➀➁➄✏➙➆➡❸➪➉➏⑩❷➒è➄➃❸❬❸➌⑩❷❶❹❸➌➄✏➓✫➔➋➄✏➓✫❺➈➉➋➀➁➄✏➙➃❸➌➉➋⑩❷➒➈➓✸❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒è⑩❷➇➈➇✹⑩❷➓➁➫✏➄✏➓❤➓➁⑩❷➒➩❸❬➫✏➛➜❶➈➉➋➇➈➀➁⑩❷❽➱❼❾❽➈➔➋➄✏➓✫➓➁➉✺➔➹❻ ❼➎❸➌⑩❷➊☎➄✝➄✏➓➭❸➉➋➒➈➉➏❸➌➉➬❼❾➔➏➄✏➊☎➄✏➒➜❸✟❼❾❶❤➀➌➄➃➇❿⑩❷➓✏➴➜➷✟❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄
hν

❺➈❶☎➇➈➲➈⑩❾❸➌⑩❷➒❤➫✏➊✝➉➋➓✪➄✏➓➭❸✭➫✏➍➩❼❾➔➋➄➟➐✦➔➬❼✦❺➈➉➏❰❏➫✏➀➁➄✏➒➈➙✏➄➟❺❞❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄
Ec − Ev

➄✏➒➩❸➌➀➁➄♦➔➋➄✏➓✢❺➈➄✏❶P➅✎➒➈➉➏➨➩➄☞❼❾❶P➅②❼➎❸➌⑩❷➊✝➉➋➛➜❶➈➄➃➓
(v)

➄➃❸
(c)
➴í ✪ ÷Pçüê➘æ☞æ☞ê↔õ ô ê ô å✡î✡êýé✣ä②õ❿î❍æ➃é✖ê➘çÐî✽ãý÷➜ä Ï ➔➬❼✫➇➈➀➌➫➃➓➌➄➃➒➈➙✏➄✸❺❞❻ ❶➈➒✎➀➌❼☞➯❷⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸✢➉➋➒➈➙✏➉➋❺➈➄✏➒➩❸➟➇❿➄✏❶❹❸➟➉➋➒➈❺➈❶➈➉➋➀➁➄❶➈➒✇➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒✇➄➆➅❹➙✏➉➏❸➌➫✜➐✼➫✏➊✝➄➃❸➁❸➌➀➁➄②❶➈➒✇➇➈➲➈⑩❾❸➌⑩❷➒✉❼☞➯➩❼❾➒➩❸❥➔➋➄✏➓✝➊❷✢✏➊✝➄✏➓☎➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✏➓✝➛➜❶➈➄✜➔➋➄✏➓➇➈➲➈⑩❾❸➌⑩❷➒➈➓✎➉➋➒➈➙✏➉➋❺➈➄✏➒➩❸➌➓✏❮➟➐ü➙✏⑩❷➒➈❺➈➉➏❸➌➉➋⑩❷➒✉➛➜❶➈➄✼➔➹❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄✍❺➈➄Ð➙✏➄✏➓✎➇➈➲➈⑩❾❸➌⑩❷➒➈➓q➓➁⑩❷➉➏❸ ❡✍➀➁➫✏➓➁⑩❷➒➈➒➱❼❾➒➩❸➌➄✛❡➎❮➙❾❻ ➄✏➓➭❸➭➡Ø➐✖➡Ò❺➈➉➋➀➁➄✦➛➜❶➈➄
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dNc

dt
=

Absorption
︷ ︸︸ ︷

C2ρ(ν)Nv − C1Nc
︸ ︷︷ ︸

Emissionspontanee

−
Emissionstimulee

︷ ︸︸ ︷

C3ρ(ν)Nc
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➄➃❸
Nv
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➀➁➄✏➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✸➔➬❼❤❺➈➄✏➒➈➓➁➉➏❸➌➫♦❺❞❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄♦❺➈➄♦➀➌❼❾❺➈➉➬❼➎❸➌➉➏⑩❷➒q➇❿➄✏➒➈❺➱❼❾➒➩❸✩➔➹❻ ➉➋➒➩❸➌➄✏➀➭➨❾❼❾➔➋➔➏➄✦❺➈➄❢➣↔➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄
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❮
C2
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➄✏➓➭❸❢➙✏⑩❷➒➈➓➭❸➪❼❾➒➜❸➌➄❾❮❞❺❞❻ ❶➈➒✼❼❾❶❹❸➌➀➁➄❬➙ ✤ ❸➌➫
Nc

➄➃❸
Nv
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Nc = Nv exp(−hν/kT )
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⑩❷Ô

h
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k
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ρ0(ν) =
C1

C2 exp(−hν/kT ) − C3
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➵✫❻ ❼❾❶❹❸➌➀➁➄♦➇➱❼❾➀➭❸✢➄➃❸✩❺❞❻ ❼❾➇➈➀➁➳✏➓✢➔➬❼❬➣↔⑩❷➀➁➊❬❶➈➔➋➄✦❺➈➄✻õ✁❅❸❃✜✾✛❹❻❺➎❮

ρ0(ν)
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ρ0(ν) =
8π3h3

c3

1

exp(−hν/kT ) − 1
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C3 = C2

❤ ➙❾➴ ➐❹➴ ❺✉➛➜❶➈➄✍➔➬❼❆➇➈➀➁⑩❷❽➱❼❾❽➈➉➋➔➋➉➏❸➁➫②❺➈➄❸➌➀➌❼❾➒➈➓➁➉➏❸➌➉➋⑩❷➒✯➇❿⑩❷❶➈➀✢➔➹❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❾➒q➓➭❸➌➉➋➊❬❶➈➔➋➫✏➄❢➄✏➓➭❸✩➫✏➍➩❼❾➔➋➄♦➐❤➙✏➄✏➔➋➔➋➄❢❺➈➄♦➔➹❻ ❼❾❽➈➓➁⑩❷➀➁➇❹❸➌➉➋⑩❷➒❨✐✭➄➃❸
C1/C2 ❼ 8π3/c3

➴
© Mohamed Karray, Télécom Paris - Décembre 2004

ÿ❷ÿ



➳✔ô✥➾➵õ×➥✧➧P➨✥➪îö✧÷✔ø➯ù➞ø×➧Pú✫û■➪➯øü➭➍➪❫➳❶➩➯û■û❊➲P➦✥➥✖➳❣➾➫➧➸➥✖➩➯➦➵ø
ø❑❘ ✩ ❘ ✎ ❘➘ø ❈ õ ô å✡êýé✖ê↔õ ô å✳ä②❽ õ ô ö❾é✖ê↔õ ô✡ô äPçèä ô é

➸ ➫✏➍❷➔➋➉➋➍❷➄✏⑩❷➒➈➓➟➔➹❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒✎➓➁➇✹⑩❷➒➜❸➪❼❾➒➈➫✏➄✸➓➁➄✫➛➜❶➈➉✳➀➁➄➃➨P➉➋➄✏➒➩❸✦➐☎➒➈➫✏➍❷➔➋➉➋➍❷➄✏➀
C1

➄➃❸❱➀➁➄✏➊✝➇➈➔➬❼✜❺✏⑩❷➒➈➓
C2

➇➱❼❾➀
C3❺➱❼❾➒➈➓✩➔➹❻ ➫✏➛➜❶➱❼✖❸➪➉➏⑩❷➒ ÿ ➴ ✄❹❮➈⑩❷➒②⑩❷❽❹❸➌➉➋➄✏➒➩❸ Ï

dNc

dt
= C2ρ(ν)(Nv − Nc)
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Ec
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L = nλ = n
C

ν

❤ ÿ ➴ ÿ❷ÿ ✐
⑩❷Ô

L
➄✏➓➭❸✩➔➬❼❬➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀➟❺➈➄♦➔➬❼❤➙☞❼☞➨P➉➏❸➌➫❾❮

n
❶➈➒②➄✏➒➩❸➌➉➋➄✏➀✢➇✹⑩❷➓➁➉➏❸➌➉➏➣✡➄➃❸

λ
➔➬❼❤➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀➟❺❞❻ ⑩❷➒➈❺➈➄❾➴

Milieu Actif


Pompage


Miroir
Miroir


Faisceau


Laser


ÿ✁�✄✂✆☎ ÿ ➴✂☎ ✝ →✟➀➁➉➋➒➈➙✏➉➋➇❿➄❢❺➈❶②➔➬❼❾➓➁➄✏➀✏➴
ø❑❘ ✩ ❘ ✎ ❘ ✎ ❈ õ ô å✡êýé✖ê↔õ ô æ❤å✳ä②❽ õ ô ö❾é✖ê↔õ ô✡ô äPçèä ô é☎õ❿î❍å✫✪ õ❿æ☞ö➩ê➘ã➘ãýá❹é✖ê↔õ ô

➠✩➒②➔➬❼❾➓➁➄✏➀✢➄✏➓➭❸✩➣↔⑩❷➀➁➊✝➫❢❺❞❻ ❶➈➒✜➊✝➉➋➔➏➉➋➄✏❶✎❼❾➊✝➇➈➔➋➉➏❒➱➙☞❼➎❸➌➄✏❶➈➀➟➄➃❸✩❺❞❻ ❶➈➒✜➀➁➫✏➓➁⑩❷➒➱❼➎❸➌➄✏❶➈➀✏❮✹➇❿⑩❷❶➈➀✢⑩❷❽❹❸➌➄✏➒➈➉➋➀✢❶➈➒➈➄✸⑩❾➓➭➡➙✏➉➋➔➋➔➬❼➎❸➌➉➏⑩❷➒✯➔➬❼❾➓➁➄✏➀➟➉➋➔❏➣➘❼❾❶❹❸✢➓➌❼➎❸➌➉➋➓➭➣➘❼❾➉➋➀➁➄✦❺➈➄✏❶P➅②➙✏⑩❷➒➈❺➈➉➏❸➌➉➋⑩❷➒➈➓ Ï ❺➈➄♦➍➩❼❾➉➋➒✎➄➃❸✢❺➈➄♦➇➈➲➱❼❾➓➁➄❾➴
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❈ õ ô å✡êýé✖ê↔õ ô å✡î✇ò✹á➱ê ô➷⑤➄❥➍➩❼❾➉➋➒❆❺➈❶ü➊✝➉➋➔➏➉➋➄➃❶è➔➬❼❾➓➁➄✏➀✸❺➈⑩❷➉➏❸✸➙✏⑩❷➊✝➇❿➄✏➒➈➓➁➄✏➀❬➔➋➄✏➓✸➇❿➄✏➀➭❸➌➄✏➓ ❤ ❺➈➄❥➇➈➀➁⑩❷➇➱❼❾➍➩❼➎❸➌➉➋⑩❷➒❞❮⑤➀➁➫❽❆➱➄➆➅❹➉➋⑩❷➒✉➴➏➴➏➴✂✐➆❮✡➉➋➔✥❺➈⑩❷➉ ❸❺➈⑩❷➒➈➙❢➨❷➫✏➀➁➉➏❒➱➄✏➀✢➔➹❻ ➉➋➒➈➫✏➍➩❼❾➔➏➉ ❸➌➫✦❺➈➄♦➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴ ÿ ✁P➴
R1R2 exp [2(γ − α)L] > 1

❤ ÿ ➴ ÿ ✁✚✐
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➓➁⑩❷➒➜❸q➔➋➄✏➓❥➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸➌➓q❺➈➄✍➀➁➫❽❆➱➄➆➅❹➉➋⑩❷➒❍❺➈➄✏➓✯➊✝➉➋➀➁⑩❷➉➏➀➁➓✝❺❞❻ ➄✏➒➩❸➌➀➁➫✏➄Ð➄➃❸q❺➈➄✍➓➁⑩❷➀➭❸➌➉➋➄✜❺➈❶❍➀➌❼❾➉ ➡➓➁⑩❷➒➈➒➱❼➎❸➌➄✏❶➈➀❥➄➆❸
α
➄➃❸

γ
➓➁⑩❷➒➩❸✯➀➁➄✏➓➁➇❿➄✏➙➃❸➌➉➏➨❷➄✏➊✝➄✏➒➩❸✯➔➋➄✏➓✝➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸➌➓✯❺➈➄②➇❿➄✏➀➭❸➌➄✜➄➃❸❥❺➈➄✜➍➩❼❾➉➋➒Ñ❺➈❶✇➊✝➉➋➔➋➉➏➄✏❶❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀➥➄➆➅❹➇➈➀➁➉➋➊✝➫✏➓✢➄✏➒

cm−1
➴➽Ò➔✳➄➆➅❹➉➋➓➭❸➌➄✫❼❾➉➋➒➈➓➁➉⑤❶➈➒✜➓➁➄✏❶➈➉➋➔✳❺➈➄✫➍➩❼❾➉➋➒

γseuil

➒➈➫✏➙✏➄✏➓➁➓➌❼❾➉➋➀➁➄✫➇✹⑩❷❶➈➀✩➛➜❶➈➄✫➔➹❻ ⑩❷➓➁➙✏➉➋➔➋➔➋❼➎❸➌➉➏⑩❾➒②❼❾➉➏❸✩➔➋➉➋➄✏❶❞➴ ➢ ➄✫➓➁➄✏❶➈➉➋➔✳➄✏➓➭❸❺➈⑩❷➒➈➒➈➫♦➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴ ÿ ✝⑨➶ ➧❞➶ ☛ ✆✙➘➹➴
γseuil = α − 1

2L
ln R1R2

❤ ÿ ➴ ÿ ✝✧✐
➸ ⑩❾❸➌⑩❷➒➈➓q➛➜❶❞❻ ⑩❷➒❘➇❿➄✏❶❹❸②➉➋➒➩❸➌➀➁⑩P❺➈❶➈➉➋➀➁➄Ð➐◆➙✏➄✼➓➭❸➪❼❾❺➈➄✼➔➬❼ü➒➈⑩❾❸➌➉➋⑩❷➒❍❺➈➄✼❺➈❶➈➀➁➫✏➄❆❺➈➄Ð➨P➉➏➄✼❺➈➄✏➓✎➇➈➲➈⑩❾❸➌⑩❷➒➈➓✎❺➱❼❾➒➈➓➔➬❼✍➙☞❼✣➨P➉➏❸➌➫❾➴ ➢ ⑩❷➒➈➓➁➉➋❺➈➫✏➀➁⑩❷➒➈➓✝❶➈➒Ñ➇➈➲➈⑩❾❸➌⑩❷➒Ñ➛➜❶➈➉➥➣➘❼❾➉➏❸☎❺➈➄✏➓❥❼❾➔➋➔➏➄✏➀➁➓❤➄➃❸✝➀➁➄➃❸➌⑩❷❶➈➀➁➓☎❺➱❼❾➒➈➓✝➔➬❼Ð➙✏❼✣➨P➉➏❸➌➫✎❼✣➨❷➄✏➙②❶➈➒➈➄➨P➉➏❸➌➄✏➓➁➓➁➄

c′ = c/nop

⑩❷Ô
nop

➄✏➓➭❸☎➔➹❻ ➉➋➒➈❺➈➉➏➙✏➄❥⑩❷➇❹❸➌➉➋➛➜❶➈➄✯❺➈➄✯➔➬❼②➙☞❼✣➨P➉➏❸➌➫◆þ✽➙✏➄✯➇➈➲➈⑩❾❸➌⑩❷➒④❼✍❶➈➒➈➄✯➇➈➀➁⑩❷❽➱❼❾❽➈➉➋➔➋➉ ❸➌➫
Lα− ln R1R2

❺➈➄✦➛➜❶➈➉➏❸➁❸➌➄✏➀✺➔➋❼✸➙☞❼✣➨P➉➏❸➌➫❾❮P➙✏➄➃❸➁❸➌➄✦➇➈➀➁⑩❷❽➱❼❾❽➈➉➋➔➋➉ ❸➌➫✩➄✏➓➭❸➥➙✏⑩❷➒➈➓➁➉➋❺➈➫✏➀➁➫✏➄❢❼❾❶➈➓➁➓➁➉❏➙✏⑩❷➊✝➊✝➄❱➔➋➄✩➀➌❼❾➇➈➇❿⑩❷➀➭❸➄✏➒➩❸➌➀➁➄✦➔➬❼✸➔➋⑩❾➒➈➍❷❶➈➄✏❶➈➀✺❺➈➄✦➔➋❼✸➙☞❼✣➨P➉➏❸➌➫
L
➄➃❸➥➔➋➄❱➔➋➉➋❽➈➀➁➄✢➇➱❼❾➀➁➙✏⑩❷❶➈➀➁➓➥➊✝⑩✣➯❷➄✏➒✯❺➈❶q➇➈➲➈⑩❾❸➌⑩❷➒q❼☞➨❾❼❾➒➩❸➥❺➈➄✦➓✏❻ ➫✏➙➪➲➱❼❾➇➈➇❿➄✏➀❺➈➄❥➔➬❼②➙☞❼☞➨P➉➏❸➌➫❾➴ ➢ ➄❥➔➋➉➋❽➈➀➁➄✝➇➱❼❾➀➁➙✏⑩❷❶➈➀➁➓✫➒❞❻ ➄✏➓➭❸☎❼❾❶❹❸➌➀➁➄❥➛➜❶➈➄✯➔➋➄✝➇➈➀➁⑩P❺➈❶➈➉➏❸✫❺➈➄❥➔➬❼②❺➈❶➈➀➁➫✏➄❥❺➈➄❥➨P➉➋➄✝❺➈❶ü➇➈➲➈⑩❾❸➌⑩❷➒

τp
➇➱❼❾➀✯➓➌❼è➨P➉➏❸➌➄✏➓➁➓➁➄❾➴ ➢ ➄Ð➛➜❶➈➉✦➒➈⑩❷❶➈➓✎❼ü➀➌❼❾➊✝➳✏➒➈➄Ð➐ü➄➆➅❹➇➈➀➁➉➋➊✝➄✏➀❥➔➬❼è❺➈❶➈➀➌➫➃➄✼❺➈➄✜➨P➉➋➄Ð❺❞❻ ❶➈➒❍➇➈➲➈⑩❾❸➌⑩❷➒♥➇➱❼❾➀➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴ ÿ ✠ Ï

τp =
1

(α − 1

2L
ln R1R2)c′

❤ ÿ ➴ ÿ ✠✯✐
❈ õ ô å✡êýé✖ê↔õ ô å✳ä ✒ ✕✳á➱æ✏ä➦ ➒☎➀➁➫☞❼❾➔➋➉➏❸➌➫
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➄➃❸
R2

➒➈➄✢➓➁⑩❷➒➩❸✥➇➱❼❾➓✥➔➋➄✏➓✟➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸➌➓✥❺➈➄✢➀➁➫❽❆➱➄➆➅❹➉➋⑩❷➒☎❺➈➄✏➓✥➊✝➉➋➀➁⑩❷➉➋➀➁➓✽❺❞❻ ➄✏➒➩❸➌➀➁➫✏➄✩➄➃❸✥❺➈➄✢➓➁⑩❷➀➭❸➌➉➋➄❺➈❶Ð➀➪❼➎➉➋➓➁⑩❷➒➱❼➎❸➌➄✏❶➈➀✦➊❥❼❾➉➋➓❱➇➈➔➋❶❹❸ ✤ ❸❢➔➋➄✏❶➈➀➁➓✦➀➁➫❽❆➱➄✏➙➃❸➪❼❾➒➈➙✏➄✏➓☞❮⑤➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➩❸❢❶➈➒✼➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸♦❺➈➄❤➀➁➄❽❆➱➄✏➙➃❸➌➉➋⑩❷➒
r➇✹➄✏❶❹❸❶✢➃❸➌➀➁➄❱➄➆➅❹➇➈➀➁➉➋➊✝➫✩➇➱❼❾➀

Reiϕ ⑩❷Ô ϕ
❺➈➫✏➓➁➉➋➍❷➒➈➄❱➔➋➄✩❺➈➫✏➇➈➲➱❼❾➓➌❼❾➍❷➄❢❼❾➇➈➇❿⑩❷➀➭❸➌➫✩➇➱❼❾➀✺➔➋➄✩➊✝➉➋➀➁⑩❷➉➏➀✏➴➜➷✳❼✸➙✏⑩❷➒➈❺➈➉➏❸➌➉➋⑩❷➒➓➁❶➈➀✢➔➬❼❬➇➈➲➱❼❾➓➁➄✸➓➁➄❢❸➌➀➌❼❾❺➈❶➈➉➏❸➟➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴ ÿ �✵➶ ➧❞➶ ☛ ✆✖➘➹➴

kL + ϕ = qπ
❤ ÿ ➴ ÿ �✚✐
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➄✏➓➭❸❱➔➋➄❢➨❷➄✏➙➃❸➌➄✏❶➈➀❱❺❞❻ ⑩❷➒➈❺➈➄❾❮

q
➄✏➓➭❸❱❶➈➒✜➄✏➒➩❸➌➉➋➄✏➀✢➄➃❸

ϕ
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αm
❺➈×Ð❼❾❶P➅✜➇✹➄✏➀➭❸➌➄✏➓✦❺➈➄✫➀➁➄❽❆➱➄➆➅❹➉➋⑩❷➒✜❺➈➄✏➓➊✝➉➋➀➁⑩❷➉➋➀➭➓➥➄✏➓➭❸❱❺➈⑩❷➒➈➒➈➫♦➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶❹❸➌➉➋⑩❷➒ ÿ ➴ ÿ ✄⑨➶ ⑨✡⑩❾➣ ✞❹ÿ ➘➹➴

αm =
1

2L
ln (R1R2)

❤ ÿ ➴ ÿ ✄✧✐
í á➱æ✏ä➜ì✓❑ ❩❶● Ï ➙❾❻ ➄✏➓➭❸✢➔➋➄✩❸Ò➯P➇❿➄❢❺➈➄✦➔➬❼❾➓➁➄✏➀✺➔➋➄❱➇➈➔➋❶➈➓➥❶❹❸➌➉➋➔➋➉➏➓➁➫❱➇❿⑩❷❶➈➀✺➔➬❼✸❸➌➀➌❼❾➒➈➓➁➊✝➉➋➓➁➓➁➉➋⑩❷➒❥➓➁❶➈➀✺❒➱❽➈➀➌➄✦⑩❷➇❹❸➌➉➋➛➜❶➈➄❢➐➔➋⑩❷➒➈➍❷❶➈➄❢❺➈➉➋➓➭❸➪❼❾➒➈➙✏➄❾➴➢ ➄✦❸Ò➯P➇❿➄✦❺➈➄♦➷✳❼❾➓➁➄✏➀➥⑩❾❰❏➀➁➄❱❺➈➄✦❽❿⑩❷➒➈➒➈➄✏➓➟➇❿➄✏➀➭➣↔⑩❷➀➁➊❥❼❾➒➈➙✏➄✏➓✏➴ ➦ ➒q➄➃❰❏➄➃❸☞❮❹➉➋➔❿➄✏➓➭❸➟➇➈➀➁➄✏➓➁➛➜❶➈➄♦➊✝⑩❷➒➈⑩P➙➪➲➈➀➁⑩❷➊❥❼➎❸➌➉➏➛➜❶➈➄❼❾❶❆➙✏⑩❷➒➩❸➌➀➌❼❾➉➋➀➁➄❤❺➈❶è➷✳❼❾➓➁➄✏➀✸Ö✪→ ➄➃❸✸➇✹➄✏❶❹❸✫➫✏➊✝➄➃❸➁❸➌➀➁➄✝➐q➔➬❼✯➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀❢❺❞❻ ⑩❷➒➈❺➈➄✝❺➈➄

1.55µm
➐q➔➬❼❾➛➜❶➈➄✏➔➋➔➋➄❬➔➬❼❒➱❽➈➀➁➄✸⑩❷➇❹❸➌➉➋➛➜❶➈➄❢➓➁➉➋➔➋➉➋➙✏➄✦➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✫➔➏➄❢➊✝➉➋➒➈➉➋➊❬❶➈➊➺❺❞❻ ❼➎❸➁❸➌➫✏➒➜❶➱❼➎❸➌➉➋⑩❷➒ ➶ ➧ ➉➋➓ ✞ ✝✙➘➹➴

✟✡✠❳❲❦✠r➉ ➊❪✮✯✤✓✎✩★✪✦✧✚✡✑✓✖✉✒⑦♦rq✻➋✡✚✡♠✧✤❦★✪✦✧✚✡✑✓✖✙✒✓✤t⑥⑦✎✡✖◗✔✻❧
→✡⑩❷❶➈➀✽⑩❷❽❹❸➌➄✏➒➈➉➋➀✡➔➬❼✩➀➁➄✏➔➬❼➎❸➌➉➋⑩❷➒✸➄✏➒➩❸➌➀➁➄✺➔➋➄✺➙✏⑩❷❶➈➀➌❼❾➒➩❸✪➄✏➒❬➄✏➒➩❸➌➀➁➫✏➄➥➄➃❸✪➔➬❼✩➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✺⑩❷➇❹❸➌➉➋➛➜❶➈➄✺➄✏➒❬➓➁⑩❷➀➭❸➌➉➋➄✺❺❞❻ ❶➈➒➷✳❼❾➓➁➄✏➀✏❮⑤➒➈⑩❷❶➈➓♦➇➈➀➁⑩❷➇❿⑩❷➓➁⑩❷➒➈➓♦❺❞❻ ➫✏➙✏➀➁➉➋➀➁➄❤➔➋➄✏➓❢➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓♦❺❞❻ ➫➃➨❷⑩❷➔➋❶❹❸➌➉➋⑩❷➒Ð➀➁➄✏➔➋➉➬❼❾➒➜❸✦➔➋➄❤➒➈⑩❷➊❬❽➈➀➁➄❤❺➈➄☎➇➈➲➈⑩❾❸➌⑩❷➒➈➓

S➄➃❸✩➔➋➄❢➒➈⑩❷➊❬❽➈➀➁➄♦❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓
N
❺➱❼❾➒➈➓✢➔➬❼ ❂ ⑩❷➒➈➄✸❼❾➙➃❸➌➉➏➨➩➄❢❺➈❶✜➷✳❼❾➓➁➄✏➀➫➶ ➵❢➼ ☛ �✙➘➹➴➷⑤➄✩➊✝➫✏➙☞❼❾➒➈➉➋➓➁➊✝➄➟❺➈➄✢➍❷➫✏➒➈➫✏➀➌❼➎❸➌➉➋⑩❷➒☎➄➃❸✺❺➈➄✢➀➁➄✏➙✏⑩❷➊❬❽➈➉➋➒➱❼❾➉➋➓➁⑩❷➒☎❺➈➄✏➓✭➇✹⑩❷➀➭❸➌➄✏❶➈➀➁➓✭➄✏➓➭❸➥➐❢➔➬❼❢❽➱❼❾➓➁➄✩❺➈❶☎➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄➆➡➊✝➄✏➒➜❸✭❺➈❶❥➔➬❼❾➓➁➄✏➀✏❮➩➄✏➒❥➄➃❰❏➄➃❸✺➔➬❼✦➨➎❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒☎❺➈❶❥➒➈⑩❷➊❬❽➈➀➁➄✢❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓✭❺➱❼❾➒➈➓✭➔➬❼ ❂ ⑩❷➒➈➄❱❼❾➙➃❸➌➉➏➨➩➄✢➇❿➄✏❶❹❸✺➓✏❻ ➫✏➙✏➀➁➉➋➀➁➄➙✏⑩❷➊✝➊✝➄q➔➬❼✍❺➈➉➏❰❏➫✏➀➁➄✏➒➈➙✏➄✎❺➈➄✎❺➈➄✏❶P➅◆❸➌➄✏➀➁➊✝➄✏➓ Ï ➔➋➄q➒➈⑩❷➊❬❽➈➀➁➄q❺➈➄✎➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓☎➉➋➒➎➂➭➄✏➙➃❸➌➫✏➓☎➄➃❸☎➔➋➄q➒➈⑩❷➊❬❽➈➀➁➄q❺➈➄✏➓➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓✢➀➁➄✏➙✏⑩❷➊❤❽➈➉➋➒➈➫✏➓Pþ➈➙✏➄✏➙✏➉✳➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫✸➇➱❼➎➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴ ÿ ☎✵➶ ➧ ➉➋➓ ✞ ✝✙➘➹➴

dN

dt
= Ggen − Rrec

❤ ÿ ➴ ÿ ☎✚✐
➷⑤➄❥❸➌➄✏➀➁➊✝➄

Rrec
➀➁➄✏➍❷➀➁⑩❷❶➈➇❿➄✯➔➋➄✏➓✫➀➁➄✏➙✏⑩❷➊❬❽➈➉➋➒➱❼❾➉➋➓➁⑩❷➒➈➓✫➇➈➀➁⑩➜❺➈❶➈➉➋➓➌❼❾➒➜❸❬➔➹❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❾➒è➓➁➇❿⑩❷➒➩❸➪❼❾➒➈➫✏➄

Rsp
❮✽➓➭❸➌➉➋➊❬❶P➡➔➋➫✏➄

Rst
➄➃❸✺❼❾❶➈➓➁➓➌➉✹➔➋➄✏➓✥➀➁➄✏➙✏⑩❷➊❤❽➈➉➋➒➱❼➎➉➋➓➁⑩❷➒➈➓✥➒➈⑩❷➒❥➀➌❼❾❺➈➉➬❼➎❸➌➉ ➨➩➄✏➓

Rnr
➴➜⑨✽❼❾➒➈❺➈➉➋➓✭➛➜❶➈➄✩➔➋➄➟❸➌➄✏➀➁➊✝➄

Ggen
➄✏➓➭❸➥❺➈⑩❷➒➈➒➈➫➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴ ÿ ✆❤⑩❷Ô

I
❺➈➫✏➓➁➉➋➍❷➒➈➄♦➔➋➄❢➙✏⑩❷❶➈➀➌❼❾➒➩❸✩➉➋➒➎➂➭➄✏➙➃❸➌➫❾➴

Ggen =
I

q

❤ ÿ ➴ ÿ ✆✧✐
➵✫❻ ❼❾❶❹❸➌➀➁➄❢➇➱❼❾➀➭❸➥➔➹❻ ➫➃➨➩⑩❾➔➋❶❹❸➌➉➋⑩❷➒❥❺➈❶q➒➈⑩❷➊❬❽➈➀➁➄✦❺➈➄✦➇➈➲➈⑩❾❸➌⑩❷➒➈➓

S
➇✹➄✏❶❹❸✥✢➃❸➌➀➁➄✦➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄❱➙✏⑩❷➊✝➊✝➄❱➔➬❼✫❺➈➉➏❰❏➫✏➀➁➄✏➒➈➙✏➄➄✏➒➜❸➌➀➁➄➥➔➋➄➥➒➈⑩❷➊❬❽➈➀➁➄➥❺➈➄➥➇➈➲➈⑩❾❸➌⑩❷➒➈➓✟➛➜❶➈➉❹➇➱❼❾➀➭❸➌➉➋➙✏➉➋➇❿➄✏➒➩❸✟➐✦➔➹❻ ➄➃❰❏➄➃❸✟➔➬❼➎➓➌➄➃➀ ❤ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒❬➓➭❸➌➉➋➊❬❶➈➔➋➫✏➄✺➄➃❸✟❶➈➒➈➄✺➣↔➀➌❼❾➙➃❸➌➉➋⑩❷➒❺➈➄☎➔➹❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒✍➓➁➇❿⑩❷➒➩❸➪❼❾➒➈➫✏➄✟✐❢➄➃❸♦➙✏➄✏❶P➅❆➛➜❶➈➉✟➛➜❶➈➉➏❸➁❸➌➄✏➒➩❸♦➔➬❼q➙☞❼☞➨P➉➏❸➌➫

γ · S þ⑤➔➬❼❥➨❾❼❾➀➁➉➬❼✖❸➪➉➏⑩❷➒Ð❺➈❶✼➒➈⑩❷➊❤❽➈➀➁➄❤❺➈➄➇➈➲➈⑩❾❸➌⑩❷➒➈➓✢➄✏➓➭❸❱❺➈⑩❷➒➈➒➈➫✏➄♦➇➱❼❾➀✢➔➘❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴ ÿ✟☛ ➴
dS

dt
= Rst + β.Rsp − γ · S

❤ ÿ ➴ ÿ✟☛ ✐
➷⑤➄✸❸➌➀➁⑩❷➉➋➓➁➉➋➳✏➊☎➄❢❸➌➄✏➀➁➊✝➄♦❺➈➄✫➔➹❻ ➫✏➛➜❶➱❼✖❸➪➉➏⑩❷➒ ÿ ➴ ÿ✟☛ ❺➈➫✏➇❿➄✏➒➈❺✍❺➈⑩❷➒➈➙✫❺➈➄✸➔➬❼☎❺➈❶➈➀➁➫✏➄✸❺➈➄✸➨P➉➋➄✸❺➈➄✏➓✩➇➈➲➈⑩❾❸➌⑩❷➒➈➓
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n1

➄➃❸❤❺➈➄✯➀➌❼☞➯❷⑩❷➒
a
➛➜❶➈➉✺➄✏➓➭❸❤➄✏➒➩❸➪⑩❾❶➈➀➌➫➃➄q➇➱❼❾➀✫➔➬❼②➍➩❼❾➉➋➒➈➄❥❺❞❻ ➉➋➒➈❺➈➉➋➙➃➄

n2

➄➃❸❤❺➈➄➀➌❼☞➯❷⑩❷➒
b
➴❹→✡⑩❷❶➈➀✺❺➈➄✏➓➥➀➌❼❾➉➋➓➁⑩❷➒➈➓✭❺➈➄❱➇➈➀➌⑩➎❸➪➄➃➙➃❸➌➉➋⑩❷➒✯❺➈➄✏➓➥➄➃❰❏➄➃❸➌➓✺➊✝➫✏➙☞❼❾➒➈➉➋➛➜❶➈➄✏➓➥➄➃❸➥❺❞❻ ➄✏➒➩➨P➉➋➀➁⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸➟➔➬❼♦➍➩❼❾➉➋➒➈➄➄✏➓➭❸➟➄✏➒➩❸➌⑩❷❶➈➀➁➫✏➄❢❺❞❻ ❶➈➒q➀➁➄➃➨✧✢➃❸➌➄✏➊✝➄✏➒➩❸✢➓➁❶➈➇➈➇➈➔➋➫✏➊✝➄✏➒➩❸➪❼❾➉➋➀➁➄❱➄✏➒q➇❿⑩❷➔➏➯P➊✝➳✏➀➁➄✦❼❾➇➈➇❿➄✏➔➋➫ çèá ô é✣ä➜á➱î ➴➈➵✦❼❾➒➈➓➟➔➬❼✫➇➈➔➋❶P➡➇➱❼❾➀➭❸❤❺➈➄✏➓❤➙☞❼❾➓❤❺➈➄✏➓❬❸➌➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓✫⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓✏❮✪➔➋➄✯➙✏⑩➜➄✏❶➈➀❤❺➈➄q➔➬❼②❒➱❽➈➀➁➄q➄✏➓➭❸☎➀➁➫☞❼❾➔➋➉➋➓➁➫✯➇➱❼❾➀❬❺➈➄q➔➬❼➓➁➉➋➔➋➉➏➙✏➄

SiO2

➶ ➽Ò❺➈➙☞❼ ☛ ✄✖➘➯➶ Ó❢➄✏➉ ✞ ✝✙➘➹➴

Coeur


Gaine


Manteau


2a


n2<n1


n1
 2b
Coeur


ÿ✁�✄✂✆☎ ÿ ➴ ÿ✟✞⑤✝ ➼➜❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸❺❞❻ ❶➈➒➈➄❢❒➱❽➈➀➁➄♦⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴

ø❑❘➋þ✻❘➘ø❑❘➘ø ✏ é☞é✣÷ ô î✳á❹é✖ê↔õ ô å✫✪➏î ô ä✍ñ✽â✡ì✖ä✜õ ✒ é✖ê✘✗❞î✳ä
➷✳❼❤➔➋❶➈➊✝➉➋➳✏➀➁➄❢➇✹➄✏➀➁❺✜❺➈➄♦➔➬❼❤➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄♦➄✏➒②❸➌➀➌❼☞➨❷➄✏➀➁➓➌❼❾➒➜❸✩➔➬❼❬❒➱❽➈➀➁➄♦⑩❷➇❹❸➌➉➋➛➜❶➈➄♦➄✏➓➁➓➁➄✏➒➩❸➌➉➋➄✏➔➋➔➋➄✏➊✝➄✏➒➩❸❱➐❤➙☞❼❾❶➈➓➁➄❺➈➄✏➓♦➊✝➫✏➙☞❼❾➒➈➉➏➓➌➊☎➄✏➓❢❺❞❻ ❼❾❽➈➓➁⑩❷➀➁➇❹❸➌➉➋⑩❷➒✼➄➃❸♦❺➈➄❤❺➈➉➋➓➁➇❿➄✏➀➁➓➁➉➋⑩❷➒❞➴❞➽Ò➔✪➓✏❻ ❼❾➍❷➉➏❸❢❺❞❻ ❶➈➒➈➄☎➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄❤➉➋➊✝➇❿⑩❷➀➭❸➪❼❾➒➩❸➌➄❺➈➄❥➔➬❼✎❒➱❽➈➀➁➄✯➇➈❶➈➉➋➓➁➛➜❶❞❻ ➄✏➔➋➔➋➄✝➇❿➄✏➀➁➊✝➄➃❸❬❺➈➄❥➓➌❼✣➨❷⑩❷➉➋➀✸➔➋➄❥➊❥❼✖➅❹➉➋➊❬❶➈➊❄❺➈➄✯❺➈➉➋➓➭❸➪❼❾➒➈➙✏➄❥❺➈➄❥❸➌➀➌❼❾➒➈➓➁➊✝➉➋➓➁➓➁➉➋⑩❷➒❞❮⑤➄✏➒➜❸➌➀➁➄➫✏➊✝➄➃❸➁❸➌➄✏❶➈➀✩➄➃❸✦➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀✏❮❞❼✣➨➎❼❾➒➜❸❱➛➜❶➈➄❬➔➹❻ ⑩❷➒②❺➈⑩❷➉➏➨➩➄✫❼❾➊✝➇➈➔➋➉ ❒➱➄✏➀✢➔➋➄✸➓➁➉➋➍❷➒➱❼❾➔✡➐✝❶➈➒✍➒➈➉➏➨➩➄☞❼❾❶✍❼❾➇➈➇➈➀➁⑩❷➇➈➀➁➉➋➫❾➴❿➷⑤➄❺➈➄✏➍❷➀➁➫☎❺❞❻ ❼➎❸➁❸➌➫✏➒➜❶➱❼➎❸➌➉➋⑩❷➒✼❺➈➫✏➇✹➄✏➒➈❺❞❮✳➄✏➒❆⑩❷❶❹❸➌➀➁➄❾❮⑤❺➈➄☎➔➬❼✯➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀❢❺❞❻ ⑩❷➒➈❺➈➄☎➄➃❸♦❺➈❶❆➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶Ð❺➈➄☎➔➬❼❥❒➱❽➈➀➁➄❾➴➼P❶➈➇➈➇✹⑩❷➓➁⑩❷➒➈➓✭➛➜❶❞❻ ❶➈➒➈➄✩➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄

P (0)
➄✏➓➭❸✭➉➋➒➎➂➭➄✏➙➃❸➌➫✏➄✢❺➱❼❾➒➈➓✥❶➈➒➈➄➟❒➱❽➈➀➁➄✢⑩❷➇❹❸➌➉➋➛➜❶➈➄❾❮➩❼❾➇➈➀➁➳✏➓✥❶➈➒➈➄✢❺➈➉➋➓➭❸➪❼❾➒➈➙✏➄

z➙✏➄➃❸➁❸➌➄✫➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄❬➓➁➄✏➀➌❼✯❼➎❰❞❼❾➉➋❽➈➔➋➉➏➄♦➇➱❼❾➀❱➔➋➄♦❸➌➄✏➀➁➊✝➄
exp (−αz)

⑩❷Ô
α
➄✏➓➭❸❢➔➋➄✸➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸✦❺❞❻ ❼❾❽➈➓➁⑩❷➀➁➇❹❸➌➉➋⑩❷➒❞➴➷✟❻ ❼➎❸➁❸➌➫✏➒➜❶➱❼➎❸➌➉➋⑩❷➒✎➄✏➓➭❸✩➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➩❸✢➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄♦➄✏➒

dB.km−1
➄➃❸✩❺➈⑩❷➒➈➒➈➫➃➄✸➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴✂✁✖✠➈➴

A =
−1

L
10 log

P (L)

P (0)
= 10 · log[expα] = 4, 34 · α

❤ ÿ ➴✂✁✖✠✯✐
⑩❷Ô

L
➄✏➓➭❸✩➔➬❼❤❺➈➉➋➓➭❸➪❼❾➒➈➙✏➄❢➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄♦➄✏➒

km
➶ ⑨✡⑩❾➣ ✞❹ÿ ➘➹➴
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ø❑❘➋þ✻❘➘ø❑❘ ✎ à❱û ✒ äPæ✝å✳ä✜ñ✽â✡ì✖ä

➷✳❼✸➨➎❼❾➀➁➉➋➫➃❸➌➫✦❺➈➄✏➓➥➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶P➅❏❮➜➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➥➔➋➄❱➙✏⑩P➄➃❶➈➀➥➄➃❸➟➔➬❼✸➍➩❼❾➉➋➒➈➄❱❺➈➄✦➔➬❼♦❒➱❽➈➀➁➄❾❮❹➇❿➄✏➀➁➊✝➄➃❸➥❺➈➄✦❺➈➉➋➓➭❸➌➉➋➒P➡➍❷❶➈➄✏➀✢❺➈➄✏❶P➅✎❸Ò➯P➇❿➄✏➓✩❺➈➄❢❒➱❽➈➀➁➄✏➓✢➙✏⑩❷➊✝➊✝➄❢➔➋➄❢➊✝⑩❷➒➩❸➌➀➁➄❢➔➬❼✫❒➱➍❷❶➈➀➁➄ ÿ ➴ ÿ❷ÿ ➴
❩ ê↔â✡ì✖ä✏↔Ñæ✏á➱î⑤é✜å✫✪➏ê ô å✡ê➘ö❷ä Ï ➙❾❻ ➄➃➓➁❸♦➔➋➄✸❸Ò➯P➇❿➄❤➔➋➄✫➇➈➔➋❶➈➓✦➓➁➉➋➊✝➇➈➔➋➄❾❮✹❺➈➉➋➀➁➄✏➙➃❸➌➄✏➊✝➄✏➒➩❸❢➉➋➓➁➓➁❶➈➄❤❺➈➄✏➓❢❼❾➇➈➇➈➔➋➉➋➙☞❼➎❸➌➉➋⑩❷➒➈➓⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓➟❸➌➀➌❼❾❺➈➉➏❸➌➉➋⑩❷➒➈➒➈➄✏➔➋➔➏➄✏➓✏➴➈➵✦❼❾➒➈➓✩➙✏➄➃❸➁❸➌➄❢❒➱❽➈➀➁➄❾❮➱➔➋➄❢➙✏⑩P➄✏❶➈➀✢➄✏➓➭❸✩➲➈⑩❷➊✝⑩❷➍❷➳✏➒➈➄❾➴
❩ ê↔â✡ì✖ä↕↔❴ò✹ì✖á➱å✡ê↔ä ô é④å✫✪➏ê ô å✽ê➘ö❷ä Ï ❺➱❼❾➒➈➓❥➙✏➄✜➙☞❼❾➓❥➔➹❻ ➉➋➒➈❺➈➉➋➙✏➄✎❺➈➄✍➀➁➫➃➣↔➀➌❼❾➙➃❸➌➉➋⑩❷➒Ñ❺➈❶✉➙✏⑩P➄✏❶➈➀❥❺➈➄✜➔➬❼✼❒➱❽➈➀➁➄

Saut d’indice


Gradient d’indice


2

n


1

n


2
n

1


n


ÿ✁�✄✂✆☎ ÿ ➴ ÿ❷ÿ✞✝ →✟➀➁⑩❾❒➱➔⑤❺❞❻ ➉➋➒➈❺➈➉➋➙✏➄❢❺➈➄♦➔➬❼❬❒➱❽➈➀➁➄♦⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴
➒❞❻ ➄✏➓➭❸✫➇➱❼❾➓❢➙✏⑩❷➒➈➓➭❸➪❼❾➒➩❸❣þ❞➉➋➔✪➄✏➓➭❸♦➊❥❼✖➅❹➉➋➊❥❼❾➔✽❼❾❶✼➙✏➄✏➒➜❸➌➀➁➄☎❺➈➄❤➔➬❼❥❒➱❽➈➀➁➄☎➄➃❸♦❺➈➉➋➊✝➉➋➒➜❶➈➄❬➇➈➀➁⑩❷➍❷➀➁➄✏➓➁➓➁➉➏➨❷➄✏➊✝➄✏➒➜❸➥➂➭❶➈➓Ø➡➛➜❶❞❻ ➐✍➔➹❻ ➉➋➒➜❸➌➄✏➀➭➣➘❼❾➙✏➄✝❺➈➄✯➔➬❼②➍➩❼❾➉➋➒➈➄❾➴ ➢ ➄✯➇➈➀➁⑩❾❒➱➔✺❺❞❻ ➉➋➒➈❺➈➉➋➙✏➄❥❺➈➄✯➀➁➫➃➣↔➀➌❼❾➙➃❸➌➉➋⑩❾➒ü➇❿➄✏❶❹❸å✢➃❸➌➀➁➄✯⑩❷❽❹❸➌➄✏➒➜❶◆➄✏➒ü➣➘❼❾➉➋➓➌❼❾➒➩❸➨❾❼❾➀➁➉➋➄✏➀❱➔➬❼❥➙✏⑩❷➒➈➙✏➄✏➒➩❸➌➀➌❼➎❸➌➉➋⑩❷➒✜❸➌⑩❷❶❹❸❢➄✏➒Ð❺➈⑩❷➇➱❼❾➒➩❸❢➔➋⑩❷➀➁➓❱❺➈➄❬➔➬❼☎➣➘❼❾❽➈➀➁➉➋➙☞❼➎❸➌➉➋⑩❷➒❞➴❿➷✳❼❥➔➋❶➈➊✝➉➋➳➃➀➌➄✸➒❞❻ ➄✏➓➭❸❢➇➈➔➋❶➈➓✦➀➁➫❽❆➱➫➆➡➙➆➲➈➉➋➄❱➐✫➔➹❻ ➉➋➒➩❸➌➄✏➀➭➣➘❼❾➙✏➄✩➙✏⑩P➄✏❶➈➀Ø➡Ò➍➩❼❾➉➋➒➈➄➎❮P➊❥❼❾➉➋➓✥➄✏➔➋➔➋➄✩➄✏➓➭❸➥➇➈➔➋❶❹❸ ✤ ❸✺➙✏⑩❷❶➈➀➁❽❿➫✏➄✦➇➈➀➁⑩❷➍❷➀➁➄✏➓➁➓➁➉➏➨❷➄✏➊✝➄✏➒➩❸➟➔➋⑩❾➀➌➓➁➛➜❶❞❻ ➄✏➔➏➔➋➄✩➓✏❻ ➄✏➒❼❾➇➈➇➈➀➁⑩P➙➪➲➈➄✇➶ ➧❞➶ ☛ ✆✙➘➹➴
ø❑❘➋þ✻❘➘ø❑❘ ✩ ❩ ê↔â✡ì✖ä✍çèõ ô õ❿çèõ⑤å✳ä

→✡⑩❷❶➈➀✭➔➋➄✏➓✟❒➱❽➈➀➁➄✏➓✺➊✝⑩❷➒➈⑩❷➊✝⑩➜❺➈➄✏➓✏❮➩➔➬❼♦➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀✥❺❞❻ ⑩❷➒➈❺➈➄✩❺➈➄✩➙✏⑩❷❶➈➇➈❶➈➀➁➄
λc

➄✏➓➭❸✺❶➈➒❥➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✢➉➋➊✝➇✹⑩❷➀Ø➡❸➪❼❾➒➜❸☞❮➱➉➋➔❞➇❿➄✏➀➁➊✝➄➃❸✩❺➈➄✸➓➁➇❿➫✏➙✏➉➏❒➱➄✏➀✩➔➬❼❤➇➈➔➋❶➈➓✢➇❿➄➃❸➌➉➏❸➌➄♦➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀✢❺❞❻ ⑩❷➒➈❺➈➄✫❼❾❶②❺➈➄✏➓➁➓➁⑩❷❶➈➓❱❺➈➄✸➔➬❼❾➛➜❶➈➄✏➔➋➔➋➄✦➔➋➄♦➊✝⑩P❺➈➄➇➈➀➁➉➋➒➈➙✏➉➋➇➱❼❾➔❏❺➈➉➋➓➁➇➱❼❾➀➌❼✖✱➋❸☞➴➱✃❢➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➩❸☞❮➈➔➬❼❬➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀➥❺❞❻ ⑩❷➒➈❺➈➄♦❺➈➄♦➙✏⑩❷❶➈➇➈❶➈➀➁➄♦❺❞❻ ❶➈➒➈➄❢❒➱❽➈➀➁➄♦➊✝⑩❷➒➈⑩❷➊✝⑩P❺➈➄➎❮❺➈⑩❷➒➈➒➈➫✏➄✫➇➱❼❾➀✢➓➁⑩❷➒②➙✏⑩❷➒➈➓➭❸➌➀➁❶➈➙➃❸➌➄✏❶➈➀✏❮❿➄✏➓➭❸❱➔➋➫✏➍❷➫✏➀➁➄✏➊✝➄✏➒➩❸✩➓➁❶➈➇❿➫✏➀➁➉➋➄✏❶➈➀➁➄✫➐☎➔➬❼❬➨❾❼❾➔➋➄✏❶➈➀✢➀➁➫✏➄✏➔➋➔➋➄❾➴ ➢ ➄➃❸➁❸➌➄✸➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀❺❞❻ ⑩❷➒➈❺➈➄✸➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫✏➄♦➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴✂✁✚�✵➶ Ó❢➄✏➉ ✞ ✝✙➘➹➴
λc =

2π

2.405

√

n1
2 − n2

2
❤ ÿ ➴✂✁✚�✚✐

ø❑❘➋þ✻❘➘ø❑❘ ✮ ◗✸ì✖õ ✒ á➈ò✹á❹é✖ê↔õ ô å✳äÐã↔á❆ã➘î✡çüêýë➜ì✖ä➙↔✼é✣ì✖á❷ð❿ä➜ì➎æ✝ã↔áÐñ✽â✡ì✖ä
➢ ⑩❷➒➈➓➁➉➋❺➈➫✏➀➁⑩❷➒➈➓❬❶➈➒④➀➌❼☞➯❷⑩❷➒◆➉➋➒➈➙✏➉➋❺➈➄✏➒➩❸❤➓➁❶➈➀❬➔➋➄❥➙✏⑩P➄✏❶➈➀❬❺➈➄q➔➬❼✎❒➱❽➈➀➁➄✎❼☞➨❷➄✏➙q❶➈➒④❼❾➒➈➍❷➔➋➄❥❺❞❻ ➉➋➒➎➂➭➄✏➙➃❸➌➉➋⑩❷➒

Θ0➙✏⑩❷➊✝➊✝➄✭➔➋➄✺➊✝⑩❷➒➩❸➌➀➁➄✭➔➬❼✢❒➱➍❷❶➈➀➁➄ ÿ ➴ ÿ ✁P❮➎➙✏➄✺➀➌❼☞➯➩⑩❷➒❬➇✹➄✏❶❹❸✟➓➁➄➥➀➁➫❽❆➱➫✏➙➪➲➈➉➋➀✽⑩❷❶❬➓➁➄➥➀➁➫➃➣↔➀➌❼❾➙➃❸➌➄✏➀✽➓➁❶➈➉➏➨➎❼❾➒➜❸✪➔➹❻ ❼❾➒➈➍❷➔➋➄
Θ0

➴
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ÿ ✆



ö✧÷✄➏✧÷✗➐➱➥✷❇⑦➨✥➪❫➩➯õ➫➧➸➥❁❀å➲P➪❊➪➫➧ ➳❶➩å➲Põ✫➚➞➾✻➺➯➪
➦ ➒❬➄➃❰❏➄➃❸✟❼❾❶❬❺➈➄✏➓➁➓➁❶➈➓✟❺❞❻ ❶➈➒➈➄✺➨➎❼❾➔➋➄✏❶➈➀

Θ0max
❮➎❺➈⑩❷➒➈➒➈➫✏➄➥➇➱❼❾➀✡➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴✂✁✜✄❹❮➎➔➋➄✭➀➌❼☞➯❷⑩❷➒❬➒❞❻ ➄✏➓➭❸✟➇➈➔➋❶➈➓✽➍❷❶➈➉➋❺➈➫❺➱❼❾➒➈➓✢➔➬❼✫❒➱❽➈➀➁➄❾➴

n0 sin Θ0max =
√

n1
2 − n2

2
❤ ÿ ➴✂✁✜✄✧✐

➷✳❼④➀➁➫❽❆➱➫✏➙➃❸➌➉➋⑩❷➒❘❺➈❶ ➀➌❼☞➯❷⑩❷➒ ➐④➔➹❻ ➉➋➒➜❸➌➄✏➀➭➣➘❼❾➙✏➄Ð➙✏⑩P➄✏❶➈➀Ø➡Ò➍➩❼➎➉➋➒➈➄✼➇❿➄✏➀➁➊✝➄➃❸②❺➈➄❆❺➈➫➃❒➱➒➈➉➋➀✎❶➈➒❐❼❾➒➈➍❷➔➏➄
φ
❼☞➨❷➄✏➙è➔➬❼➒➈⑩❷➀➁➊❥❼❾➔➋➄◆þ❞⑩❷➒❆➇✹➄✏❶❹❸❬❼❾➔➋⑩❷➀➁➓♦➉➋➒➩❸➌➀➁⑩P❺➈❶➈➉➋➀➁➄❬❶➈➒ü❼❾❶❹❸➌➀➁➄✝❼❾➒➈➍❷➔➋➄☎➙✏➀➁➉➏❸➌➉➋➛➜❶➈➄

φc

➛➜❶➈➉✥➙✏⑩❷➀➁➀➁➄✏➓➁➇❿⑩❷➒➈❺ü➐✎➔➬❼✯➨❾❼❾➔➋➄✏❶➈➀➊✝➉➋➒➈➉➏➊❥❼➎➔➏➄✦❺➈➄
φ
❺➈⑩❾➒➈➒➈➫✏➄✸➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴✂✁✚☎✵➶ Ó❢➄✏➉ ✞ ✝✙➘➹➴

φc = arcsin
n2

n1

❤ ÿ ➴✂✁✚☎✚✐
➞✦➒✜➇❿➄✏❶❹❸❱➉➋➒➩❸➌➀➁⑩P❺➈❶➈➉➋➀➁➄♦➐✝➙✏➄✸➓➭❸➪❼❾❺➈➄✫❶➈➒➈➄✸➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✸➉➋➊✝➇✹⑩❷➀➭❸➪❼❾➒➩❸➌➄♦❺➈➄✸➔➬❼❬❒➱❽➈➀➁➄✫⑩❷➇❹❸➌➉➋➛➜❶➈➄♦➛➜❶➈➉✡➄✏➓➭❸

Gaine


Coeur
 1

n


2
n


Rayon


réfracté


Rayon


réfléchi


n

1

>n


2


ÿ✁�✄✂✆☎ ÿ ➴ ÿ ✁ ✝ →✟➀➁⑩❷➇➱❼❾➍➩❼➎❸➌➉➋⑩❷➒q❺❞❻ ❶➈➒②➀➌❼✣➯❷⑩❷➒✎❺➱❼❾➒➈➓✩➔➬❼✫❒➱❽➈➀➁➄❾➴
➔➹❻ ⑩❷❶❹➨❷➄✏➀➭❸➌❶➈➀➁➄♦➒➜❶➈➊✝➫✏➀➁➉➋➛➜❶➈➄✸➞ ➸❸⑩⑥⑩ ➄✏➓➭❸✩❺➈➫➃❒➱➒➈➉➋➄♦➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ÿ ➴✂✁✜✆

ON = n0 sin Θ0max

√

n1
2 − n2

2 ≃ n1

√
∆

❤ ÿ ➴✂✁✜✆✧✐
⑩❷Ô

∆
➀➁➄✏➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✫➔➬❼❬❺➈➉➏❰❏➫✏➀➁➄✏➒➈➙✏➄♦❺❞❻ ➉➋➒➈❺➈➉➋➙✏➄❢➀➁➄✏➔➬❼➎❸➌➉➏➨➩➄✦➄➃❸✩❺➈⑩❷➒➈➒➈➫✏➄♦➇➱❼❾➀✢➔➬❼❬➀➁➄✏➔➬❼➎❸➌➉➋⑩❷➒ ÿ ➴✂✁ ☛

ON = n0∆ =
n1

2 − n2
2

2n1
2

=
n1 − n2

n1

❤ ÿ ➴✂✁ ☛ ✐
➷✟❻ ⑩❷❶❹➨❷➄✏➀➭❸➌❶➈➀➁➄✼➒➜❶➈➊✝➫✏➀➁➉➋➛➜❶➈➄Ð❺➈➫➃❒➱➒➈➉➏❸✎➔➹❻ ❼❾➒➈➍❷➔➋➄✍❺❞❻ ❼❾➙✏➙✏➄✏➇❹❸➪❼❾➒➈➙✏➄✼➊❥❼✖➅❹➉➋➊❤❶➈➊❂❺➈➄✼➔➬❼è❒➱❽➈➀➁➄Ð⑩❷➇❹❸➌➉➋➛➜❶➈➄×þ➥➄✏➔➋➔➋➄➇✹➄✏➀➁➊✝➄➃❸❱❼❾❶➈➓➁➓➁➉⑤❺➈➄♦➙☞❼❾➔➋➙✏❶➈➔➋➄✏➀➟➔➋➄❢➙✏⑩P➄➃Õ✝➙✏➉➏➄✏➒➜❸✩❺➈➄♦➙✏⑩❷❶➈➇➈➔➬❼❾➍❷➄❢➄✏➒➩❸➌➀➁➄✸➓➁⑩❷❶➈➀➁➙✏➄♦⑩❷➇❹❸➌➉➋➛➜❶➈➄♦➄➃❸➟❒➱❽➈➀➁➄❾➴
✟✡✠☞➔✆✠☞☛ ❖✏✚✡✤✭✫✞♠✧✎✡➛✡✔✕✎■➋✡✔✗✘➜♠✧✎s➝✓P✓❧❈✔

➠✩➒➈➄✟➔➋➉➬❼❾➉➏➓➁⑩❷➒❢➐➥❒➱❽➈➀➁➄✟⑩❷➇❹❸➌➉➋➛➜❶➈➄✟➒➈➫✏➙✏➄✏➓➁➓➁➉➏❸➌➄✟❸➌⑩❷❶➎➂➭⑩❷❶➈➀➁➓⑤❶➈➒♦➙✏⑩❷❶➈➇➈➔➬❼❾➍❷➄✪➓➁⑩❷❶➈➀➁➙✏➄➆➡ ❒➱❽➈➀➁➄✥⑩❷❶✦❒➱❽➈➀➁➄➆➡Ò❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀➞þ➙✏➄✏➔➋❶➈➉ ➡Ò➙✏➉❿➄✏➓➭❸✢➀➁➫☞❼❾➔➋➉➋➓➁➫✦➇➱❼❾➀➥❺➈➄✏➓✢➙✏⑩❾➒➈➒➈➄✏➙➃❸➌➄✏❶➈➀➁➓✩❺❞❻ ➄➆➅P❸➌➀➁➫✏➊✝➉➏❸➌➫❾➴➈➠✩➒➈➄♦➔➋➉➬❼➎➉➋➓➁⑩❷➒❥➇❿➄✏❶❹❸✢➫✏➍➩❼❾➔➋➄✏➊✝➄✏➒➩❸➟➒➈➫✏➙✏➄✏➓➁➓➁➉➏❸➌➄✏➀➔➋➄✦➀➪❼➎➙✏➙✏⑩❷➀➁❺➈➄✏➊✝➄✏➒➜❸✢❺➈➄❢❒➱❽➈➀➁➄✏➓✩➄✏➒➩❸➌➀➁➄♦➄✏➔➋➔➋➄✏➓✏➴ ➢ ➄➃❸➁❸➌➄♦➙✏⑩❷➒➈➒➈➄➆➅❹➉➋⑩❷➒②➇❿➄✏❶❹❸➽✢➃❸➌➀➁➄♦❺➈➫✏➊✝⑩❷➒➩❸➪❼❾❽➈➔➋➄ ❤ ➙✏⑩❷➒➈➒➈➄➃➙➃❸➌➄✏❶➈➀➁➓❒➱❽➈➀➁➄q➐②❒➱❽➈➀➁➄✟✐♦⑩❷❶◆➇✹➄✏➀➁➊❥❼❾➒➈➄✏➒➩❸➪➄ ❤ ➫✏➇➈➉➋➓➁➓➁❶➈➀➌❼❾➍❷➄❾❮✹➂➭⑩❷➉➋➒➩❸➪❼❾➍❷➄✟✐➆➴✳⑨✡⑩❷❶❹❸➌➄✯➉➋➒➩❸➌➄✏➀➁➙✏⑩❷➒➈➒➈➄➆➅❹➉➋⑩❷➒◆❺➈⑩❷➉ ❸❬➙☞❼❾❶➈➓➁➄✏➀❬➔➋➄➊✝➉➋➒➈➉➏➊❬❶➈➊➺❺➈➄♦➇❿➄✏➀➭❸➌➄❾➴
➁➇➁⑥➡❣➐✙Ó⑦➆❥➉➇➎✂➏❥➊✽→✯Ø❣↔✜➆❥➉✘➅➇➐✙➉➇➆

© Mohamed Karray, Télécom Paris - Décembre 2004
ÿ✟☛



➳✔ô✥➾➵õ×➥✧➧P➨✥➪îö✧÷✔ø➯ù➞ø×➧Pú✫û■➪➯øü➭➍➪❫➳❶➩➯û■û❊➲P➦✥➥✖➳❣➾➫➧➸➥✖➩➯➦➵ø
â➫ã✌➞ ♦q♣❞r⑨➮✈③❲⑧⑨í➞❰❽♣❞r

➵✦❼❾➒➈➓✫➙✏➄❥➙➪➲➱❼❾➇➈➉➏❸➌➀➁➄✝➒➈⑩❷❶➈➓❬❼☞➨❷⑩❷➒➈➓✫❽➈➀➁➉➋➳➃➨➩➄✏➊✝➄✏➒➩❸✫❺➈➫✏➙✏➀➁➉➏❸✫➔➋➄✏➓✸➓➭➯P➓➭❸➪➳➃➊✝➄✏➓❬❺➈➄✏➓✫❸➌➫✏➔➋➫✏➙✏⑩❷➊☎➊❤❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓✏❮➱➛➜❶➈➉❞⑩❷➒➜❸➟❺➈➄♦➊❬❶➈➔➏❸➌➉➏➇➈➔➋➄✏➓➥❼✣➨➎❼❾➒➜❸➪❼❾➍❾➄✏➓✢➇➱❼❾➀➥➀➌❼❾➇➈➇❿⑩❷➀➭❸✩❼❾❶P➅✎❼❾❶❹❸➌➀➁➄✏➓➟➓➁❶➈➇➈➇❿⑩❷➀➭❸➌➓✢❺➈➄❢➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼✖➡❸➌➉➋⑩❷➒ Ï ❸➌➀➁➳✏➓✽➣➘❼❾➉➋❽➈➔➋➄➥❼➎❸➁❸➌➫✏➒➜❶➱❼➎❸➌➉➋⑩❷➒❬➓➁❶➈➀✟❶➈➒➈➄➟➍❾➀➪❼➎➒➈❺➈➄➟➇➈➔➬❼❾➍❷➄✺❺➈➄✺➣↔➀➌➫➃➛➜❶➈➄✏➒➈➙✏➄×þ❷➣➘❼❾➉➋❽➈➔➋➄✭➙✏⑩❷×❹❸✟❺➈➄➥➣➘❼❾❽➈➀➁➉➋➙☞❼➎❸➌➉➋⑩❷➒❸þ➣➘❼❾➉➋❽➈➔➋➄✫➄✏➒➈➙✏⑩❷➊❤❽➈➀➁➄✏➊✝➄✏➒➩❸➞þ⑤❼❾❶➈➍❷➊✝➄✏➒➜❸➪❼➎❸➌➉➋⑩❷➒✍❺➈➄❤➔➬❼✯❺➈➉➋➓➭❸➪❼❾➒➈➙✏➄❤➄✏➒➩❸➌➀➁➄✝❼❾➊✝➇➈➔➏➉➏❒➱➙☞❼➎❸➌➄✏❶➈➀➁➓✦⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓Pþ❞➉➋➒➈➓➁➄✏➒P➡➓➁➉➋❽➈➉➋➔➋➉ ❸➌➫q❼❾❶P➅◆➇❿➄✏➀➭❸➌❶➈➀➁❽➱❼➎❸➌➉➋⑩❷➒➈➓❤➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➊❥❼❾➍❾➒➈➫➃❸➌➉➋➛➜❶➈➄✏➓➞þ✽❸➌➀➁➳✏➓❤➍❷➀➌❼❾➒➈❺➈➄q❽➱❼❾➒➈❺➈➄✎➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄❾➴ ➸ ⑩❾❶➈➓✝❼☞➨➩⑩❷➒➈➓➇➈➀➁➫✏➓➁➄✏➒➜❸➌➫✫❼❾❶➈➓➁➓➁➉⑤➔➋➄✏➓➟❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➓➟➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➓✢❺❞❻ ❶➈➒➈➄♦➙➆➲➱❼✖✱➬➒➈➄❢❺➈➄❢❸➌➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒✯⑩❷➇❹❸➌➉➋➛➜❶➈➄✸❼❾➉➋➒➈➓➁➉➛➜❶➈➄✸➔➋➄✏❶➈➀➁➓➟➇➈➀➁➉➋➒➈➙✏➉➋➇❿➄✏➓✢❺➈➄❢➣↔⑩❷➒➈➙➃❸➌➉➋⑩❾➒➈➒➈➄✏➊✝➄✏➒➜❸☞➴➷⑤➄✢❸➪❼❾❽➈➔➋➄☞❼❾❶ ÿ ➴✂✁❢➀➁➫✏➓➁❶➈➊✝➄✩➔➋➄✏➓✥❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓✭➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✏➓✭❺❞❻ ❶➈➒✝➓➭➯P➓➭❸➪➳➃➊✝➄❱❺➈➄✢❸➌➫✏➔➋➫✏➙✏⑩❷➊☎➊❤❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓✏➴
→✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄❢❺➈❶②➓➭➯P➓➭❸➌➳✏➊✝➄ ➢ ⑩❷➒➈➓➁➉➋❺➈➫✏➀➌❼➎❸➌➉➋⑩❷➒➠➟ ➢ ➲➈⑩❷➉ ➅⑨✥➯P➇❿➄✸❺➈➄♦➔➬❼✫❒➱❽➈➀➁➄ ❶➈➒✎➓➌➄➃❶➈➔✳➊✝⑩P❺➈➄❢⑩❷❶✎➊❤❶➈➔➏❸➌➉ ➡Ò➊☎⑩➜❺➈➄➷⑤⑩❷➒➈➍❷❶➈➄✏❶➈➀✢❺❞❻ ⑩❷➒➈❺➈➄ ☎✜✆ ✞ ❮➔✆✧� ✞ ❮ ÿ ✝ ÿ✟✞ ❮ ÿ �✚� ✞ ❮ ÿ ✄✧✁✚�

nm→✟❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✸❺❞❻ ➄✏➊✝➉➋➓➁➓➁➉➋⑩❷➒ ➄➆➅❹➇➈➀➁➉➋➊✝➫❢➄✏➒
dBm⑨✭➯P➇✹➄✸❺➈➄♦➔➬❼❤➓➁⑩❷❶➈➀➁➙✏➄ ➷ ➦ ➵❴⑩❷❶✜➷✳❼❾➓➁➄✏➀➼P➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫✦❺➈❶②➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀ ➄➆➅❹➇➈➀➁➉➋➊✝➫❢➄✏➒
dBm⑨✥➯P➇✹➄✸❺➈❶②➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀ →✟➽ ➸ ➵❱➉➋⑩P❺➈➄❾❮➈➻✦→✥➵❝⑩❷❶✎➽Ø➵✦→➢ ⑩P❺➈➄♦❺➈➄♦➔➬❼❬➊✝⑩P❺➈❶➈➔➬❼➎❸➌➉➏⑩❷➒ ➻❢➑❆❮✹Ö✟➑❆❮✹→ ➢ ➑❀⑩❷❶✎➒➜❶➈➊✝➫✏➀➁➉➋➛➜❶➈➄

✰✢✱✳✲✳☎ ÿ ➴✂✁ ✝ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄♦❺❞❻ ❶➈➒②➓➭➯P➓➭❸➌➳✏➊✝➄✸❺➈➄♦➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒q⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴
➸ ⑩❷❶➈➓✸❼☞➨➩⑩❷➒➈➓✸❼❾❶➈➓➁➓➁➉✟➊✝⑩❷➒➩❸➌➀➁➫❤➔➹❻ ➉➋➊☎➇❿⑩❷➀➭❸➪❼❾➒➈➙➃➄❤❺➈➄❤➔➹❻ ⑩❷➇❹❸➌➉➋➛➜❶➈➄❤❺➱❼❾➒➈➓♦➔➋➄✏➓❢➓➭➯P➓➭❸➌➳✏➊✝➄✏➓✸➍❷➀✹❿❾➙✏➄☎❼❾❶è➑✍➞ ➦ ➑✍➼➄➃❸➥➔➋➄✏❶➈➀➁➓✭❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓➥❼❾➇➈➇➈➔➋➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓✟❸➌➄✏➔➋➔➋➄✏➓✥➛➜❶➈➄❱➔➋➄✏➓✥❸➌➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓✥⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓✺➐✸➲➱❼❾❶❹❸✺❺➈➫✏❽➈➉➏❸✺➄➃❸➙✏⑩❷❶➈➀➭❸➌➄♦❺➈➉➋➓➭❸➪❼❾➒➈➙✏➄❾➴

© Mohamed Karray, Télécom Paris - Décembre 2004
✁ ✞



Ú Û ÛqÜ ③❿⑦✎✈②s ➡

➢ Ü★Ü ✈■❧ ① Û s ⑧ ß ⑧✝⑦⑨♠✉t ③✗➤ ❪ s sÑ⑦
t ♠④⑦ Û ❧ Þ♥❧ Ý ❧❫❜ ③✗➤ ❪ s

ç➷ã❲â ä rås➞➬➱♣❷①⑨⑧⑨➮➯s❣❰❽♣❞r
➷✳❼✝➙✏⑩❷➒➈➙✏➄✏➇❹❸➌➉➋⑩❷➒✍❺➈➄✏➓❱➓➭➯P➓➭❸➌➳✏➊✝➄✏➓❢❼❾➓➁➓➁⑩P➙✏➉➋➫✏➓✦❼❾❶P➅②❸➌➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓✢➇➱❼❾➀✢❒➱❽➈➀➁➄✫⑩❷➇❹❸➌➉➋➛➜❶➈➄✫➄✏➓➭❸✦❺➈➄➇➈➔➋❶➈➓✩➄✏➒✍➇➈➔➋❶➈➓✩➙✏⑩❷➊✝➇➈➔➋➄➆➅❹➄❾❮✹❸➪❼❾➒➩❸❱➔➋➄✸➒➈⑩❷➊❬❽➈➀➁➄✸❺➈➄✫➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓❱➉➋➒❇❆➱❶➱❼❾➒➩❸❱➓➁❶➈➀❱➔➋➄✏➓✩➇❿➄✏➀➭➣↔⑩❷➀➁➊❥❼❾➒➈➙✏➄✏➓❱❺➈➄✫➔➬❼➔➋➉➬❼❾➉➏➓➁⑩❷➒❆➄✏➓➭❸❤➉➋➊✝➇❿⑩❷➀➭❸➪❼❾➒➩❸☞➴⑤➻❱❶➈➓➁➓➁➉➹❮✽➔➋➄✏➓✫⑩❷❶❹❸➌➉➋➔➋➓✸❺➈➄❥➓➁➉➋➊❬❶➈➔➬❼➎❸➌➉➏⑩❷➒❆➙✏⑩❷➒➈➓➭❸➌➉➏❸➌❶➈➄✏➒➜❸❬❶➈➒➈➄q❼❾➓➁➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✯❺➈➄✯➇➈➔➋❶➈➓➄✏➒ü➇➈➔➋❶➈➓✫❶❹❸➌➉➋➔➋➉➏➓➁➫✏➄✝➇❿⑩❷❶➈➀❬❼❾➉➋❺➈➄✏➀✫➐✎❸➌➀➁⑩❷❶❹➨➩➄✏➀✫➀➌❼❾➇➈➉➋❺➈➄✏➊✝➄✏➒➩❸✫❺➈➄✏➓❬➓➁⑩❷➔➋❶❹❸➌➉➋⑩❷➒➈➓✏❮✡❼❾❶➈➓➁➓➁➉✺❽➈➉➋➄✏➒ü❼❾❶ü➒➈➉➏➨❷➄☞❼❾❶ü❺➈❶➙✏⑩❷➊✝➇✹⑩❷➓➌❼❾➒➜❸✺➛➜❶➈➄❱❺➈❶✯➓➭➯P➓➭❸➌➳✏➊✝➄❾➴ ➸ ⑩❷❶➈➓✺➇➈➀➁➫✏➓➁➄✏➒➜❸➌⑩❷➒➈➓➥❺➱❼❾➒➈➓✺➙✏➄❱➙➪➲➱❼❾➇➈➉➏❸➌➀➁➄✩➔➹❻ ➉➋➒➩❸➌➫✏➀✣✢➃❸✺❼❾➇➈➇❿⑩❷➀➭❸➌➫❱➇➱❼❾➀✭➔➬❼♦➊✝⑩➎➡❺➈➫✏➔➋➉➋➓➌❼➎❸➌➉➋⑩❾➒✸❺➱❼❾➒➈➓✽➔➋➄✭➇➈➀➁⑩P➙✏➄✏➓➁➓➁❶➈➓✪❺➈➄➥➙✏⑩❷➒➈➙✏➄➃➇❹❸➪➉➏⑩❷➒❬➄➃❸✪➄✏➓➁➓➁➄✏➒➩❸➌➉➋➄✏➔➋➔➋➄✏➊✝➄✏➒➩❸✪➔➋❼✩➊✝⑩P❺➈➫➃➔➋➉➋➓➌❼➎❸➌➉➋⑩❾➒✸➊❬❶➈➔➏❸➌➉➋❺➈⑩❷➊✝❼❾➉➏➒➈➄➛➜❶➈➉⑤➄✏➓➭❸✩➒➈➫✏➙✏➄✏➓➁➓➌❼❾➉➋➀➁➄✸➇❿⑩❷❶➈➀➟➇➈➀➁➫➃➨➩⑩❾➉➋➀✢➔➹❻ ➉➋➒❇❆➱❶➈➄✏➒➈➙✏➄❢❺➈➄❢❸➌⑩❷❶❹❸➌➄✏➓✢➔➋➄✏➓✢➍❷➀➌❼❾➒➈❺➈➄✏❶➈➀➁➓✏➴➸ ⑩❷❶➈➓✩➇➈➀➁➫✏➓➁➄✏➒➩❸➌⑩❷➒➈➓❢❼❾❶➈➓➁➓➁➉✡➔➋➄♦➇➈➀➁⑩➎➂➭➄➃❸❢➼ ➤ ➻❢➑②➻ ➸ ➄➃❸❱➔➋➄♦❺➈➫✏➊✝⑩❷➒➈➓➭❸➌➀➌❼➎❸➌➄✏❶➈➀ ❤ ➊✝⑩P❺➈❶➈➔➋➄Ò✐➥➛➜❶➈➄✫➒➈⑩❷❶➈➓❱❼❾➔➋➔➋⑩❷➒➈➓➊✝⑩➜❺➈➫✏➔➋➉➋➓➁➄✏➀❢❺➱❼❾➒➈➓✫➒➈⑩❾❸➌➀➁➄❤❸➌➀➌❼✣➨➎❼❾➉➋➔✟❺➈➄☎❸➌➲➈➳✏➓➁➄❾➴ ➸ ⑩❷❶➈➓♦❸➌➄✏➀➁➊✝➉➋➒➈⑩❷➒➈➓♦➔➋➄☎➙➪➲➱❼❾➇➈➉➏❸➌➀➁➄☎➇➱❼❾➀✸➛➜❶➈➄✏➔➋➛➜❶➈➄✏➓✫➇➈➀➁➫✏➔➋➉➋➊✝➉ ➡➒➱❼❾➉➋➀➁➄✏➓➟➒➈➫✏➙✏➄✏➓➁➓➌❼❾➉➋➀➁➄✏➓✩➇❿⑩❷❶➈➀➟➔➹❻ ➫➃❸➌❶➈❺➈➄♦❺❞❻ ❶➈➒②➓➭➯P➓➭❸➌➳✏➊✝➄✸➊❬❶➈➔➋➉➋❺➈⑩❷➊✝❼❾➉➏➒➈➄❾➴

ç➷ã✹ç ➥ r⑨➦✇❰✽➬➱♣❞r⑨r✵t✥❐❮t✥råsñ①✵t✦③❲ì ❐ ♣✇①✵⑤❶③❽❰❲í❣ì❸s❣❰❲♣❞r
➠✩➒✼➊✝⑩P❺➈➳✏➔➋➄❬❺❞❻ ❶➈➒❆➓➭➯P➓➭❸➌➳✏➊✝➄✝⑩❷❶✼❺❞❻ ❶➈➒❆➙✏⑩❷➊✝➇✹⑩❷➓➌❼❾➒➜❸♦➄✏➓➭❸✸❶➈➒➈➄☎➀➁➄✏➇➈➀➁➫✏➓➁➄✏➒➩❸➪❼➎❸➌➉➋⑩❷➒❆❺➈➄❤➓➁⑩❷➒✼➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒P➡➒➈➄✏➊✝➄✏➒➩❸☞❮✡➙✏➄➃❸➁❸➌➄q➀➁➄✏➇➈➀➁➫✏➓➁➄✏➒➩❸➪❼➎❸➌➉➋⑩❷➒◆❺➈⑩❷➉➏❸❞✢➃❸➌➀➁➄❥➙✏⑩❷➊✝➇➈➀➁➫✏➲➈➄✏➒➈➓➁➉➋❽➈➔➋➄❥➄➃❸❤➄➆➅❹➫✏➙✏❶❹❸➪❼❾❽➈➔➋➄✯➇➱❼❾➀✫❶➈➒◆➓➁➉➋➊❬❶➈➔➬❼➎❸➌➄✏❶➈➀✏➴➠✩➒✇➊✝⑩P❺➈➳✏➔➋➄✎➇✹➄✏❶❹❸✯➓➁⑩❷➉➏❸✝➓➁➄✜➙✏⑩P❺➈➉➏❒➱➄✏➀✝❺➱❼❾➒➈➓✝❶➈➒✉➔➬❼❾➒➈➍➩❼❾➍❷➄✎❺➈➄②❺➈➄✏➓➁➙✏➀➁➉➋➇❹❸➌➉➋⑩❷➒✇➊❥❼➎❸➌➫✏➀➁➉➋➄✏➔➘❮✟➇➱❼❾➀☎➄➆➅❹➄✏➊✝➇➈➔➋➄➶ ➄✏➀➁➉➋➔➏⑩❷➍➎➡Ò➻❢➑✍➼✹❮ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❏❮➱➓➁⑩❷➉➏❸✢➓➁➄♦➀➁➄✏➒➈❺➈➀➁➄✸❺➈➉➋➓➁➇❿⑩❾➒➈➉➋❽➈➔➋➄❢➓➁❶➈➀✢❶➈➒✜❼❾❶❹❸➌➀➁➄♦➔➬❼❾➒➈➍➩❼❾➍❷➄✦➙✏⑩❷➊✝➇❿⑩❷➀➭❸➌➄✏➊✝➄✏➒P➡❸➪❼❾➔➹❮➎➇➱❼❾➀✟➄➆➅❹➄✏➊✝➇➈➔➋➄✩➑✜❼➎❸➌➔➬❼❾❽❞❮❾➓➁⑩❷➉➏❸✟➓➁➄➟➇➈➀➁⑩❷➍❷➀➌❼❾➊✝➊✝➄✏➀✽❺➈➉➋➀➁➄✏➙➃❸➌➄✏➊✝➄✏➒➩❸✭❼☞➨➩➄➃➙❱➼➜➯P➓➭❸➌➄✏➊ ➢ ❮ ➢ ⑩❷❶ ➢✆➧✿➧ ➴ ➸ ⑩❷❶➈➓❺➈➄➃➨❷⑩❷➒➈➓✸❺➈⑩❷➒➈➙☎➓➁➫✏➔➋➄✏➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➀♦❶➈➒✼➔➬❼❾➒➈➍➩❼❾➍❷➄❤➇➱❼❾➀➁➊✝➉✪❶➈➒✼➔➬❼❾➀➁➍❷➄❤➙➪➲➈⑩❷➉ ➅❏➴ ➸ ⑩❷❶➈➓♦➙✏➉➏❸➌⑩❷➒➈➓✏❮❞➇➱❼❾➀♦⑩❷➀➁❺➈➀➁➄❤➙➆➲➈➀➁⑩➎➡➒➈⑩❷➔➋⑩❷➍❷➉➏➛➜❶➈➄❾❮❏➛➜❶➈➄✏➔➋➛➜❶➈➄✏➓♦➔➋❼❾➒➈➍➩❼❾➍❷➄✏➓✦➇❿➄✏➀➁➊✝➄➃❸➁❸➪❼❾➒➩❸❢➔➬❼❥➊✝⑩P❺➈➫✏➔➋➉➋➓➌❼➎❸➌➉➏⑩❷➒✍❼❾➒➱❼❾➔➋⑩❷➍❷➉➋➛➜❶➈➄ Ï ➼❹→✟➽ ➢➥➦ ❮ ➶❢➤ ➵✦➷❏➡Ò➻✫❮➶ ➄✏➀➁➉➋➔➏⑩❷➍➎➡Ò➻✫❮ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿❮ ➶ ➄✏➀➁➉➋➔➋⑩❷➍➎➡Ò➻❢➑✍➼ü➶ ➑②➉➋➄ ✞❹ÿ ➘➹➴➷⑤➄✝➊✝⑩➜❺➈➳✏➔➋➄ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼✼❺❞❻ ❶➈➒ü➓➭➯P➓➭❸➌➳✏➊✝➄❥➇✹➄✏➀➁➊✝➄➃❸✫❺➈➄☎➨➩➫✏➀➁➉➏❒➱➄✏➀✸➛➜❶➈➄✝➔➋➄☎➓➁➉➋➍❷➒➱❼❾➔✟➄✏➒ü➄✏➒➩❸➌➀➁➫✏➄❥➇✹➄✏❶❹❸❬➓➁➄❸➌➀➌❼❾➒➈➓➁➊✝➄➃❸➁❸➌➀➁➄✺➙✏⑩❷➀➁➀➁➄✏➙➃❸➌➄✏➊✝➄✏➒➜❸✟➄✏➒❤➓➁⑩❷➀➭❸➌➉➋➄❾❮❾➄➃❸✟➉➋➔➜➇❿➄✏➀➁➊✝➄➃❸✥❼❾❶➈➓➁➓➁➉➈❺➈➄✺➨❷➫✏➀➁➉➏❒➱➄✏➀✪➔➹❻ ➉➋➒❇❆➱❶➈➄✏➒➈➙✏➄➥❺➈➄✏➓✟➇➱❼❾➀➌❼❾➊✝➳➆❸➪➀➁➄✏➓❺➈❶②➓➭➯P➓➭❸➌➳✏➊✝➄♦➓➁❶➈➀✢➓➁⑩❷➒✎➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸☞➴➢ ➄✏➇✹➄✏➒➈❺➱❼❾➒➜❸☞❮✥➒➈⑩❷❶➈➓☎➀➁➄✏➒➈➙✏⑩❷➒➜❸➌➀➁⑩❷➒➈➓✝➙➃➄✏➀➭❸➆❼➎➉➋➒➈➄✏➓✝❺➈➉➏Õ✝➙✏❶➈➔➏❸➌➫✏➓❤➇❿⑩❷❶➈➀❤❒❹➅❹➄✏➀✝➔➬❼✍➔➋➉➋➓➭❸➌➄q➄➆➅❹➲➱❼❾❶➈➓➭❸➌➉➏➨❷➄②❺➈➄✏➓✝➇➱❼✖➡➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✎❺❞❻ ❶➈➒ ➙ ✤ ❸➌➫❆➄➃❸✍❼☞➨❷⑩❷➉➋➀✎➔➋➄✏❶➈➀➁➓q➨❾❼❾➔➋➄✏❶➈➀➁➓②➀➁➄✏➓➁➇✹➄✏➙➃❸➌➉➏➨➩➄✏➓✏❮✩❺➈➄❆➔➹❻ ❼❾❶❹❸➌➀➁➄❾➴➟⑨✡➀➁➳✏➓✜➇✹➄✏❶❐❺❞❻ ⑩❷❶❹❸➌➉➋➔➋➓q❺➈➄

© Mohamed Karray, Télécom Paris - Décembre 2004
✁ ÿ



➳✔ô✥➾➵õ×➥✧➧P➨✥➪➜✼❂÷➞➾➵õ✫õ✫➨➹➩❸➳✔ô➽➪✳ø➯ù➞ø×➧P➼✫û⑨➥❁❀å➲P➪❊➪➫➧ û■➼➫➧Pôå➩➯➭❷➩➯➚⑦➩❸➺✫➥❁❀å➲P➪
➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➌❼➎❸➌➉➋⑩❷➒☎➄➆➅❹➉➋➓➭❸➪❼❾➒➩❸✭➓➁❶➈➀✭➔➋➄➟➊❥❼❾➀➁➙➪➲➈➫✢➇❿➄✏➀➁➊✝➄➃❸➁❸➌➄✏➒➩❸✭➔➹❻ ❼➎➂➭❶➈➓➭❸➌➄✏➊✝➄✏➒➩❸✥❺➈➉➋➀➁➄✏➙➃❸✭❺➈➄✏➓✭➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✥❺❞❻ ❶➈➒➊✝⑩P❺➈➳✏➔➋➄ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❯➶ ➞✦❶➈❺ ✞✚✞ ➘✫➶ →✽➄✏➀ ✞ ✠✜➘➹➴
☛✆✠☞☛✆✠✌✟ ⑥⑦✎✡✑✓➛✡✎✡➛✡✔↕➨➫➩➜❾❿⑥✿➭❁➯➲❨❬❫
✎ ❘ ✎ ❘➘ø❑❘➘ø ❍■❏▲❑ í◆▼ ✏ ❃ ù✩➳✪î ô ã↔á ô ò✹á➈ò✹äÐå✳äÐçèõ⑤å✳÷Pã➘ê➘æ✏á❹é✖êýõ ô ç✼î✡ãýé✖ê ▼ é✣äPö✖✕ ô õ❿ã↔õ✹ò❿ê ✗❞î✳ä

➷✟❻ ❼❾➙✏➀➁⑩❷➒➩➯P➊✝➄ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼②➉➋➒➈❺➈➉➋➛➜❶➈➄♦➛➜❶➈➄✫➔➋➄♦➔➬❼❾➒➈➍➩❼❾➍❷➄♦➙✏⑩❷➒➈➙✏➄✏➀➁➒➈➄✫➔➋➄✸➒➜❶➈➊✝➫✏➀➁➉➋➛➜❶➈➄ ❤ ➨P➉➬❼☎➔➬❼☎➒➈⑩❷➀➁➊✝➄➶❢➤ ➵✦➷Ñ➽ ➦✥➦✥➦ ÿ✟✞ ☎✜✄❹➴ ÿ ➶ ➶❢➤ ➵ ☛✚☛ ➘✷✐➆❮❿➔➹❻ ❼❾➒➱❼❾➔➋⑩❷➍❷➉➏➛➜❶➈➄✫➄➃❸❢➔➋➄✫➊✝➉ ➅P❸➌➄❾➴❏➷⑤➄❬➊✝⑩❾❸ á ô á➱ã↔õ✹ò ➄✏➓➭❸❢❶❹❸➌➉➋➔➋➉➋➓➁➫✫❼❾❶➈➓➁➓➁➉❽➈➉➋➄✏➒✫➛➜❶➱❼❾➒➈❺❬⑩❷➒✫➙✏⑩❷➒➈➓➁➉➋❺➈➳✏➀➁➄✭❺➈➄✏➓✽➓➁➉➋➍❷➒➱❼❾❶P➅✫❼❾➒➱❼❾➔➋⑩❷➍❷➉➋➛➜❶➈➄✏➓✳➛➜❶➈➄✺❺➈➄✏➓✽➓➁➉➋➍❷➒➱❼❾❶P➅✸➇➈➲➩➯P➓➁➉➋➛➜❶➈➄✏➓✽❸➌➄✏➙➪➲➈➒➈⑩❷➔➋⑩❷➍❷➉➋➛➜❶➈➄✏➓➛➜❶➈➉✩➇❿➄✏❶❹➨❷➄✏➒➩❸✵✢➃❸➌➀➁➄✜❼❾➒➱❼❾➔➋⑩❷➍❷❶➈➄✏➓✝➐❆❺➈➄✏➓❥➓➁➉➋➍❷➒➱❼❾❶P➅Ñ➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄✏➓✏➴✭➷✟❻ ❼❾➙✏➀➁⑩❷➒➜➯P➊✝➄②➄✏➓➭❸❥➄➆➅❹➇➈➔➋➉➋➛➜❶➈➫②❺➱❼❾➒➈➓❥➔➋➄❸➪❼❾❽➈➔➋➄☞❼❾❶▲✁P➴ ÿ ➴
➶ ❍ ➤ ➼P➽ ➢❍➶ ➄✏➀➭➯ ➤ ➉➋➍❷➲②➼P➇❿➄✏➄✏❺✜➽Ò➒➩❸➌➄✏➍❷➀➌❼➎❸➌➄✏❺ ➢ ➉➋➀➁➙✏❶➈➉➏❸➌➓➤ ❏ ❼❾➀➁❺❇❝➥❼❾➀➁➄➵ ❑ ➄✏➓➁➙✏➀➁➉➋➇❹❸➌➉➋⑩❷➒➷ í✭❼❾➒➈➍❷❶➱❼❾➍❷➄➻❢➑✍➼ ✏ ➒➱❼❾➔➋⑩❷➍☎❼❾➒➈❺■❃ ➉ ➅❹➄✏❺ ù ➉➋➍❷➒➱❼❾➔

✰✢✱✳✲✳☎➸✁P➴ ÿ✞✝ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿➴

✎ ❘ ✎ ❘➘ø❑❘ ✎ ❑qäPæ☞ö❷ì➎ê ✒ é✖ê↔õ ô å✳äÐæ➃û✳æ➃é✣ëPçèä✍ö❷õ ô é✖ê ô î
➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❥➇❿➄✏➀➁➊✝➄➃❸➟❺➈➄✦❺➈➫✏➙✏➀➁➉➋➀➁➄✦➔➋➄❱➙✏⑩❷➊✝➇❿⑩❷➀➭❸➌➄✏➊✝➄✏➒➩❸➟❺❞❻ ❶➈➒q➓➭➯P➓➭❸➌➳✏➊✝➄♦❼❾➒➱❼❾➔➋⑩❷➍❷➉➏➛➜❶➈➄❱➙✏⑩❷➒➜❸➌➉➋➒➜❶❞➴ ➢ ➄❺➈➄✏➀➁➒➈➉➋➄✏➀❱➇❿➄✏❶❹❸❸✢➃❸➌➀➁➄✫❺➈➫✏➙✏➀➁➉➏❸✦➇➱❼❾➀❱❶➈➒Ð➄✏➒➈➓➁➄✏➊❬❽➈➔➋➄✫❺❞❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓✦❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➉➋➄✏➔➋➔➏➄✏➓❱❼❾➔➋➍❷➫✏❽➈➀➁➉➋➛➜❶➈➄✏➓❱➄➃❸❍➟➎⑩❷❶✍⑩❷➀Ø➡❺➈➉➋➒➱❼❾➉➋➀➁➄✏➓ ❤ ➞❢➵ ➦ ⑩ ➄➃❸☎➻✦➵ ➦ ❹❽✐✫➛➜❶➈➉➟❼✍➔➋➄❥❸➌➄✏➊✝➇➈➓❬➙✏⑩❷➊✝➊✝➄✝➨❾❼❾➀➁➉➬❼❾❽➈➔➋➄❥➉➋➒➈❺➈➫✏➇❿➄✏➒➈❺➱❼❾➒➩❸➌➄❾➴ ➢ ➄✏➓☎➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓➇❿➄✏❶❹➨❷➄✏➒➜❸⑦✢➃❸➌➀➁➄✩➫✏➙✏➀➁➉➏❸➌➄✏➓✺➓➁⑩❷❶➈➓✭➔➬❼❢➣↔⑩❷➀➁➊✝➄ Ï

F (x, dx
dt
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constante


signal

sous-programme
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sous-programme


déclaration composant


appel concurrent de procédure
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processus passif
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Instr. simultannée sélective

Instr. simultannée procédurale

Instr. simultannée nulle
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Source VHDL-

AMS


Editeur de texte ou

graphique


Analyseur VHDL-AMS


Format

intermédiaire


Elaboration


Simulation VHDL-AMS


Bibliothèques


ÿ✁�✄✂✆☎➸✁P➴✂✁ ✝ ➦ ➒➩➨P➉➋➀➁⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸✩❺➈➄❢❸➌➀➌❼✣➨➎❼❾➉➋➔ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿➴
✎ ❘ ✎ ❘➘ø❑❘➋þ ù❞÷Pçèá ô é✖ê✘✗❞î✳ä✍å✳äÐö❷õ ô✡ô ä➩ï✳ê↔õ ô

➠✩➒✜➊✝⑩P❺➈➳✏➔➋➄♦➙✏⑩❷➊✝➇➈➉➋➔➋➫❢➇❿➄✏❶❹❸➍✢➃❸➌➀➁➄✸❶❹❸➪➉➏➔➋➉➋➓➁➫♦❺➱❼❾➒➈➓❱❶➈➒✍❼❾❶❹❸➌➀➁➄✸➊✝⑩P❺➈➳✏➔➋➄♦❺➈➄✫➇➈➔➋❶➈➓✩➲➱❼❾❶❹❸❱➒➈➉➏➨➩➄✏❼❾❶❞❮❿❺➈⑩❷➒➈➙⑩❷➒②➓➁➄✸➓➁➄✏➀➭❸❱❺❞❻ ❶➈➒➈➄✸➉➏➒➜❸➌➄✏➀➁➙✏⑩❷➒➈➒➈➄➆➅❹➉➋⑩❷➒②➄✏➒➩❸➌➀➁➄✸➔➏➄✏➓✢➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➓✢⑩❷❶②➔➋➄✏➓✢➊✝⑩P❺➈➳✏➔➋➄✏➓✏➴➱➵✦❼❾➒➈➓✩➔➬❼❤❺➈➫✏➙✏➔➬❼❾➀➌❼➎❸➌➉➋⑩❷➒❺❞❻ ❶➈➒➈➄✸➄✏➒➩❸➌➉➏❸➌➫♦⑩❾➒②➇➈➀➁➫✏➙✏➉➋➓➁➄♦➔➋➄✏➓✢➇✹⑩❷➀➭❸➌➓✢❺➈➄♦➙✏⑩❷➒➈➒➈➄➆➅❹➉➋⑩❷➒❞➴➽Ò➔⑤➄➆➅❹➉➋➓➭❸➌➄❢❸➌➀➁⑩❷➉➋➓➥❸Ò➯P➇❿➄✏➓✩❺➈➄♦➙✏⑩❷➒➈➒➈➄➆➅❹➉➋⑩❷➒ ➶ ➤ ➄✏➀ ✞✚✞ ➘ Ï
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➓✍➂✷➄✙➈ ➝ ➄✙➎ ➆❥➉➇➎ ➆◆➒❇➙❽➐✙➉✔ÑÒ➂✷➈❽➄✖➊✽➐á✹➽➆✍➅➱ÑÒÕ ➟ ➅☞â❥Ó⑦➆ ➟➛ ➢P➤✖➊✽→ ➆ ➟➞➜ ➆ ➟ ➆✣➊✽➉➃➏➇➤✞ã ➢❂➆✣➏➃➤✙➄✙➙❽→ ➙❽➈❽Õ❦➆✙➉➃➊✽➄✖➏✍➆Ð✧ä❀➏✍➙❽→ ➆✫ÑÒ➐✙↔ ➝ ➉➇➎ ➆❥➐✙➉➇➆×➋❋å ä❨→ ➆✣➏⑥➅➇➉➇➎✂➏✍➎ ➅ ➝❛✌æ❂➊✽Ö✜➙❽➉➃➊➀➅➇➙❽➎ ➉✘➆➱➒❀Ô✔Ø➱Ñç❚⑨➋✟➆×→✽å ✺ ➄✙➎ ✶❽➆❥➉ ➟ ➎ ➅ ➝ æ✯➙❽➐✙➎ ➟ ➒➔➊ ➟ ➅➇➆❥➐✙➉❜ ä❀➏✍➙❽→ ➆×➡✔➊➀➅➇➎ ➙❽➄✖➊✽→ ➆✫ÑÒ➐✙↔ ➝ ➉➇➎ ➆❥➐✙➉➇➆×➋✟➆×→✽å Ø ➝ ➉➇➙❽➄✖➊✽➐✟➅➇➎✂Ù❲➐✙➆➱➆✍➅✔➋✟➆✡æ➠å ❚ ➟ ↔✖➊❽➏✍➆❣✧ä❀➏✍➙❽→ ➆×➡✔➊➀➅➇➎ ➙❽➄✖➊✽→ ➆✫ÑÒ➐✙↔ ➝ ➉➇➎ ➆❥➐✙➉➇➆×➋✟➆ ➟ ➢ ➝ → ➝ ➏✍➙❽Ó⑦Ó✫➐✙➄✙➎✂➏❥➊➀➅➇➎ ➙❽➄ ➟➅❥↕❸➐✙→ ➅➇➎❻➌❀➤✙➎ ↔❸↕❸➙✟➋✟➐✙→ ➆
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➓➭➯P➓➭❸➌➳✏➊✝➄✸➄➃❸✩❺➈➄✸➔➋➄✏➓➟➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➁➄✏➀✩➓➁⑩❷❶➈➓✢➔➬❼❬➣↔⑩❷➀➁➊✝➄❢❺➈➄✸➊✝⑩➜❺➈➳✏➔➋➄✏➓✢❺➈➄♦➓➁➉➋➊❤❶➈➔➬❼➎❸➁➉➋⑩❾➒✎➄➃➒②➨P❶➈➄✸❺➈➄♦➔➹❻ ⑩❷➇❹❸➌➉➋➊✝➉ ➡➓➌❼➎❸➌➉➋⑩❷➒q❺➈➄♦➙✏➄✸❺➈➄✏➀➁➒➈➉➋➄✏➀✏➴➽Ò➔✢❼❾➇➈➇➱❼❾➀➌❼✖✱➋❸✝❺➈⑩❷➒➈➙②➒➈➫✏➙✏➄✏➓➁➓➌❼❾➉➋➀➁➄✜❺➈➄②❺➈➉➋➓➁➇✹⑩❷➓➁➄✏➀❥❺❞❻ ⑩❾❶❹❸➪➉➏➔➋➓☎❺➈➄②➓➁➉➋➊❬❶➈➔➬❼➎❸➌➉➏⑩❷➒④➒➈⑩❷➀➁➊❥❼❾➔➋➉➏➓➁➫✏➓✝❼❾➉➋➒➈➓➁➉➟➛➜❶➈➄②❺➈➄✏➓❽➈➉➋❽➈➔➋➉➏⑩❾❸➌➲➈➳✏➛➜❶➈➄✏➓➟❼❾➓➁➓➁⑩P➙✏➉➋➫✏➄✏➓✏❮➈➙☞❼❾➇➱❼❾❽➈➔➋➄✦❺➈➄✦➍❷➫✏➀➁➄✏➀➥➔➬❼✫❺➈➄✏➓➁➙✏➀➁➉➋➇❹❸➌➉➋⑩❷➒✯➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➔➋➔➋➄✩⑩❷❶q➙✏⑩❷➊✝➇❿⑩❷➀➭❸➌➄✏➊✝➄✏➒➩❸➪❼❾➔➋➄➊❬❶➈➔➏❸➌➉ ➡Ò❺➈⑩❷➊✝❼❾➉➏➒➈➄❬❺❞❻ ❶➈➒❆➙✏⑩❷➊✝➇✹⑩❷➓➌❼❾➒➜❸♦❺➈➄❤➣➘❼✜❺✏⑩❾➒è➐q⑩❷➇❹❸➌➉➋➊✝➉➏➓➁➄✏➀✦➔➬❼✯➇➈➲➱❼❾➓➁➄☎❺➈➄☎➙✏⑩❷➒➈➙✏➄✏➇❹❸➌➉➋⑩❷➒❆❺➈❶✼➓➭➯P➓➭❸➌➳✏➊✝➄➄✏➒②➉➋➒➩❸➌➫✏➍❷➀➌❼❾➒➩❸✩❼❾❶✎➇➈➔➋❶➈➓➟❸ ✤ ❸✢➙✏➄✏➓✩➉➋➒➩❸➌➄✏➀➌❼❾➙➃❸➌➉➋⑩❷➒➈➓✏➴➷⑤➄❤➇➈➀➁⑩❾➂➭➄➃❸✫➼ ➤ ➻❢➑②➻ ➸ ❼q❺➈⑩❷➒➈➙☎➫➃❸➌➫☎➊✝⑩❾❸➌➉➏➨❷➫❬➇➱❼❾➀❢➔➋➄❤❽❿➄✏➓➁⑩❷➉➋➒❞❮❞➛➜❶❞❻ ⑩❷➒➩❸✸➔➋➄✏➓❢➣➘❼➎❽➈➀➌➉➏➙☞❼❾➒➜❸➌➓✦❺➈➄❥➑✍➞ ➦ ➑✍➼❿❮❺❞❻ ⑩❷❶❹❸➌➉➋➔➋➓✡❺➈➄➟➓➁➉➋➊❬❶➈➔➬❼➎❸➌➉➏⑩❷➒✫➔➋➄✏❶➈➀✽➇❿➄✏➀➁➊✝➄➃❸➁❸➪❼❾➒➩❸✟❺❞❻ ➉➋➒➩❸➌➫✏➍❷➀➁➄✏➀✪➔➋➄✏➓✪➊❬❶➈➔➏❸➌➉➏➇➈➔➋➄✏➓✽➄➆❰❏➄➃❸➌➓✟➉➋➒❇❆➱❶➱❼❾➒➜❸✪➓➁❶➈➀✟➔➏➄✏➓✪➇❿➄✏➀➭➣↔⑩❷➀Ø➡➊❥❼❾➒➈➙✏➄✏➓✩❺➈➄✫➔➹❻ ➄✏➒➈➓➁➄✏➊❬❽➈➔➋➄ Ï ⑩❾➇❹❸➪➉➏➛➜❶➈➄✏➓✏❮❿➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄✏➓✏❮❿➊✝➫✏➙☞❼❾➒➈➉➋➛➜❶➈➄✏➓❱➄➃❸✩❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓✏➴❏➵✦❼❾➒➈➓❱➔➋➄✸➙☞❼❾❺➈➀➁➄❺➈❶ü➇➈➀➁⑩➎➂➭➄➃❸☞❮✡➒➈⑩❷❶➈➓❬➒➈⑩❷❶➈➓✫➓➁⑩❷➊✝➊✝➄✏➓✸➉➋➒➜❸➌➫✏➀➁➄✏➓➁➓➁➫✏➓❬➇➈➔➋❶➈➓✫➇➱❼❾➀➭❸➌➉➋➙✏❶➈➔➋➉➋➳➃➀➌➄➃➊✝➄✏➒➜❸✫➐✜❶➈➒ü➊✝⑩P❺➈❶➈➔➏➄✝⑩❷➇❹❸➌➉➋➛➜❶➈➄❥➇➱❼✖➡➀➌❼❾➔➋➔➏➳✏➔➋➄☎→✭➞♦➑ ⑩❳➄ ➴ ➢ ➄✏➓✫➊✝⑩P❺➈❶➈➔➋➄✏➓✸➇✹➄✏➀➁➊✝➄➃❸➁❸➌➄✏➒➜❸✫❶➈➒➈➄✝❸➌➀➌❼❾➒➈➓➁➊✝➉➋➓➁➓➁➉➋⑩❷➒❆❺➈➄❥➔➹❻ ➉➏➒❹➣↔⑩❷➀➁➊❥❼✖❸➌➉➏⑩❷➒è➐②➲➱❼❾❶❹❸✫❺➈➫✏❽➈➉➏❸➓➁❶➈➀✦➙✏⑩❷❶➈➀➭❸➌➄✏➓❢❺➈➉➋➓➭❸➪❼❾➒➈➙✏➄✏➓❢➄➃❸❢➓➁⑩❷➒➩❸❢❺❞❻ ❶➈➒✼➉➋➒➩❸➌➫✏➀✣✢➃❸❢➙☞❼❾➇➈➉➏❸➪❼❾➔✡➇❿⑩❾❶➈➀✦➔➋➄✏➓❢❼❾➇➈➇➈➔➋➉➋➙☞❼➎❸➌➉➋⑩❾➒➈➓❱❺➈➄✫❸Ø➯P➇✹➄☎➵✦❼➎❸➪❼❾➙✏⑩❷➊⑩❷❶ ➶ ➼ ➧➍⑩⑥⑩✫Ï ➉➋➔➋➓❱➓➁⑩❷➒➜❸♦➇➈➀➁⑩❷➊✝➉➋➓❢➐q❶➈➒✼❽❿➄✏➔✟❼✣➨❷➄✏➒➈➉➋➀❢❺➱❼❾➒➈➓❢➔➋➄❤➙☞❼❾❺➈➀➁➄☎❺➈❶✼❺➈➫➃➨❷➄✏➔➋⑩❷➇➈➇❿➄✏➊✝➄✏➒➩❸✸❺➈➄✏➓♦➀➁➫✏➓➁➄☞❼❾❶P➅❺❞❻ ❼❾➙✏➙✏➳✏➓✏➴➸ ⑩❷❶➈➓✳➀➌❼❾➇➈➇❿➄✏➔➋⑩❷➒➈➓✳❺➱❼❾➒➈➓✡➔➋➄✏➓⑤❸➪❼❾❽➈➔➋➄☞❼❾❶P➅❞✁P➴✂✁P❮✖✁P➴ ✝✢➄➃❸◆✁P➴ ✠✩➔➋➄✏➓✳❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓✡➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✏➓✡❺❞❻ ❶➈➒➈➄✭➔➋➉➬❼❾➉➏➓➁⑩❷➒➶ ➼ ➧ ➡ ÿ ➶ ➑✜➄➃➊ ✞ ✠✜➘➹➴

→✪❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓ ➶ ❼❾➔➋➄✏❶➈➀➁➓ ➠✩➒➈➉➏❸➌➫➵✦➫➃❽➈➉➏❸
D 1.244160 ± 20ppm Gb/s→✟❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✸⑩❷➇❹❸➌➉➋➛➜❶➈➄

Popt −10 · · · − 9 dBm➷⑤⑩❷➒➈➍❷❶➈➄✏❶➈➀✢❺❞❻ ⑩❷➒➈❺➈➄
λ 830 · · · 860 nm⑨✽❼❾❶P➅②❺❞❻ ➄➪➅P❸➪➉➏➒➈➙➃❸➌➉➋⑩❷➒
ξ 6 dB➶ ❼❾➀➁➉➬❼➎❸➌➉➏⑩❷➒q❺➈➄

λ 0.85 nm⑨✡➄✏➊✝➇➈➓✢❺➈➄♦➊✝⑩❷➒➩❸➌➫✏➄á➟➎❺➈➄✏➓➁➙✏➄✏➒➩❸➌➄
260 ps

RIN −117 dB/Hz
Skew 5 ns
Jitter ±50 ps✰✡✱✳✲✳☎➸✁P➴✂✁ ✝ ➸ ⑩❷➀➁➊✝➄ ➶ ➼ ➧ ➡ ÿ Ï →✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✢❺➈➄♦➔➹❻ ➫✏➊✝➄➃❸➁❸➌➄✏❶➈➀✏➴
→✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓ ➶ ❼❾➔➋➄✏❶➈➀➁➓ ➠✩➒➈➉➏❸➌➫Ö✽➉➏❽➈➀➌➄

62.5 µm➻➥❸➁❸➌➫✏➒➜❶➱❼➎❸➌➉➋⑩❷➒✎➊❥❼✖➅❹➉➋➊❥❼❾➔➏➄
3.75 dB/km➝➥❼❾➒➈❺➈➄♦➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄✸➊✝➉➋➒➈➉➏➊✝❼❾➔➏➄
400 MHz · km➝✺➉➋➔➬❼❾➒q❺➈➄♦➔➋➉➬❼❾➉➏➓➁⑩❷➒q➄✏➒②➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄
6 dB➸ ⑩❷➊❬❽➈➀➁➄❢➊❥❼✖➅❹➉➋➊❥❼❾➔❿❺➈➄♦➙✏⑩❷➒➈➒➈➄✏➙➃❸➌➄✏❶➈➀➁➓
4→✽➄✏➀➭❸➌➄♦➇➱❼❾➀➟➙✏⑩❷➒➈➒➈➄✏➙➃❸➌➄✏❶➈➀

0.5 dB→✡⑩❷➀➭❸➌➫✏➄
2 · · · 300 m✰✢✱✳✲✳☎➸✁P➴ ✝ ✝ ➸ ⑩❷➀➁➊✝➄ ➶ ➼ ➧ ➡ ÿ Ï →✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✢❺➈➄♦➔➬❼❬➔➋➉➬❼❾➉➏➓➁⑩❷➒❞➴

➁✄➇❥➒➔➊✽➉➃➊✽→ → ➆❥→❂➣✔↔✟➅➇➎✂➏❥➊✽→❂↕❸➙✟➋✟➐✙→ ➆➁➇➁✵è➔➆❥➉➇Õ➵ÑÒ➤✙➙❽➉✘➅ ➜ ➆✣➊❽➏➃➤

© Mohamed Karray, Télécom Paris - Décembre 2004
✁✚☎



➳✔ô✥➾➵õ×➥✧➧P➨✥➪➜✼❂÷➞➾➵õ✫õ✫➨➹➩❸➳✔ô➽➪✳ø➯ù➞ø×➧P➼✫û⑨➥❁❀å➲P➪❊➪➫➧ û■➼➫➧Pôå➩➯➭❷➩➯➚⑦➩❸➺✫➥❁❀å➲P➪
→✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓ ➶ ❼❾➔➋➄➃❶➈➀➌➓ ➠✢➒➈➉➏❸➌➫➵❱➫✏❽➈➉➏❸

D 1.244160 ± 20ppm Gb/s→✟❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✸⑩❷➇❹❸➌➉➋➛➜❶➈➄
Popt −16 · · · − 3 dBm➷⑤⑩❾➒➈➍❷❶➈➄✏❶➈➀✢❺❞❻ ⑩❷➒➈❺➈➄
λ 830 · · · 860 nm→✽➄➃➀➁❸➌➄✏➓

12 dB➼P➄✏➒➈➓➁➉➋❽➈➉➏➔➋➉➏❸➌➫ −13.65 dBm→✡➫✏➒➱❼❾➔➋➉➏❸➌➫✦❺➈➉➬❼❾➍❷➀➌❼❾➊✝➊☎➄✦❺➈➄♦➔➹❻ Ù♦➉➋➔
2.6 dBÖ➱➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄✸❺➈➄♦➙✏⑩❷❶➈➇➈❶➈➀➁➄
1.5 GHz

Skew 5 ns✰✢✱✳✲✳☎➸✁P➴ ✠ ✝ ➸ ⑩❷➀➁➊✝➄ ➶ ➼ ➧ ➡ ÿ Ï →✪❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓➟❺➈➄♦➀➁➫✏➙✏➄✏➇❹❸➌➉➋⑩❷➒❞➴
✎ ❘ ✩ ❘➘ø❑❘ ✎ ó✏ô é✣÷➜ìêé➩é✝å✳ä❆ù➞❏ ✏ ❃ ✏ ❱

➷⑤➄✦❽➈❶❹❸✢❺➈❶✎➇➈➀➁⑩➎➂➭➄➃❸✩➼ ➤ ➻❢➑②➻ ➸ ➄✏➓➭❸✢❺➈➄✦➣↔⑩❷❶➈➀➁➒➈➉➋➀✺➔➋➄✏➓➥➫✏➔➋➫✏➊✝➄✏➒➜❸➌➓➥❺➈➄❢❽➱❼❾➓➁➄❢➇❿⑩❷❶➈➀➥➔➬❼✫➓➁➉➋➊❤❶➈➔➬❼✖❸➌➉➏⑩❷➒✯➲➩➯➩➡❽➈➀➁➉➋❺➈➄✦❺➈➄✦➊✝⑩P❺➈❶➈➔➋➄✏➓✺➙✏⑩❷➊✝➇➈➔➋➄➆➅❹➄✏➓➥❺➱❼❾➒➈➓➥➔➋➄✦❺➈⑩❷➊❥❼❾➉➋➒➈➄✩❺➈➄✦➔➬❼✫➊✝➉➋➙✏➀➁⑩➎➡Ò⑩❷➇❹❸➌⑩➜➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➏➛➜❶➈➄❱➄➃❸➟❺❞❻ ➫➃❸➪❼❾❽➈➔➋➉➋➀✭➔➋➄✏➓➔➋⑩❷➉➋➓✭❺➈➄✦❺➈➄✏➓➁➙✏➀➁➉➋➇❹❸➌➉➋⑩❷➒✯➙✏⑩❷➊✝➇❿⑩❷➀➭❸➌➄✏➊✝➄✏➒➩❸➪❼❾➔➋➄✩❺➈➄✏➓➟❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➓➥➫✏➔➋➫✏➊✝➄✏➒➩❸➌➓➥⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓✏❮❹➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄✏➓➥➄➃❸➟⑩❷➇P➡❸➌⑩P➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄✏➓➟➙✏⑩❷➒➈➓➭❸➌➉➏❸➌❶❹❸➌➉➏➣↔➓✏❮➈❼❾➉➋➒➈➓➁➉❞➛➜❶➈➄❢➙✏➄✏➔➋➔➋➄✏➓➟❺➈➄✏➓✢➄➆❰❏➄➃❸➌➓➟❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓➟⑩❷❶✎➊✝➫✏➙☞❼❾➒➈➉➋➛➜❶➈➄✏➓➟➇❿⑩❷❶❹➨➎❼❾➒➜❸➉➋➒❇❆➱❶➈➄✏➀✦➓➁❶➈➀✦➔➋➄✏❶➈➀✩➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸☞➴❏➷⑤➄✏➓✦❺➈➫➃➨➩➄➃➔➋⑩❷➇➈➇❿➄✏➊✝➄✏➒➩❸➌➓❢➓➁➄✏➀➁⑩❷➒➩❸❢❽➱❼❾➓➁➫✏➓❢➓➁❶➈➀✦➔➋➄✫➔➬❼❾➒➈➍➩❼❾➍❷➄✸❺➈➄✏➓➁➙✏➀➁➉➋➇P➡❸➌➉➏➣✳➊❤❶➈➔➏❸➌➉➏❺➈➉➋➓➁➙✏➉➏➇➈➔➋➉➏➒➱❼❾➉➏➀➁➄ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿❮➱❺➱❼❾➒➈➓➥➔➋➄✏➛➜❶➈➄✏➔❞➓➁➄✏➀➁⑩❷➒➜❸➥❸➌➀➌❼❾➒➈➓➁➙✏➀➁➉➏❸➌➓➟❺➈➄✏➓➟➊✝⑩P❺➈➳✏➔➋➄➃➓➥➇➈➲➜➯P➓➁➉➋➛➜❶➈➄✏➓✢❺➈➄➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➓✏➴❾➷✳❼✩➨➎❼❾➔➋➉➋❺➱❼➎❸➌➉➋⑩❾➒✸❺➈➄✏➓✪➊✝⑩P❺➈➳✏➔➋➄✏➓ ❤ ➇➈➲➩➯P➓➁➉➋➛➜❶➈➄✏➓✟⑩❷❶✫➙✏⑩❷➊✝➇❿⑩❷➀➭❸➌➄✏➊✝➄✏➒➩❸➪❼❾❶P➅➔✐✳❺➈➫➃➨❷➄✏➔➋⑩❷➇➈➇✹➫✏➓✏❮❷❺➱❼❾➒➈➓➔➋➄❱➙☞❼❾❺➈➀➁➄❢❺➈❶✯➇➈➀➌⑩➎➂➭➄➃❸✢➼ ➤ ➻❢➑②➻ ➸ ❮➈➓➁➄✏➀➌❼✫➣➘❼❾➉➏❸➌➄❱➇➱❼❾➀✺➔➬❼✸➓➁➉➋➊❤❶➈➔➬❼✖❸➌➉➋⑩❾➒❥❺❞❻ ❶➈➒q➓➭➯P➓➭❸➌➳✏➊✝➄❢➊✝➉➋➙✏➀➁⑩P➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➏➛➜❶➈➄➙✏⑩❷➊✝➇➈➔➋➄➃❸✥❺➈➄✢❸Ò➯P➇❿➄✩➊✝⑩P❺➈❶➈➔➋➄➥⑩❷➇❹❸➌⑩P➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄ ❤ ➑✍➞ ➦ ➑✍➼❻✐✟⑩❷Ô✝➓➁➄✩➙ ✤ ❸➌⑩❷➉➋➄✏➒➩❸✥➔➋➄✏➓✥❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➓✥➫✏➔➋➫✏➊✝➄✏➒➩❸➌➓➙✏➉➏❸➌➫✏➓✢➇➈➀➁➫✏➙✏➫✏❺➈➄✏➊✝➊✝➄✏➒➩❸☞➴
✎ ❘ ✩ ❘➘ø❑❘ ✩ ëíì ã↔ä✜å✳äPæ✝å✡ê✄î✥÷➜ì✖ä ô é✖æ ✒ á➈ì✣é✣ä ô á➱ê↔ì✖äPæ
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Generateur
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Commande
 VCSEL


Fibre


Optique


PIN

TIA &


Post Ampli

CDR


Electronique

Analogique


Optoélectronique
 Optique

Electronique de

Signaux Mixtes


Code V,

VHDL-AMS


VHDL-AMS


Composants


Langages de

Spécifications


Domaine
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Composant


Electronique


Optique


Thermique


Mécanique


Electronique


Optique


Thermique


Mécanique


Paramètres
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intrinsèques
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✁P➴ ✄❹❮❏➀➁➄✏➇❿⑩❷➓➁➄❬➄✏➓➁➓➁➄✏➒➩❸➪➉➏➄✏➔➋➔➋➄✏➊✝➄✏➒➜❸✦➓➁❶➈➀✦➔➋➄✏➓❱❸➌➲➈➫✏⑩❷➀➁➉➋➄✏➓❱❺➈➄❤➔➬❼✝➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➉➋⑩❷➒Ð❺➈➄❬➙➪➲➱❼❾➔➋➄✏❶➈➀ ❤

Fourrier
✐✢➄➃❸❢❺➈➄➔➬❼❤➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➉➋⑩❷➒✎➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄ ❤

Ohm
✐➆➴

➢ ⑩❷➒➈❺➈❶➈➙➃❸➌➉➋⑩❷➒q❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄ ➢ ⑩❷➒➈❺➈❶➈➙➃❸➌➉➋⑩❷➒②➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄⑨✡➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄
T (K)

⑨✡➄✏➒➈➓➁➉➋⑩❷➒
V (V )➢ ⑩❷➒➈❺➈❶➈➙➃❸➌➉➏➨P➉➏❸➌➫✦❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄

λ (W/m · K)
➢ ⑩❷➒➈❺➈❶➈➙➃❸➌➉➋❽➈➉➋➔➋➉ ❸➌➫✦➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄

σ ((Ω · m)−1)ö ❶➱❼❾➒➜❸➌➉➏❸➌➫✦❺➈➄♦➙➆➲➱❼❾➔➋➄✏❶➈➀
Q

ö ❶➱❼❾➒➩❸➌➉➏❸➌➫❢❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁➉➋➙✏➉➏❸➌➫
QÖ✽➔➋❶P➅q❺➈➄♦➙➪➲➱❼❾➔➋➄✏❶➈➀

P
➢ ⑩❷❶➈➀➌❼❾➒➩❸

J➢ ❼❾➇➱❼❾➙✏➉➏❸➌➫✦❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄
CTh (J/K)

➢ ❼❾➇➱❼➎➙✏➉➏❸➌➫♦➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄
C (F )➧ ➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄❢❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄

RTh (K/W )
➧ ➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄♦➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄

R (Ω)✰✡✱✳✲✳☎➸✁P➴ ✄ ✝ ➻❱➒➱❼❾➔➋⑩❷➍❷➉➋➄❱❸➌➲➈➄✏➀➁➊✝⑩➎➡Ò➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄❾➴

✎ ❘ ✮ ❘➘ø❑❘ ✎ ❃ õ⑤å✳ëPã↔ä②é✙✕✳ä➜ì➎çüê✘✗❞î✳ä②ä ô
π
å✡î ✒ ì✖äPçüê↔ä➜ì✝õ✹ì➎å✳ì✖ä

➷✳❼➟➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒♦❺➈➄✭➔➬❼➟❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄✭❺❞❻ ❶➈➒❬➙✏⑩❷➊☎➇❿⑩❷➓➌❼❾➒➩❸✽➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄❾❮✖❺➈❶➈➄➥➐✩➔➹❻ ❼❾❶❹❸➌⑩➎➡Ò➫✏➙➪➲➱❼❾❶❹❰❏➄✏➊✝➄✏➒➩❸⑩❷❶♥➐ü➔➬❼✼➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒✇❺➈➄✜❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄✍❺➈➄✏➓q➙✏⑩❾➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➓❥➨➩⑩❷➉➋➓➁➉➋➒➈➓✏❮✭➓➁➄Ð➙☞❼❾➔➋➙✏❶➈➔➋➄✜➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➩❸✯➇➱❼❾➀➔➹❻ ➉➋➒➜❸➌➄✏➀➁➊✝➫✏❺➈➉➋❼❾➉➏➀➁➄☎❺❞❻ ❶➈➒ü➙✏➉➋➀➁➙✏❶➈➉➏❸♦❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❥➓➁❶➈➇➈➇➈➔➋➫✏➊✝➄✏➒➩❸➪❼❾➉➋➀➁➄❥❼☞➨❷➄✏➙✯➔➋➄✝➙✏➉➏➀➌➙➃❶➈➉➏❸✫➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄✝❺➈➄❥❽➱❼❾➓➁➄❾➴➢ ➄✍➙✏➉➋➀➁➙✏❶➈➉➏❸✝❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄②➄✏➓➭❸✯➙✏⑩❷➒➈➓➭❸➌➉➏❸➌❶➈➫✜❺❞❻ ❶➈➒➈➄✍➓➁⑩❷❶➈➀➁➙✏➄✍❺➈➄✜➙➪➲➱❼❾➔➋➄✏❶➈➀❥➙✏⑩❷➒➈➒➈➄✏➙➃❸➌➫✏➄Ð➐è❶➈➒➈➄✜➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✎➊✝➉➋➓➁➄q➄✏➒Ñ➇➱❼❾➀➌❼❾➔➋➔➋➳✏➔➋➄q❼☞➨❷➄✏➙②❶➈➒➈➄②➙☞❼❾➇➱❼❾➙✏➉ ❸➪➫✯❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✎➙✏⑩❷➊✝➊✝➄q➔➹❻ ➉➋➔➏➔➏❶➈➓➭❸➌➀➁➄q➔➬❼✜❒➱➍❷❶➈➀➁➄ü✁P➴ ☛
➶ ➑②➒➈➉ ✞ ✠✜➘✫➶ ➧ ➉➋➒ ✞❹ÿ ➘➹➴➢ ➄✥➙✏➉➋➀➁➙✏❶➈➉➏❸⑤➄✏➓➭❸✡➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➁➫✟❺➈⑩❷➒➈➙✥➇➱❼❾➀❞➓➌⑩❾➒✸➉➋➊✝➇❿➫✏❺➱❼❾➒➈➙➃➄✪❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✟➄✏➒✸❺➈⑩❷➊❥❼❾➉➋➒➈➄✡➣↔➀➁➫✏➛➜❶➈➄✏➒➜❸➌➉➋➄✏➔❷❺➈⑩❷➒➈➒➈➫✏➄➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒■✁P➴ ÿ ➄➃❸✩➇➱❼❾➀✢➓➌❼❤➀➁➫✏➇❿⑩❷➒➈➓➁➄✸➄✏➒②❺➈⑩❷➊❥❼❾➉➋➒➈➄❱❸➌➄✏➊✝➇❿⑩❾➀➌➄➃➔⑤❺➈⑩❷➒➈➒➈➫✏➄♦➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒■✁P➴✂✁P➴

ZTh =
RTh

1 + pRThCTh

❤ ✁P➴ ÿ ✐

T (t) = ∆T (1 − exp(− t

τ
))

❤ ✁P➴✂✁✚✐
⑩❷Ô

∆T = PdissRTh
➄✏➓➭❸✩➔➹❻ ❼❾➊✝➇➈➔➋➉ ❸➌❶➈❺➈➄❢❺➈➄♦➔➬❼❬❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄♦➄✏➒②➀➁➫✏➍❷➉➋➊✝➄❢➫➃❸➪❼❾❽➈➔➋➉⑤➄➆❸

τ = RThCTh
➄➃➓➁❸➔➬❼❤➙✏⑩❷➒➈➓➭❸➪❼❾➒➩❸➌➄✸❺➈➄❢❸➌➄✏➊✝➇➈➓➟❺➈➄♦➀➁➫✏➇❿⑩❷➒➈➓➁➄❾➴➢ ➄➃❸➁❸➌➄❱➇➈➀➁➄✏➊✝➉➋➳✏➀➁➄✢❼❾➇➈➇➈➀➁⑩P➙➪➲➈➄✩❺➈➄✩➊✝⑩P❺➈➫✏➔➏➉➋➓➌❼➎❸➌➉➏⑩❷➒❤❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✢➒❞❻ ➄✏➓➭❸✺➛➜❶❞❻ ❶➈➒❥➙☞❼❾➓✭➇➱❼❾➀➭❸➌➉➋➙✏❶➈➔➋➉➏➄✏➀✟❺➈❶❥➊✝⑩➜❺➈➳✏➔➋➄➄✏➒

π
➍❷➫✏➒➈➫✏➀➌❼❾➔➋➉➋➓➁➫❾➴

✎ ❘ ✮ ❘➘ø❑❘ ✩ ❃ õ⑤å✳ëPã↔ä②é✙✕✳ä➜ì➎çüê✘✗❞î✳ä②ä ô
π
ò✹÷ ô ÷➜ì✖á➱ã➘ê➘æ☞÷

➷✳❼ü❺➈➉➏❰❏❶➈➓➁➉➋⑩❷➒✉❺➈➄✍➔➬❼ü➙➪➲➱❼❾➔➋➄✏❶➈➀✯❺➱❼❾➒➈➓q❶➈➒❍➊✝➉➋➔➋➉➏➄✏❶✉➇✹➄✏❶❹❸⑨✢➃❸➌➀➁➄Ð➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄✍➇➱❼❾➀✯➔➬❼è➓➁❶➈➇❿➄✏➀➁➇❿⑩❷➓➁➉➏❸➌➉➋⑩❷➒❺❞❻ ❶➈➒Ð➒➈⑩❷➊❬❽➈➀➁➄✫➉➋➒❹❒➱➒➈➉✡❺➈➄❬➊✝⑩➜❺➈➄✏➓✦❺➈⑩❾➒➜❸✦➙➪➲➱❼❾➙✏❶➈➒Ð➇❿⑩❷➓➁➓➁➳✏❺➈➄❤➓➁➄✏➓✦➇➈➀➁⑩❷➇➈➀➁➄✏➓✦➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✏➓✦➙✏⑩❷➊✝➊✝➄✸➔➋➄
© Mohamed Karray, Télécom Paris - Décembre 2004

✝✚✄



✼❂÷ ➌❀÷➞õ✫➨✥➼✫➚➞➥✹û⑨➥✹➦✥➾➽➥✹➨✥➪➯øõô❫➚✿✾ ➼➫➧➽➲P➭➍➪

R

th


C

th
P
diss


Ref Th


ÿ✁�✄✂✆☎❀✁P➴ ☛⑤✝ ➑②⑩➜❺➈➳✏➔➋➄❢❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❢➄✏➒
π
❺➈❶②➇➈➀➁➄✏➊✝➉➋➄➃➀➟⑩❷➀➁❺➈➀➁➄❾➴

➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄❤➔➬❼❤❒➱➍❷❶➈➀➁➄➷✁P➴ ÿ✟✞ ➴ ➢ ➄❬➛➜❶➈➉✽➒➈⑩❷❶➈➓❱➀➪❼➎➊✝➳✏➒➈➄❬➐❥➫✏➙✏➀➁➉➋➀➁➄✫➔➬❼☎➨➎❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒②❺➈➄❬➔➬❼☎❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄✫➄➃❸✦❺➈➄➔➹❻ ➉➋➊☎➇❿➫✏❺➱❼❾➒➈➙✏➄✦❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❢➫✏➛➜❶➈➉➏➨❾❼❾➔➋➄✏➒➩❸➌➄♦➀➁➄✏➓➁➇✹➄✏➙➃❸➌➉➏➨➩➄✏➊✝➄➃➒➜❸✦❼❾❶✎➊✝⑩✣➯➩➄✏➒✎❺➈➄✏➓✩➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓➽✁P➴ ✝☎➄➃❸➵✁P➴ ✠➈➴
T (t) =

n∑

i=1

∆Ti(1 − exp(− t

τi

))
❤ ✁P➴ ✝✧✐

ZTh =
n∑

i=1

RThi

1 + pRThi
CThi

❤ ✁P➴ ✠✯✐
⑧ ➙✏➄✸➓➭❸➪❼❾❺➈➄✸➒➈⑩❷❶➈➓✩❺➈➄➃➨❷⑩❷➒➈➓❱➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✏➀❱➔➬❼❤➊✝➫➃❸➌➲➈⑩P❺➈➄♦➛➜❶➈➉✳➇❿➄✏➀➁➊✝➄➃❸✩❺➈➄✸➙☞❼❾➔➋➙✏❶➈➔➋➄✏➀➟➔➋➄✏➓✢➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✏➓

R

th
n


C
thn
P
diss


Référence


thermique


R

th2


C
th2


R

th1


C
th1


ÿ✁�✄✂✆☎❀✁P➴ ÿ✟✞⑤✝ ➑②⑩P❺➈➳✏➔➋➄❢❸➌➲➈➄✏➀➁➊✝➉➏➛➜❶➈➄♦➄✏➒
π
➍❷➫✏➒➈➫✏➀➌❼❾➔➋➉➋➓➁➫❾➴

❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓ ❤
RTh

➄➃❸
CTh

✐✥❺❞❻ ❶➈➒q➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶❞➴ ➢ ➄✦➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶❥➄✏➓➭❸➟➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➁➫❾❮P➙✏⑩❷➊✝➊✝➄✩➔➋➄❱➊✝⑩❷➒➩❸➌➀➁➄❱➔➬❼❒➱➍❷❶➈➀➁➄➹✁P➴ ÿ❷ÿ ❮P➇➱❼❾➀✺➓➌❼❬➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➉➏➨P➉➏❸➌➫✩❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄
K
➄➆➅❹➇➈➀➁➉➋➊✝➫❱➄✏➒

W ·m−1 ·K−1
➄➃❸➟➓➁➄✏➓➟➇➱❼❾➀➌❼❾➊✝➳➆❸➪➀➁➄✏➓➍❷➫✏⑩❷➊✝➫➃❸➌➀➁➉➋➛➜❶➈➄✏➓

S
➄➃❸

d
➛➜❶➈➉❢❺➈➫✏➓➁➉➋➍❷➒➈➄✏➒➩❸②➀➁➄✏➓➁➇❿➄✏➙➃❸➌➉➏➨❷➄✏➊✝➄✏➒➩❸✜➔➬❼ü➓➁❶➈➀➭➣➘❼❾➙✏➄✼❺➈➄✼➙✏⑩❷➒➩❸➪❼❾➙➃❸②⑩❷❶♥❺❞❻ ➫✏➙➪➲➱❼❾➒➈➍❷➄❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❢➄➃❸✩➔➹❻ ➫✏➇➱❼❾➉➋➓➁➓➁➄✏❶➈➀➟❺➱❼❾➒➈➓✢➔➬❼❾➛➜❶➈➄✏➔➋➔➋➄✦➓✏❻ ➄➃❰❏➄✏➙➃❸➌❶➈➄✫➔➋➄✦❸➌➀➌❼❾➒➈➓➭➣↔➄✏➀➭❸✢❺➈➄♦➔➬❼❤➙➪➲➱❼❾➔➋➄✏❶➈➀✏➴➷✳❼❥➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫✸❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✫➓➁➄❬➙☞❼❾➔➋➙✏❶➈➔➋➄✫❺➈➉➋➀➁➄✏➙➃❸➌➄✏➊✝➄✏➒➩❸♦➐❥➇➱❼❾➀➭❸➌➉➋➀✩❺➈➄✏➓✦➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✦❺➈❶Ð➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶②➄➃❸❢❺➈➄➓➌❼❤➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄♦❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❢➙✏⑩❷➊✝➊✝➄❢❺➈⑩❾➒➈➒➈➫✏➄✸➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒▲✁P➴✂�P➴

CTh = c · ρ · d · S =
K

a
d · S ❤ ✁P➴✂�✚✐

⑩❷Ô
a
❺➈➫✏➓➁➉➋➍❷➒➈➄♦➔➋➄✦➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸✩❺➈➄♦❺➈➉➏❰❏❶➈➓➁➉➋⑩❷➒q⑩❷❶✎❺➈➄♦❺➈➉➏❰❏❶➈➓➁➉➏➨P➉➏❸➌➫❱❺➈❶②➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶✯➄➆➅❹➇➈➀➁➉➋➊✝➫❢➄✏➒

cm2 · s−1➄➃❸✢➛➜❶➈➉✳➇✹➄✏❶❹❸➵✢➆❸➪➀➁➄♦➄➆➅❹➇➈➀➁➉➋➊✝➫❢➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒▲✁P➴ ✄❹➴
a =

K

ρ · c
❤ ✁P➴ ✄✧✐
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S


d


K


ÿ✁�✄✂✆☎➸✁P➴ ÿ❷ÿ✞✝ ➑✜❼➎❸➌➫✏➀➁➉➬❼❾❶q❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❾➴
⑩❷Ô

ρ
➄✏➓➭❸☎➔➬❼②➊❥❼❾➓➁➓➁➄❥➨❷⑩❷➔➋❶➈➊✝➉➋➛➜❶➈➄❥❼❾➇➈➇➱❼❾➀➁➄✏➒➜❸➌➄✯➄➆➅❹➇➈➀➁➉➋➊☎➫✏➄✯➄✏➒

kg · m−3
➄➃❸

c
➔➬❼②➙➆➲➱❼❾➔➋➄✏❶➈➀✫➓➁➇❿➫✏➙✏➉➏❒➱➛➜❶➈➄➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄♦➄✏➒

W · h · kg−1 · K−1
➴

ö ❶➱❼❾➒➜❸✫➐✎➔➬❼✎➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄☎❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❾❮⑤➄✏➔➋➔➋➄❤➄✏➓➭❸❬➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄➃➒➜❸✸➙☞❼❾➔➋➙✏❶➈➔➋➫✏➄☎➇➱❼❾➀♦➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ✁P➴✂☎P❮✳➊❥❼❾➉➋➓❺❞❻ ❼❾❶❹❸➌➀➁➄✏➓✩➊✝➫➃❸➌➲➈⑩➜❺➈➄✏➓✩➄➆➅❹➉➏➓➁❸➌➄✏➒➩❸✩➇❿⑩❷❶➈➀➟❶➈➒②➙☞❼❾➔➋➙✏❶➈➔⑤➇➈➔➋❶➈➓➟➄➆➅➈❼❾➙➃❸☞➴
RTh =

d

K · S
❤ ✁P➴✂☎✚✐
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➵❱➉➏❰❏➫✏➀➁➄✏➒➩❸➌➓➟❸Ø➯P➇✹➄✏➓✩❺➈➄♦❽➈➀➁❶➈➉➏❸✢➄➆➅❹➉➋➓➭❸➌➄✏➒➩❸☞❮✹➒➈⑩❷❶➈➓✢➇✹⑩❷❶❹➨➩⑩❷➒➈➓✢➙✏➉➏❸➌➄✏➀➟➔➋➄❢❽➈➀➁❶➈➉➏❸✢❽➈➔➬❼❾➒➈➙❾❮➈➀➁⑩❷➓➁➄❾❮➱➍➩❼❾❶➈➓➁➓➁➉➋➄✏➒❞➴➏➴➏➴
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➸ ⑩❷❶➈➓✯➒➈⑩❷❶➈➓✯➉➋➒➩❸➌➫✏➀➁➄✏➓➁➓➁⑩❷➒➈➓✯❺➱❼❾➒➈➓✯➙✏➄Ð➇➱❼❾➀➌❼❾➍❾➀➪❼➎➇➈➲➈➄Ð❼❾❶P➅✉➊✝➫➃❸➌➲➈⑩➜❺➈➄✏➓✯❶❹❸➌➉➋➔➋➉➏➓➁➫✏➄✏➓✯➇✹⑩❷❶➈➀✯➍❷➫✏➒➈➫✏➀➁➄✏➀✯❶➈➒❽➈➀➁❶➈➉➏❸➥➍➩❼➎❶➈➓➌➓➁➉➋➄➃➒q❺➈➄❱➊✝⑩✣➯❷➄✏➒➈➒➈➄
m
➄➃❸➥❺❞❻ ➫✏➙☞❼❾➀➭❸✺❸Ø➯P➇✹➄

σ
➴❹➷✟❻ ❶❹❸➌➉➋➔➋➉➏➓➌❼➎❸➌➉➏⑩❷➒✝❺➈➄

Matlab ÿ ➙✏⑩❷➊✝➊✝➄✩⑩❷❶❹❸➌➉➋➔✹❺➈➄➓➁➉➋➊❤❶➈➔➬❼➎❸➁➉➋⑩❾➒Ð➇✹➄✏➀➁➊✝➄➃❸✸❺❞❻ ❼☞➨❷⑩❷➉➋➀❢❶➈➒❆❼❾➙✏➙✏➳✏➓✸❺➈➉➏➀➌➄➃➙➃❸✫➐✯❶➈➒❆➍❷➫✏➒➈➫✏➀➌❼➎❸➌➄✏❶➈➀♦❺➈➄☎❽➈➀➁❶➈➉➏❸❢➍➩❼❾❶➈➓➁➓➁➉➋➄✏➒❞❮❞➇➱❼❾➀❢➙✏⑩❷➒➜❸➌➀➁➄❺❞❻ ❼❾❶❹❸➌➀➁➄✏➓✩⑩❷❶❹❸➌➉➋➔➋➓➟➒➈➄✸❺➈➉➋➓➁➇✹⑩❷➓➁➄✏➒➜❸✩➇➱❼❾➓✩❺❞❻ ❶➈➒②❸➌➄✏➔⑤➍❷➫✏➒➈➫✏➀➌❼➎❸➌➄✏❶➈➀✏❮✹➙✏⑩❷➊✝➊✝➄❢➔➋➄❢➙☞❼❾➓✩❺➈➄ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿➴ ➸ ⑩❷❶➈➓➇➈➀➁⑩❷➇❿⑩❷➓➁⑩❷➒➈➓✝❼❾➔➋⑩❷➀➁➓✫❶➈➒➈➄✎➊✝➫➃❸➌➲➈⑩P❺➈➄✯❶❹❸➌➉➋➔➋➉➋➓➁➫✏➄✯➄✏➒④➓➁➉➋➊❬❶➈➔➬❼➎❸➌➉➏⑩❷➒ü➔➋⑩❷➍❷➉➋➙✏➉➏➄✏➔➋➔➏➄❥➄➃❸✝❼❾➇➈➇❿➄➃➔➋➫✏➄✎➔➬❼✜➊✝➫➃❸➌➲➈⑩P❺➈➄q❺➈➄➝✺⑩✣➅➜➡➭➑②❶➈➔➋➔➋➄✏➀å➶ ➝✺⑩✣➅➔�✜✆✖➘➹➴ ➢ ➄➃❸➁❸➌➄✝❺➈➄✏➀➁➒➈➉➋➳✏➀➁➄☎➄✏➓➭❸✫❺➈➫✏➙✏➀➁➉➏❸➌➄☎➇➱❼❾➀♦➔➬❼✯❒➱➍❷❶➈➀➁➄✇✁P➴ ÿ ✁✈þ⑤➄✏➔➋➔➋➄❤➙✏⑩❷➒➈➓➁➉➋➓➭❸➌➄✝➐✎❶❹❸➌➉➋➔➋➉➏➓➁➄✏➀❺➈➄✏❶P➅✎➓➁⑩❷❶➈➀➁➙✏➄✏➓✩❺➈➄❢➀➁➫✏➄✏➔➋➓✢❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄➃➓☞❮
x1

➄➃❸
x2

❮➈➇✹⑩❷❶➈➀➟➍❷➫✏➒➈➫✏➀➁➄✏➀✢❶➈➒➈➄✦➨❾❼❾➀➁➉➬❼❾❽➈➔➋➄❱➍➩❼❾❶➈➓➁➓➁➉➋➄✏➒➈➒➈➄
N
❺➈➫✏➙✏➀➁➉➏❸➌➄➇➱❼❾➀✭➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✇✁P➴ ✆❹➴ ➸ ⑩❾❸➌⑩❷➒➈➓✭➛➜❶➈➄

x1

➄➃❸
x2

➓➁⑩❷➒➩❸✺❺➈➄✏❶P➅☎➨❾❼❾➀➁➉➬❼❾❽➈➔➋➄✏➓✭❼❾➔➏➫☞❼➎❸➌⑩❷➉➋➀➁➄➟➀➁➫✏➄✏➔➋➔➋➄✏➓✥➉➋➒➈❺➈➫✏➇❿➄➃➒➈❺➱❼❾➒➜❸➌➄✏➓❶➈➒➈➉➏➣↔⑩❷➀➁➊✝➫✏➊✝➄✏➒➜❸➟❺➈➉➏➓➁❸➌➀➁➉➋❽➈❶➈➫✏➄➃➓✢➓➁❶➈➀✢➔➹❻ ➉➋➒➜❸➌➄✏➀➭➨➎❼❾➔➋➔➏➄
[0, 1]

➴
N =

√

−2Ln(x1) · cos(2πx2)
❤ ✁P➴ ✆✧✐

✎ ❘ ✮ ❘ ✎ ❘ ✩ ❉ ê↔ò❿î✳ä
➵✦❼❾➒➈➓✭➔➋➄✢❺➈⑩❷➊❥❼❾➉➋➒➈➄➥❸➪➄➃➊✝➇❿⑩❷➀➁➄✏➔➹❮➩➔➋➄✢❽➈➀➁❶➈➉➏❸✭➓➁➄✢❸➌➀➌❼❾❺➈❶➈➉➏❸✭➇➱❼❾➀✥❶➈➒➈➄❱➍❷➉➏➍❷❶➈➄ ⑩ ❼☞➴ ➢ ➄❱❺➈➄✏➀➁➒➈➉➋➄➃➀✭➄✏➓➭❸➥❶➈➒☎❸➌➄✏➀➁➊✝➄➍❷➫✏➒➈➫✏➀➌❼❾➔➹❮❹➀➁➄✏➍❷➀➁⑩❷❶➈➇➱❼❾➒➜❸➟➇➈➔➋❶➈➓➁➉➋➄✏❶➈➀➁➓✺❸Ø➯P➇❿➄➃➓✢❺➈➄❢➇❿➄✏➀➭❸➌❶➈➀➁❽➱❼➎❸➌➉➋⑩❷➒➈➓➥➇❿⑩❷❶❹➨❾❼❾➒➩❸✢➇❿➫✏➒➱❼❾➔➋➉➏➓➌➄➃➀➥❶➈➒➈➄❢❸➌➀➌❼❾➒➈➓➁➊✝➉➋➓➁➓➁➉➋⑩❷➒❞❮➄➃❸✺❼✣➯➩❼❾➒➩❸✭❺➈⑩❷➒➈➙✢❺➈➄✏➓✭➙✏⑩❷➒➈➓➁➫✏➛➜❶➈➄✏➒➈➙☞➄✏➓✺➓➁❶➈➀✭➔➋➄✢➝ ➦✥➧ ⑩ ❾✭❒➱➒➱❼❾➔➹➴➩➵❢❼➎➒➈➓✭❶➈➒➈➄✩➇➈➀➁➄✏➊✝➉➋➳➃➀➌➄✢❼❾➇➈➇➈➀➁⑩➜➙➆➲➈➄❾❮➩⑩❷➒✝➙✏⑩❷➒➈➓➁➉ ➡❺➈➫✏➀➁➄✏➀➌❼✍➛➜❶➈➄✯➔➋➄✝➀ ✤ ➔➋➄✝❺➈➄✯➔➬❼②➍❷➉➋➍❷❶➈➄✝➒➈➄✯➙✏⑩❷➊☎➊✝➄✏➒➈➙✏➄✯➐✜❺➈➄➃➨➩➄➃➒➈➉➋➀❬➓➁➉➋➍❷➒➈➉➏❒➱➙☞❼➎❸➌➉➏➣➥➛➜❶➈➄✯➇✹⑩❷❶➈➀❬➔➏➄✏➓✫➀➌❼❾➇➈➇❿⑩❷➀➭❸➌➓
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❉ ê↔ò❿î✳ä✜á➱ã↔÷➜á❹é✣õ❿ê↔ì✖ä ➧ ↕ ⑩✘Ï❬Ï ➉➋➔⑤➄✏➓➭❸✦❺➈×✍❼❾❶✜❽➈➀➁❶➈➉➏❸❱❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➭➄♦➇➈➀➁➫✏➓➁➄✏➒➩❸✦➇❿➄✏➒➈❺➱❼❾➒➩❸✦➔➋➄✏➓➟❸➌➀➌❼❾➒➈➓➁➉➏❸➌➉➋⑩❷➒➈➓✢❺❞❻ ❶➈➒➒➈➉➏➨➩➄☞❼❾❶✎➨❷➄✏➀➁➓✩➔➹❻ ❼❾❶❹❸➌➀➁➄❾➴ ➢ ➄✸❽➈➀➁❶➈➉➏❸✩❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄✦➓➁➄❢❸➌➀➌❼❾❺➈❶➈➉➏❸✢➇➱❼❾➀✢❶➈➒➈➄♦➉➋➒➈➙✏➄✏➀➭❸➌➉➏❸➌❶➈❺➈➄♦➓➁❶➈➀✢➔➋➄❢➊✝⑩❷➊✝➄✏➒➜❸⑩❷Ôè➔➹❻ ⑩❷➒❆➨➎❼②➙✏⑩❷❶➈➇❿➄✏➀✫➔➬❼✎➔➋➉➋➍❷➒➈➄❤➊✝➫✏❺➈➉➬❼❾➒➈➄❾➴✡➷⑤❼②➍❷➉➋➍❷❶➈➄✝❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄❤❺➈➉➋➊✝➉➋➒➜❶➈➄✏➀➌❼✎➛➜❶➱❼❾➒➈❺ü➔➋❼q➨P➉➏❸➌➄✏➓➁➓➁➄❺➈➄✏➓✢❸➌➀➌❼❾➒➈➓➁➉➏❸➌➉➋⑩❷➒➈➓➟❼❾❶➈➍❷➊✝➄✏➒➜❸➌➄✏➀➌❼❹➴ ➸ ⑩❷❶➈➓✢➇✹⑩❷❶❹➨➩⑩❷➒➈➓✢➔➹❻ ❼❾➇➈➇➈➀➁⑩P➙➪➲➈➄✏➀✢➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒■✁P➴ ☛ ➴

RJRMS =
RMSnoise

SlewRate

❤ ✁P➴ ☛ ✐
❉ ê↔ò❿î✳ä✍å✳÷➩é✣ä➜ì➎çüê ô ê↔æ➃é✣ä ➵❢↕ ⑩ ❴ Ï ➙✏⑩❷➊✝➊✝➄✦➓➌⑩❾➒②➒➈⑩❷➊ ➔➹❻ ➉➋➒➈❺➈➉➋➛➜❶➈➄❾❮❹➔➬❼❬➍❷➉➋➍❷❶➈➄✦❺➈➫➃❸➌➄✏➀➁➊✝➉➋➒➈➉➋➓➭❸➌➄✦➄✏➓➭❸✩➇➈➀➁➫✏❺➈➉➋➙➆➡❸➪➉➏❽➈➔➋➄❾➴ ➦ ➔➋➔➋➄✫➄✏➓➭❸♦❺➈❶➈➄☎❼❾❶P➅✍➉➋➊✝➇❿➄✏➀➭➣↔➄✏➙➆❸➪➉➏⑩❷➒➈➓❱❺➈➄✏➓❢❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➓✦➙✏➉➋➀➁➙✏❶➈➉➏❸➌➓❱❺➈➄❬❸➌➀➌❼❾➉➏❸➌➄✏➊✝➄✏➒➩❸✦❺➈❶Ð➓➁➉➋➍❷➒➱❼❾➔❼❾➉➋➒➈➓➁➉➱➛➜❶❞❻ ❼❾❶P➅☎➉➋➒➜❸➌➫✏➀➌❼❾➙➃❸➌➉➋⑩❷➒➈➓✪➄✏➒➜❸➌➀➁➄✢➔➋➄✏➓✟❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➓✥➙✏⑩❷➊✝➇✹⑩❷➓➌❼❾➒➜❸➌➓✟❺➈❶✝➓➭➯P➓➭❸➌➳✏➊✝➄❾➴P➷✳❼♦➍❷➉➋➍❾❶➈➄➟❺➈➫➃❸➌➄✏➀Ø➡➊✝➉➋➒➈➉➋➓➭❸➌➄✸➇✹➄✏❶❹❸❢➄✏➔➋➔➋➄➆➡Ò➊➷✢✏➊✝➄♦➓➁➄❬❺➈➉➏➨P➉➋➓➁➄✏➀✩➄✏➒✍➛➜❶➱❼➎❸➌➀➁➄❬➙☞❼➎❸➌➫✏➍❷⑩❷➀➁➉➋➄✏➓✩➛➜❶➈➉✽➓➁⑩❷➒➩❸❢➵ ➢ ➵ ⑩ ❵❢⑩❷❶Ð→ ý ➵ ⑩❳❢ ❮➵❢➵❢↕ ⑩ ➃❱⑩❷❶✎➽➭➼P➽➪❮❿➼➈↕ ❹ ➄ ➄➃❸❱➠❱➝➟↕ ❹ ⑩ ➴
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➄✏➓➭❸✩➔➬❼❬➓➁⑩❷➊✝➊✝➄❢➛➜❶➱❼❾❺➈➀➌❼➎❸➌➉➋➛➜❶➈➄♦❺➈➄✏➓✢❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➓✢❽➈➀➁❶➈➉➏❸➌➓✢❼❾❶✎➒➈➉➏➨➩➄☞❼➎❶②❺➈❶②➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀✏➴
ç➷ã✷➑ ♦q♣❞r⑨➮✈③❲⑧⑨í➞❰❽♣❞r
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❤✇ã❲â ä rås➞➬➱♣❷①⑨⑧⑨➮➯s❣❰❽♣❞r
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+
✆ ☛ ➘➹➴P➷⑤➄✏➓ ➶❱➢ ➼ ➦ ➷⑤➓➥⑩❷➒➩❸➥❺➈➄✩➇❿➄➃❸➌➉➏❸➌➄✏➓❺➈➉➋➊✝➄✏➒➈➓➁➉➋⑩❷➒➈➓➟➄➃❸✩➓➁⑩❷➒➩❸✩➇➈➔➋❶➈➓➟➄➃Õ✝➙☞❼❾➙✏➄✏➓❱➛➜❶➈➄♦➔➋➄✏➓✢➔➬❼❾➓➁➄✏➀➁➓➟➙✏➔➬❼❾➓➁➓➁➉➋➛➜❶➈➄✏➓✏➴

❲❦✠☞☛✆✠✌✟ ❫✁★◗❧❈✤✓✘➠★✪✤✭❧❈✔
➷✳❼✦➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✢❺❞❻ ❶➈➒ ➶❱➢ ➼ ➦ ➷✜➇❿➄✏❶❹❸✫✢➃❸➌➀➁➄➟❺➈➉➏➨P➉➋➓➁➫✏➄➟➄✏➒☎❺➈➄✏❶P➅☎➇➱❼➎➀➁❸➌➉➋➄➃➓ Ï ➔➋➄➃➓✟❺➈➄✏❶P➅☎➊✝➉➋➀➁⑩❷➉➏➀➁➓✽➓➁❶➈➇❿➫✏➀➁➉➋➄✏❶➈➀➄➃❸✸➉➋➒❹➣↔➫✏➀➁➉➋➄✏❶➈➀✦➄➃❸♦❶➈➒➈➄☎➇➱❼❾➀➭❸➌➉➋➄❬➙✏➄✏➒➜❸➌➀➌❼❾➔➋➄❤⑩❷❶ ❂ ⑩❷➒➈➄✝❼❾➙➃❸➌➉➏➨❷➄◆þ❞➔➹❻ ➄✏➒➈➓➁➄✏➊❤❽➈➔➋➄❬➄✏➓➭❸✸❺➈➫✏➇❿⑩❷➓➁➫☎➓➁❶➈➀♦❶➈➒✼➓➁❶➈❽➈➓➭❸➪➀➌❼➎❸➙✏⑩❷➊✝➊✝➄❢➔➹❻ ➉➋➔➏➔➏❶➈➓➭❸➌➀➁➄❢➔➬❼✫❒➱➍❷❶➈➀➁➄➫✝❹➴ ÿ ➴

ÿ✁�✄✂✆☎❨✝❹➴ ÿ✞✝ ➼➜❸➌➀➌❶➈➙➆❸➪❶➈➀➁➄♦❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴
ù⑤î✳â✽æ✏é✣ì✖á❹é Ï ➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶Ð➓➁❶➈➀♦➔➋➄✏➛➜❶➈➄✏➔✟➔➋➄✏➓❢➙✏⑩❷❶➈➙➪➲➈➄✏➓✸➙✏➀➁➉➋➓➭❸➪❼❾➔➋➔➋➉➏➒➈➄✏➓✦➓➁⑩❷➒➜❸✸❺➈➫➃➇❿⑩❷➓➁➫✏➄✏➓✏➴✡➽Ò➔✟➓✏❻ ❼❾➍❾➉➏❸♦➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄➆➡➊✝➄✏➒➜❸✢❺➈➄♦➔➹❻ ➻❱➓➪✃♦❼❆❴✢❺➈⑩❷➇✹➫

n+
➇❿⑩❷❶➈➀✢❶➈➒➈➄♦➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒q➇➈➀➁⑩P➙➪➲➈➄♦❺➈➄♦➔➹❻ ➉➋➒❹➣↔➀➌❼❾➀➁⑩❷❶➈➍❷➄❾➴

❃ ê↔ì✖õ❿ê↔ì➎æ Ï ➊✝➉➋➀➁⑩❷➉➏➀➁➓✳❺➈➄➟➝✺➀➌❼❾➍❷➍❱➀➁➫☞❼❾➔➋➉➋➓➁➫✏➓✽➐❱➇➱❼❾➀➭❸➌➉➋➀✡❺➈➄✏➓✪➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶P➅♦➫✏➇➈➉➏❸➪❼✖➅❹➉➋➫✏➓✽➄➃❸✪➒➈⑩❷➒❬➇➱❼❾➓✪❺➈➄✏➓✪➊✝➉➋➀➁⑩❷➉➏➀➁➓➊✝➫➃❸➪❼❾➔➋➔➋➉➏➛➜❶➈➄✏➓✥➇➈❶➈➉➋➓➁➛➜❶❞❻ ⑩❷➒❥➒➈➄✢❸➌➀➁⑩❷❶❹➨➩➄✩➇➱❼❾➓✭❺➈➄✩➊✝➫➃❸➪❼❾❶P➅✝❼✣➨❷➄✏➙❱❺➈➄✩❽✹⑩❷➒➈➒➈➄✏➓✺➇➈➀➁⑩❷➇➈➀➁➉➋➫➃❸➌➫✏➓✭❺❞❻ ➫✏➇➈➉➏❸➪❼✖➅❹➉➋➄➄➃❸➥❼❾❶➈➓➁➓➁➉❿➐♦➙☞❼❾❶➈➓➁➄❱❺➈➄✩➔➹❻ ❼❾❽➈➓➁⑩❷➀➁➇❹❸➌➉➋⑩❷➒❤❺➱❼❾➒➈➓✭➔➹❻ ➉➋➒❹➣↔➀➌❼❾➀➁⑩❷❶➈➍❷➄➟❺➈➄➃➓✺➊✝➫➃❸➪❼❾❶P➅☎➛➜❶➈➉❿❼❾❶➈➍❷➊✝➄✏➒➩❸➌➄✩➓➁➄✏➒➈➓➁➉➋❽➈➔➋➄➆➡➊✝➄✏➒➜❸✢➔➋➄❢➙✏⑩❷❶➈➀➌❼❾➒➩❸✩❺➈➄♦➓➁➄✏❶➈➉➋➔×➶ ➧⑤➶ ☛ ✆✙➘➹➴
Ð✌✸✔➎ ➟ ➅➇➉➇➎ Ö✙➐✟➅➇➆✣➋✞❙➸➉➃➊✽➈❽➈ ➜ ➆✚✙✖➆✣➏⑥➅➇➙❽➉❛❥Ø❣➉ ➟✘➝ ➄✙➎ ➐✙➉➇➆×➋✟➆✜✛◆➊✽→ → ➎ ➐✙Ó
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①✯÷✽✼❂÷✞➸➱➳➱ø❻➪✫➚
✢ õ ô ä✍á➱ö❾é✖êýð❿ä Ï ❼❾➇➈➀➁➳✏➓✜❼☞➨❷⑩❷➉➋➀q➫➃❸➌➫❆➙✏⑩❷➊✝➇❿⑩❷➓➁➫✏➄✼❺❞❻ ❶➈➒➈➄❆❺➈⑩❷❶➈❽➈➔➋➄✼➲➈➫➃❸➌➫✏➀➁⑩❷➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄❾❮✩➔➬❼ ❂ ⑩❷➒➈➄❆❼❾➙➃❸➌➉➏➨❷➄➄✏➓➭❸❤➙✏⑩❷➒➈➓➭❸➌➉➏❸➌❶➈➫✏➄❥➇➱❼❾➀✫❶➈➒ü⑩❷❶è➇➈➔➋❶➈➓➁➉➋➄✏❶➈➀➁➓✫➇➈❶➈➉➏❸➌➓✫➛➜❶➱❼❾➒➩❸➌➉➋➛➜❶➈➄✏➓✏➴✪➵✦❼❾➒➈➓✫❶➈➒ü➇➈❶➈➉➏❸➌➓✫➛➜❶➱❼❾➒➩❸➌➉➋➛➜❶➈➄❾❮✽➔➋➄✏➓➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓✢➓➁⑩❷➒➜❸✩➙✏⑩❷➒❹❒➱➒➈➫✏➓✩❺➱❼❾➒➈➓✢❶➈➒➈➄♦❺➈➉➋➀➁➄✏➙➃❸➌➉➋⑩❷➒❯➶ ➧ ⑩❷➓ ☛ ☎✙➘➹➴
➵❱➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓✩➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✏➓❱❺➈❶ ➶❱➢ ➼ ➦ ➷ü➄➆➅❹➉➋➓➭❸➌➄✏➒➜❸☞❮➱❸➌⑩❷❶❹❸➌➄➃➣↔⑩❷➉➋➓➟➄✏➔➋➔➋➄✏➓➟⑩❷➒➜❸✩❺➈➄✏➓❱❼➎➓➌➇✹➄✏➙➃❸➌➓❱➄✏➒②➙✏⑩❷➊✝➊❤❶➈➒❞➴➱➷✳❼➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀✪❺➈➄✢➔➬❼❱➙☞❼✣➨P➉➏❸➌➫➟❺➈❶ ➶❱➢ ➼ ➦ ➷✜➄✏➓➭❸✭➇❿➄➃❸➌➉➏❸➌➄❾❮❾❸Ò➯P➇➈➉➋➛➜❶➈➄✏➊✝➄✏➒➩❸ ÿ ➡✍✝❱➣↔⑩❷➉➋➓✪➔➬❼✦➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀✪❺❞❻ ⑩❷➒➈❺➈➄✢➫✏➊✝➉➋➓➁➄❾➴➦ ➒✜➙✏⑩❷➒➈➓➁➫✏➛➜❶➈➄✏➒➈➙☞➄❾❮❏➔➋⑩❷➀➁➓✢❺❞❻ ❶➈➒②❸➌➀➌❼➎➂➭➄➃❸❱❼❾➔➋➔➋➄✏➀➟❺➈➄✫➔➬❼❤➙☞❼✣➨P➉➏❸➌➫❾❮➱❶➈➒✍➇➈➲➈⑩❾❸➌⑩❷➒✜❼✝❶➈➒➈➄✫➇➈➀➁⑩❷❽➱❼❾❽➈➉➋➔➏➉➏❸➌➫✦➣➘❼❾➉➋❽➈➔➋➄❢❺➈➄❺➈➫✏➙✏➔➋➄✏➒➈➙➪➲➈➄✏➀☎❶➈➒④➫➃➨❷➫✏➒➈➄✏➊✝➄✏➒➜❸✝❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒◆➓➭❸➌➉➋➊❬❶➈➔➋➫✏➄❾➴✪→✽❼❾➀❤➙✏⑩❷➒➈➓➁➫✏➛➜❶➈➄✏➒➩❸☞❮✥➔➋➄✏➓ ➶❱➢ ➼ ➦ ➷⑤➓☎➄➆➅❹➉➋➍❷➄✏➒➜❸❤❺➈➄✏➓➊✝➉➋➀➁⑩❷➉➏➀➁➓✥➣↔⑩❷➀➭❸➌➄✏➊✝➄✏➒➩❸➟➀➁➫❽❆➱➫✏➙➪➲➈➉➋➓➁➓➌❼❾➒➜❸➌➓✏➴➱➵✦❼❾➒➈➓➟❺➈➄✏➓➟➔➬❼❾➓➁➄✏➀➁➓➥❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒✯➇➱❼❾➀➥➔➋➄✦❽✹⑩❷➀➁❺❞❮➈➔➬❼✫➀➁➫❽❆➱➄➃➙➃❸➌➉➏➨P➉➏❸➌➫✦❺➈➄✏➓➊✝➉➋➀➁⑩❷➉➏➀➁➓❢➄✏➓➭❸❬➄✏➒➩➨P➉➋➀➁⑩❷➒è❺➈➄

30%
❼❾➔➋⑩❷➀➁➓♦➛➜❶➈➄❥➇❿⑩❷❶➈➀✸❶➈➒ ➶✦➢ ➼ ➦ ➷✟❮✡➄✏➔➋➔➋➄❤❺➈➄❥➔➹❻ ⑩❷➀➁❺➈➀➁➄☎❺➈➄

99%
➙✏➄❥➛➜❶➈➉✭➒➈➄➇✹➄✏❶❹❸❱➇➱❼➎➓✥✢➃❸➌➀➁➄✸⑩❾❽❹❸➪➄➃➒P❶②➇➱❼❾➀➟❺➈➄✏➓✩➊✝➉➋➀➁⑩❷➉➏➀➁➓➥➊✝➫➃❸➪❼❾➔➋➔➏➉➏➛➜❶➈➄✏➓✏➴➞✦➒✉➇❿➄✏❶❹❸q❺➈➉➋➓➭❸➌➉➋➒➈➍❷❶➈➄➃➀❥➛➜❶➱❼➎❸➌➀➁➄✍➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✏➓q➇➈➀➁➉➋➒➈➙✏➉➋➇➱❼❾➔➋➄✏➓✝❺➈➄ ➶✦➢ ➼ ➦ ➷✟❮✺➇➈➀➁➫✏➓➁➄✏➒➩❸➌➫✏➄☞➓q❺➱❼❾➒➈➓✯➔➬❼✼❒➱➍❷❶➈➀➁➄

✝❹➴✂✁P❮➈➛➜❶➈➉⑤➓➁⑩❷➒➜❸✩➔➬❼❬➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄❬➑ ➦ ➼P➻✫❮✹➔➬❼❬➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✫➐☎➲➈➫➃❸➌➫✏➀➁⑩❷➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸➄✏➒➩❸➌➄✏➀➁➀➁➫✏➄❾❮✹➔➬❼❤➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸➇➱❼❾➀➉➋➊✝➇➈➔➋❼❾➒➩❸➪❼➎❸➌➉➏⑩❷➒q➇➈➀➁⑩❾❸➌⑩❷➒➈➉➋➛➜❶➈➄❢➄➃❸✢➔➬❼❤➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸➐☎⑩❾❶❹➨➩➄✏➀➭❸➌❶➈➀➁➄♦❺➈➉➋➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄➷➶ ➧ ➉➋➓ ✞ ✝✙➘✫➶ ➑②➉➋➄ ✞❹ÿ ➘✫➶ ➧ ⑩❷➓ ☛ ☎✙➘➹➴
❲❦✠☞☛✆✠☞☛ ➯í➋Ü✎✡✑✁★✪✎✡➛✡✔➜✒✓✤Ý➨➫❖ð❫✆❭❪⑥

➷⑤➄ ➶❱➢ ➼ ➦ ➷✇➇❿➄✏➀➁➊✝➄➃❸♦❺➈➄☎➓➁❶➈➀➁➊✝⑩❷➒➜❸➌➄✏➀❢➙✏➄✏➀➭❸➪❼❾➉➋➒➈➓❢❺➈➄✏➓✸➉➋➒➈➙✏⑩❷➒➩➨❷➫✏➒➈➉➋➄✏➒➜❸➌➓♦❺➈❶✼➔➬❼❾➓➁➄✏➀❢➫✏➊✝➄➃❸➁❸➪❼❾➒➜❸♦➇➱❼❾➀❢➔➋➄❽✹⑩❷➀➁❺ ❤ ➐✎➫✏➊✝➉➏➓➌➓➁➉➋⑩❾➒✼➔➬❼➎❸➌➫✏➀➌❼❾➔➋➄✟✐➆➴ ➢ ➄✝❺➈➄✏➀➁➒➈➉➋➄✏➀✸❼✎❶➈➒❆➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸✸➊❬❶➈➔➏❸➌➉➏➊✝⑩➜❺➱❼❾➔✽➄➃❸✫❶➈➒➈➄✝➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒➛➜❶➈➉⑤➄✏➓➭❸✢❸➌➀➁➳✏➓✢❺➈➉➏➨➩➄✏➀➁➍❷➄✏➒➩❸➌➄♦➙✏➄♦➛➜❶➈➉⑤➀➌➄➃➒➈❺✜❺➈➫✏➔➋➉➋➙☞❼➎❸➟➔➋➄❢➙✏⑩❷❶➈➇➈➔➬❼❾➍❷➄❢➔➬❼❾➓➁➄✏➀Ø➡ ❒➱❽➈➀➁➄❾➴➷⑤➄❬➇➈➀➁➄✏➊✝➉➋➄✏➀✦❼✣➨➎❼❾➒➜❸➪❼❾➍❷➄❬❺➈❶ ➶✦➢ ➼ ➦ ➷Ñ➓➁➄❤➀➌❼❾➇➈➇❿⑩❾➀➁❸➌➄❤➐✯➓➌❼✯➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄☎➄➆❸♦➄➆➅➈❼❾➙➃❸➌➄✏➊✝➄✏➒➩❸♦➔➬❼ ❂ ⑩❷➒➈➄☎❼❾➙➃❸➌➉➏➨❷➄➛➜❶➈➉✢➄✏➓➭❸✝➣↔⑩❷➀➁➊✝➫✏➄✎❺➈➄②➇➈❶➈➉➏❸➌➓☎➛➜❶➱❼❾➒➩❸➌➉➋➛➜❶➈➄✏➓✏❮✭➙✏➄②➛➜❶➈➉✢➇❿➄✏➀➁➊✝➄➃❸✝❺➈➄②➀➁➫✏❺➈❶➈➉➋➀➁➄②➓➁⑩❷➒✇➫✏➇➱❼❾➉➋➓➁➓➁➄✏❶➈➀✝➄➃❸✯❼❾❶➈➓➁➓➁➉✢➔➋➄➙✏⑩❷❶➈➀➌❼❾➒➩❸❢❺➈➄❤➓➁➄✏❶➈➉➋➔➹➴ ➢ ➄❬➣➘❼❾➉➋❽➈➔➋➄✸➙✏⑩❷❶➈➀➌❼❾➒➩❸❢❺➈➄❤➓➁➄✏❶➈➉➋➔✽➇❿➄✏➀➁➊✝➄➃❸♦❼❾❶➈➓➁➓➁➉✪❺➈➄❬➀➁➫✏❺➈❶➈➉➋➀➁➄❬➔➬❼❥➙✏⑩❷➒➈➓➁⑩❷➊✝➊❥❼➎❸➌➉➋⑩❷➒✜❺➈➄➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄ ❤ ❼✣➨❷➄✏➙♦❶➈➒➈➄♦❽➱❼❾➒➈❺➈➄✸➇➱❼➎➓➌➓➌❼❾➒➩❸➌➄✸❼❾➓➁➓➁➄ ❂ ➫✏➔➋➄➃➨➩➫➃➄✟✐➆➴➵✫❻ ❼❾❶❹❸➌➀➁➄➥➇➱❼❾➀➭❸☞❮❾❶➈➒➈➄✢❼❾❶➈➍❷➊✝➄✏➒➩❸➪❼➎❸➌➉➋⑩❷➒❬❺➈❶❤➙✏⑩❷❶➈➀➌❼❾➒➩❸✟❺➈➄➟➓➁➄✏❶➈➉➋➔➹❮➎➇❿➄✏❶❹❸✥➙✏➀➁➫✏➄✏➀✟❺➈➄➥➒➈⑩❷➊❬❽➈➀➌➄➃❶P➅❤➊✝⑩P❺➈➄✏➓✽❸➌➀➌❼❾➒➈➓Ø➡➨❷➄✏➀➁➓➁➄✏➓✏❮➱➔➋➄ ➶✦➢ ➼ ➦ ➷❆➒❞❻ ➄✏➓➭❸✢➇➈➔➋❶➈➓➟❼➎➔➋⑩❷➀➁➓✺➊✝⑩❷➒➈⑩❷➊✝⑩P❺➈➄❾➴ ➢ ➄✏➙✏➉❞➄✏➓➭❸✢❶➈➒q➇➈➲➈➫✏➒➈⑩❷➊✝➳✏➒➈➄❢➒➈⑩❷➒q➔➋➉➋➒➈➫☞❼❾➉➏➀➁➄✦❼❾➓➁➓➁⑩➜➙✏➉➋➫➐❤➔➬❼❬❺➈➉➏❰❏❶➈➓➁➉➋⑩❷➒✎❺➈➄✏➓✢➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓✏➴➷✟❻ ❶➈➒❬❺➈➄✏➓✟❼☞➨❾❼❾➒➩❸➪❼❾➍❷➄✏➓✪➊❥❼✖➂➭➄✏❶➈➀➁➓✽❺➈❶ ➶✦➢ ➼ ➦ ➷✎➄✏➓➭❸✪➓➪❼❱➲➱❼❾❶❹❸➌➄✺➄➃Õ✝➙☞❼❾➙✏➉➏❸➌➫➥➇✹⑩❷❶➈➀✽➔➋➄✺➙✏⑩❷❶➈➇➈➔➬❼❾➍❷➄✺❼✣➨❷➄✏➙➥➔➬❼✢❒➱❽➈➀➁➄
➶ ➻❱➍❷➀ ☛ ✠✖➘✚þ❞➄✏➒✼➄➆❰❏➄➃❸☞❮❏➨P❶✼➓➌❼q➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄❬➨➩➄✏➀➭❸➌➉➋➙☞❼➎➔➋➄❬➄➃❸♦➙➃➯P➔➋➉➋➒➈❺➈➀➁➉➋➛➜❶➈➄✫➔➋➄✫➣➘❼❾➉➋➓➁➙✏➄☞❼❾❶Ð➫✏➊✝➉➋➓❱➇➱❼❾➀✦➔➋➄ ➶❱➢ ➼ ➦ ➷➄✏➓➭❸✺➙➃➯P➔➋➉➋➒➈❺➈➀➁➉➋➛➜❶➈➄✢⑩❷❶❥➍❷❼❾❶➈➓➁➓➌➉➏➄✏➒❥➄➃❸✺➇❿➄✏❶❥❺➈➉➏➨➩➄✏➀➁➍❷➄✏➒➩❸➥❼❾❶✝➙✏⑩❷➒➜❸➌➀➌❼❾➉➋➀➁➄➟❺➈➄❱➙✏➄✏➔➋❶➈➉➱❺❞❻ ❶➈➒✯➔➬❼➎➓➌➄➃➀✭➙✏⑩❷➒➩➨❷➄✏➒➜❸➌➉➋⑩❷➒➈➒➈➄➃➔⑩❷Ô☎➔➋➄➥➣➘❼➎➉➋➓➁➙✏➄☞❼❾❶✝➄✏➓➭❸✭➄✏➔➋➔➏➉➋➇❹❸➌➉➏➛➜❶➈➄➟➄➃❸✟➣↔⑩❷➀➭❸➌➄✏➊✝➄✏➒➩❸✥❺➈➉➏➨❷➄✏➀➁➍❷➄✏➒➜❸☞➴➩➷✳❼❢❺➈➉➏➨➩➄✏➀➁➍❷➄✏➒➈➙✏➄✢❺➈❶☎➣➘❼➎➉➋➓➁➙✏➄☞❼❾❶☎➄✏➓➭❸✭➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴ ÿ ➇✹⑩❷❶➈➀✢❶➈➒✎➣➘❼❾➉➋➓➁➙✏➄☞❼❾❶✎➍➩❼❾❶➈➓➁➓➁➉➋➄✏➒❞➴

θ =
λ

π · W0

❤ ✝❹➴ ÿ ✐
⑩❷Ô

W0

➄✏➓➭❸✩➔➬❼❬❸➪❼❾➉➋➔➋➔➏➄✦❺➈❶q➣➘❼❾➉➋➓➁➙✏➄☞❼❾❶②➄✏➒②➓➁⑩❷➀➭❸➌➉➋➄❢➙✏⑩❷➊✝➊✝➄✦➔➋➄❢➊✝⑩❷➒➩❸➪➀➁➄✦➔➬❼❬❒➱➍❷❶➈➀➁➄➫✝❹➴ ✝❹➴➢ ➄✏➇❿➄✏➒➈❺➱❼❾➒➩❸❤➔➹❻ ➉➋➒➈➙✏⑩❷➒➜➨❷➫✏➒➈➉➋➄✏➒➩❸✫❺➈❶ ➶❱➢ ➼ ➦ ➷♥➄✏➓➭❸❬➔➬❼②➔➋➉➋➊☎➉ ❸➌➄☎❺➈➄❥➔➬❼②➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄❥⑩❷➇❹❸➌➉➋➛➜❶➈➄❥➛➜❶➈➉✭➒➈➄❥➇❿➄✏❶❹❸➇➱❼❾➓✢❺➈➫✏➇➱❼❾➓➁➓➁➄✏➀✩➛➜❶➈➄✏➔➋➛➜❶➈➄✏➓
mW

❮➈➙✏➄♦➣➘❼➎➉➏❸✢➄✏➓➭❸✩❺➈×✜➐❤➔➬❼✫➣➘❼❾➉➋❽➈➔➋➄❱❸➪❼❾➉➋➔➋➔➏➄✦❺➈➄♦➔➬❼ ❂ ⑩❷➒➈➄✸❼❾➙➃❸➌➉➏➨➩➄❾➴➷⑤➄✢❸➪❼❾❽➈➔➋➄☞❼❾❶✓✝❹➴ ÿ ➀➁➫✏➓➁❶➈➊✝➄✩➔➋➄✏➓✺❺➈➉➏❰❏➫➃➀➌➄➃➒➈➙✏➄✏➓➥➄✏➒➩❸➌➀➁➄❱❶➈➒ ➶❱➢ ➼ ➦ ➷Ð➄➃❸➥❶➈➒✯➔➬❼❾➓➁➄✏➀✥➫✏➊✝➄➃❸➁❸➪❼❾➒➜❸✺➇➱❼❾➀✭➔➋➄✩❽✹⑩❷➀➁❺✯⑩❷❶➓➁❶➈➀✢➔➬❼✫❸➌➀➌❼❾➒➈➙➪➲➈➄ ➦✥➦ ➷■❵✢➄➃❸✩⑩❷➒✎➇❿➄✏❶❹❸✩➀➁➄➃❸➌➄✏➒➈➉➋➀➟➛➜❶➈➄✸➔➋➄ ➶❱➢ ➼ ➦ ➷ü⑩❾❰❏➀➁➄❢➔➬❼❤➛➜❶➱❼❾➔➏➉➏❸➌➫♦➐❤➇➈➀➁➉➋➓➟➀➁➫✏❺➈❶➈➉➏❸☞➴
❜ ❚❀➋✟➈❽➆✬❚❨Ó⑦➎ ➅✘➅➇➎ ➄✙➈❦æ❂➊ ➟ ➆❥➉
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ÿ✁�✄✂✆☎❀✝❹➴✂✁ ✝ ➵❱➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓✩➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✏➓✩❺➈➄ ➶❱➢ ➼ ➦ ➷✟➴

Miroir supérieur


Miroir inférieur


Substrat


Contact métallique


❤ ❼✧✐➟➼➜❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄❬➑ ➦ ➼P➻

Miroir supérieur


Miroir inférieur


Substrat


Contact métallique


Reprise d’épitaxie


❤ ❽❨✐✢➼➜❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸➐❤➲➈➫➃❸➌➫✏➀➁⑩❷➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✫➄✏➒➩❸➌➄✏➀➁➀➁➫✏➄

Miroir supérieur


Miroir inférieur


Substrat


Contact métallique


Implantation protonique


❤ ➙✟✐✢➼➜❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸➐☎➉➋➊✝➇➈➔➋❼❾➒➩❸➪❼➎❸➌➉➏⑩❷➒q➇➈➀➁⑩❾❸➌⑩❷➒➈➉➋➛➜❶➈➄

Miroir supérieur


Miroir inférieur


Substrat


Contact métallique


Ouverture diélectrique


❤ ❺❨✐➟➼➜❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸➐☎⑩❷❶❹➨❷➄✏➀➭❸➌❶➈➀➁➄✸❺➈➉➋➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄
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①✯÷✽✼❂÷✞➸➱➳➱ø❻➪✫➚

ÿ✁�✄✂✆☎❀✝❹➴ ✝ ✝ Ö✹❼❾➉➋➓➁➙✏➄☞❼❾❶✎➍➩❼❾❶➈➓➁➓➁➉➋➄✏➒❞➴

➶❱➢ ➼ ➦ ➷ ➦✥➦ ➷Ö✹❼❾➉➋➓➁➙✏➄☞❼❾❶✎➙✏➉➋➀➁➙✏❶➈➔➬❼❾➉➋➀➁➄ Ö✹❼❾➉➋➓➁➙✏➄✏❼❾❶②➄✏➔➋➔➋➉➏➇❹❸➌➉➏➛➜❶➈➄➝➥❼❾➓✢➙✏⑩❷❶➈➀➌❼❾➒➩❸✩❺➈➄♦➓➁➄✏❶➈➉➋➔ ❤
< 8mA

✐ ➢ ⑩❷❶➈➀➌❼❾➒➩❸✩❺➈➄♦➓➁➄✏❶➈➉➋➔❞➫✏➔➋➄➃➨➩➫ ❤
10 ∼ 50mA

✐➝➥❼❾➓➁➓➁➄♦➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✸❺❞❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄ ➧ ❼❾❺➈➉➬❼➎❸➌➄✏❶➈➀➥➒➈➫✏➙✏➄✏➓➁➓➌❼❾➉➋➀➁➄➼P➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫✦➄✏➒✎❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄ ➤ ❼❾❶❹❸➌➄♦➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫✦➄✏➒✎❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄✃❢➀➌❼❾➒➈❺➈➄✦❒✹❼❾❽➈➉➋➔➋➉ ❸➌➫
❤
MTTF > 107heures

✐
✃❢➀➌❼❾➒➈❺➈➄❢❺➈❶➈➀➁➫✏➄✸❺➈➄❢➨P➉➋➄

❤
MTTF105

∼ 106heures
✐➦ Õ✝➙☞❼❾➙✏➉➏❸➌➫♦➫✏➔➋➄➃➨❷➫✏➄✸❺❞❻ ❼❾➙✏➙✏⑩❷❶➈➇➈➔➋➄✏➊✝➄✏➒➩❸

❤
> 50%

✐ ➼➜➯P➓➭❸➌➳✏➊✝➄♦➙✏⑩❷➀➁➀➁➄✏➙➃❸➌➉➏➣✽➒➈➫✏➙✏➄✏➓➁➓➌❼❾➉➋➀➁➄
➻❱➔➋➉➋➍❷➒➈➄✏➊✝➄✏➒➩❸➟➄➃❸✩➇➱❼❾➙➪➚➎❼❾➍❷➄❢➣➘❼❾➙✏➉➋➔➋➄ ➢ ⑩❷×❹❸✩➫✏➔➋➄➃➨❷➫✸❺❞❻ ❼➎➔➋➉➋➍❷➒➈➄✏➊✝➄✏➒➩❸✢➄➃❸✢❺➈➄♦➇➱❼❾➙➆➚✖❼❾➍❷➄➢ ⑩❷➒➈➙✏➄✏➇❹❸➌➉➋⑩❷➒✎➣➘❼❾➙✏➉➋➔➋➄✦➄✏➒

2D
➢ ⑩❷×❹❸➌➄✏❶➈➓➁➄➵❱➉➏➨❷➄✏➀➁➍❷➄✏➒➈➙✏➄✸➫➃❸➌➀➁⑩❷➉➏❸➌➄❢❺➈❶✎➣➘❼❾➉➋➓➁➙✏➄✏❼❾❶ ✃❢➀➌❼❾➒➈❺➈➄❢❺➈➉➏➨❷➄✏➀➁➍❷➄✏➒➈➙✏➄✸❺➈❶✎➣➘❼❾➉➋➓➁➙✏➄☞❼❾❶

✰✢✱✳✲✳☎❀✝❹➴ ÿ✞✝ ➢ ⑩❷➊✝➇➱❼❾➀➌❼❾➉➋➓➁⑩❷➒q➄✏➒➩❸➌➀➁➄ ➶❱➢ ➼ ➦ ➷è➄➃❸ ➦✥➦ ➷✟➴

© Mohamed Karray, Télécom Paris - Décembre 2004
✠✯�



➳✔ô✥➾➵õ×➥✧➧P➨✥➪✕①✯÷❣➚❣➪ ûá➩➯➭■➲P➚❣➪ ➭②✾ ➼✫û⑨➥➀ø➔ø❇➥✖➩➯➦
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✃❢➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➩❸✥➔➋➄✏➓ ➶❱➢ ➼ ➦ ➷⑤➓✭➓➁⑩❷➒➩❸✭➊✝⑩❷➒➩❸➌➫✏➓✟➄✏➒✝➊❥❼➎❸➌➀➁➉➋➙✏➄➥➇❿⑩❷❶➈➀✥❼☞➨➩⑩❷➉➋➀✪❺➈➄✏➓✥➔➋➉➬❼❾➉➏➓➁⑩❷➒➈➓✪➓➌❶➈➀✟➇➈➔➋❶➈➓➁➉➋➄✏❶➈➀➁➓➙☞❼❾➒➱❼❾❶P➅❏➴✪➑✜❼❾➉➋➓✸➔➬❼②❺➈➉➏➓➌➇✹⑩❷➓➁➉➏❸➌➉➋⑩❷➒❆❺➈➄✏➓ ➶❱➢ ➼ ➦ ➷⑤➓❬➄✏➒ü➊❥❼➎❸➌➀➁➉➋➙✏➄☎➒❞❻ ➄➃➓➁❸❬➇➱❼❾➓✫❼❾➀➁❽➈➉➏❸➌➀➌❼❾➉➋➀➁➄☎➄➃❸✫❺➈⑩❷➉➏❸✸⑩❷❽❿➫✏➉➋➀✫➐❺➈➄✏➓✩➙✏⑩❷➒➩❸➌➀➌❼❾➉➋➒➩❸➪➄➃➓✢➄✏➓➁➓➁➄✏➒➩❸➌➉➋➄✏➔➋➔➋➄✏➊✝➄✏➒➩❸✢➍❷➫✏⑩❷➊✝➫➃❸➌➀➁➉➋➛➜❶➈➄❾➴➷⑤➄✏➓ ➶❱➢ ➼ ➦ ➷⑤➓✢➓➁⑩❷➒➩❸✢➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➜❸➟❶❹❸➌➉➋➔➋➉➏➓➁➫✏➓➥➄✏➒ ✿ß❃❆❊✵❃▲❹➀✼❁❶ ❤ ✃❢➉➋➍➩❼❾❽➈➉➏❸ ➦ ❸➌➲➈➄✏➀➁➒➈➄➃❸✽✐✺➨P❶✎➔➋➄✏❶➈➀➥➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀➁➓❺❞❻ ⑩❷➒➈❺➈➄✸❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒❞➴
❤✇ã✌❤ ➎ ♣❷①✵⑤❶③❽❰Òí❣ì❸s❣❰❲♣✻r ①⑨⑧ ✍ ♦ ➴ ➥ è
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➷⑤➄✯➇➈➀➁➄✏➊✝➉➋➄✏➀✫➊✝⑩P❺➈➳✏➔➋➄❥❺➈❶ ➶❱➢ ➼ ➦ ➷❘❺➈➫✏➙✏➀➁➉➏❸❤➓➁⑩❷➒④➙✏⑩❷➊✝➇✹⑩❷➀➭❸➌➄✏➊✝➄✏➒➜❸❬➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄✯➄➃❸☎⑩❷➇❹❸➌➉➋➛➜❶➈➄✯➄✏➒◆➓➁➄❽➱❼❾➓➌❼❾➒➜❸✪➓➁❶➈➀✪➔➋➄✺➓➭➯P➓➭❸➌➳✏➊✝➄➥❺❞❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓×✝❹➴ ✠✦➛➜❶➈➉❹➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄➟➔➹❻ ➫➃➨❷⑩❷➔➋❶❹❸➌➉➋⑩❷➒✸❺➈❶❤➒➈⑩❷➊❬❽➈➀➁➄✺❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓ ❤ ✝❹➴ ✠➩❼✧✐➄➃❸✩❺➈➄♦➇➈➲➈⑩❾❸➌⑩❷➒➈➓ ❤ ✝❹➴ ✠❷❽❨✐➍➶ ➑✍➑✜Ó
+
☛✚☛ ❽❇➘➹➴
dN

dt
=

I

q
− N

τn

− Gn
N − Nt

1 + εS
S

❤ ✝❹➴ ✠➩❼✧✐
dS

dt
= − S

τp

+ β
N

τn

+ Gn
N − Nt

1 + εS
S

❤ ✝❹➴ ✠❷❽❨✐
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①✯÷❝①✯÷➞ûá➩➯➭➍➼✫➚➞➥➀ø❇➾➹➧➸➥✖➩➯➦ ➭■➲ ➸➱➳➱ø❻➪✫➚
→✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓ ➵❱➄✏➓➁➉➋➍❷➒➱❼➎❸➌➉➋⑩❷➒ ➠✩➒➈➉➏❸➌➫

N
➸ ⑩❷➊❬❽➈➀➁➄♦❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓ ➡

S
➸ ⑩❷➊❬❽➈➀➁➄❢❺➈➄♦➇➈➲➈⑩❾❸➌⑩❷➒➈➓ ➡

q
➢ ➲➱❼❾➀➁➍❷➄♦❺➈➄♦➔➹❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒

Coulomb
I

➢ ⑩❷❶➈➀➌❼❾➒➩❸✩➉➋➒➎➂➭➄✏➙➃❸➌➫
A

τn

➵❱❶➈➀➁➫✏➄♦❺➈➄♦➨P➉➏➄♦❺➈➄✏➓✢➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓
s

τp
➵❱❶➈➀➁➫✏➄♦❺➈➄❢➨P➉➋➄♦❺➈➄✏➓✢➇➈➲➈⑩❾❸➌⑩❷➒➈➓

s
Gn

✃♦❼❾➉➋➒q❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➉➋➄✏➔ ➡
Nt

➸ ⑩❷➊❬❽➈➀➁➄❢❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓❱➐❤➔➬❼✫❸➌➀➌❼❾➒➈➓➁➇➱❼❾➀➁➄✏➒➈➙✏➄ ➡
β

Ö➱➀➌❼❾➙➃❸➌➉➋⑩❷➒q❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒✎➓➁➇❿⑩❷➒➩❸➪❼❾➒➈➫✏➄ ➡
ε

Ö✹❼❾➙➃❸➌➄✏❶➈➀➟❺➈➄♦➙✏⑩❷➊✝➇➈➀➁➄✏➓➁➓➁➉➋⑩❷➒②❺➈➄♦➍➩❼❾➉➋➒ ➡
✰✡✱✳✲✳☎❀✝❹➴✂✁ ✝ →✪❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓➟❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴

VCSEL

Courant


Puissance


 optique


ÿ✁�✄✂✆☎❨✝❹➴ ✄ ✝ ➼P➙➪➲➈➫✏➊❥❼☎❽➈➔➋⑩➜➙❢❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴
❺❞❻ ➉➋➒➎➂➭➄✏➙➃❸➌➉➋⑩❷➒❞❮✽➇➈➲➈➫✏➒➈⑩❷➊✝➳✏➒➈➄✎❺➈➫✏➓➁➉➋➍❷➒➈➫✎➓➁⑩❷❶➈➓✝➔➋➄✯❸➌➄✏➀➁➊✝➄q❺➈➄✈❹❻●❂✴✷✶✧✣❿➴✟➷✟❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ✝❹➴✂�➎❺④➇❿➄✏➀➁➊✝➄➃❸✝❺❞❻ ❼☞➨❷⑩❷➉➋➀➔➬❼②➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄q⑩❷➇❹❸➌➉➋➛➜❶➈➄❥➄✏➒④➓➁⑩❷➀➭❸➌➉➋➄❥➄✏➒ü➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒ü❺➈❶◆➒➈⑩❷➊❬❽➈➀➁➄❥❺➈➄✯➇➈➲➈⑩❾❸➌⑩❷➒➈➓❤➙✏⑩❷➊✝➊✝➄✝➔➋➄❥➇➈➀➁➫✏➓➁➄✏➒➜❸➌➄q➔➋➄➓➭➯P➓➭❸➌➳✏➊✝➄♦❺❞❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓➽✝❹➴✂�P➴

dN

dt
=

I

q
− N

τn

− Gn
N − Nt

1 + εS
S

❤ ✝❹➴✂�❾❼✧✐
dS

dt
= − S

τp

+ β
N

τn

+ Gn
N − Nt

1 + εS
S

❤ ✝❹➴✂�➎❽❨✐
dϕ

dt
= −αH

2
· [Gn

N − Nt

1 + ǫS
− 1

τp

]
❤ ✝❹➴✂�➎➙✟✐

Popt =
ηd · h · ν

τp

S
❤ ✝❹➴✂�➎❺❨✐

➷⑤➄✏➓♦❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➓♦➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓♦➉➋➒➩❸➌➄✏➀➭➨❷➄✏➒➱❼❾➒➩❸✸❺➱❼❾➒➈➓✸➔➋➄➃➓♦➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓♦➇➈➀➁➫✏➙✏➫✏❺➈➄✏➒➩❸➌➄✏➓✫➓➁⑩❷➒➩❸✸➀➌❼❾➇➈➇❿➄✏➔➋➫✏➓♦❺➱❼❾➒➈➓➔➋➄✦❸➪❼❾❽➈➔➋➄☞❼➎❶■✝❹➴ ✝❹➴➵✫❻ ❼❾❶❹❸➌➀➁➄♦➇➱❼❾➀➭❸✢➒➈⑩❷❶➈➓✢➇❿⑩❷❶❹➨❷⑩❷➒➈➓✩➄➆➅❹➇➈➀➁➉➋➊✝➄✏➀➟➔➬❼✫➣↔➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄✫➔➬❼❾➓➁➄✏➀
ν
➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒■✝❹➴✂☎P➴

ν = ν0 + δν =
c

λ

❤ ✝❹➴ ✄✧✐
avec δν =

1

2π

dϕ

dt

❤ ✝❹➴✂☎✚✐
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➳✔ô✥➾➵õ×➥✧➧P➨✥➪✕①✯÷❣➚❣➪ ûá➩➯➭■➲P➚❣➪ ➭②✾ ➼✫û⑨➥➀ø➔ø❇➥✖➩➯➦
→✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓ ➵✦➄➃➓➌➉➏➍❷➒➱❼➎❸➌➉➋⑩❷➒ ➠✩➒➈➉➏❸➌➫

N
➸ ⑩❷➊❬❽➈➀➁➄❢❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓ ➡

S
➸ ⑩❷➊❬❽➈➀➁➄❢❺➈➄♦➇➈➲➈⑩❾❸➌⑩❷➒➈➓ ➡

Popt
→✟❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✸⑩❷➇❹❸➌➉➋➛➜❶➈➄

W
ϕ

→✟➲➱❼❾➓➁➄✸❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒
ν

Ö➱➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄✫❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒
Hz

λ
➷⑤⑩❷➒➈➍❷❶➈➄✏❶➈➀✢❺❞❻ ⑩❾➒➈❺➈➄

m
C

➶ ➉➏❸➌➄✏➓➁➓➁➄✸❺➈➄♦➔➬❼❬➔➋❶➈➊✝➉➋➳✏➀➁➄
ms−1

q
➢ ➲➱❼❾➀➁➍❷➄♦❺➈➄♦➔➹❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒

Coulomb
h

➢ ⑩❷➒➈➓➭❸➪❼❾➒➩❸➌➄✸❺➈➄✸→✟➔➬❼❾➒➈➙➪➚
Js

I
➢ ⑩❷❶➈➀➌❼❾➒➜❸✢➉➋➒➎➂➭➄✏➙➃❸➌➫

A
τn

➵❱❶➈➀➌➫➃➄✸❺➈➄❢➨P➉➋➄♦❺➈➄✏➓✢➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓
s

τp

➵❱❶➈➀➁➫✏➄✸❺➈➄❢➨P➉➋➄♦❺➈➄✏➓✢➇➈➲➈⑩❾❸➌⑩❷➒➈➓
s

Gn
✃♦❼❾➉➋➒q❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➉➋➄✏➔ ➡

Nt

➸ ⑩❷➊❬❽➈➀➁➄❢❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓✩➐☎➔➬❼✫❸➌➀➌❼❾➒➈➓➁➇➱❼❾➀➁➄✏➒➈➙✏➄ ➡
β

Ö➱➀➌❼❾➙➃❸➌➉➋⑩❷➒q❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒✎➓➁➇✹⑩❷➒➜❸➪❼❾➒➈➫✏➄ ➡
ε

Ö✹❼❾➙➆❸➪➄➃❶➈➀✢❺➈➄♦➙✏⑩❷➊✝➇➈➀➁➄✏➓➁➓➁➉➋⑩❷➒②❺❹➄✸➍➩❼➎➉➋➒ ➡
αH

Ö✹❼❾➙➃❸➌➄✏❶➈➀✢❺➈➄ ➤ ➄✏➒➈➀➭➯ −
nd

➧ ➄✏➒➈❺➈➄✏➊✝➄✏➒➩❸❱➛➜❶➱❼❾➒➩❸➌➉➋➛➜❶➈➄♦❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➉➋➄✏➔ ➡
✰✢✱✳✲✳☎❀✝❹➴ ✝ ✝ →✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✢❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴

✩ ❘ ✩ ❘➘ø❑❘ ✮ ✏ ô á➱ãýû✳æ✏ä✍æ➃é✣á❹é✖ê✘✗❞î✳ä
➷⑤➄✦➀➁➫✏➍❷➉➋➊✝➄✩➓➭❸➪❼➎❸➌➉➋⑩❷➒➈➒➱❼❾➉➋➀➁➄✩➙✏⑩❷➀➁➀➁➄✏➓➁➇❿⑩❷➒➈❺②➐✫➔➬❼✫➀➁➫✏➓➁⑩❷➔➋❶❹❸➌➉➋⑩❷➒❥❺➈❶q➓➭➯P➓➭❸➌➳✏➊✝➄➹✝❹➴ ✠❤➄✏➒✎❼❾➒➈➒➜❶➈➔➬❼❾➒➜❸➥➔➋➄✏➓✺❺➈➫✏➀➁➉ ➡➨➩➫✏➄✏➓✩➇➱❼❾➀➟➀➌❼❾➇➈➇❿⑩❷➀➭❸✩❼❾❶✎❸➌➄✏➊✝➇➈➓➟➄➃❸✩➄✏➒✜❼❾➇➈➇➈➔➋➉➋➛➜❶➱❼❾➒➩❸✢❶➈➒②➙✏⑩❷❶➈➀➌❼❾➒➩❸✢➙✏⑩❷➒➈➓➭❸➪❼❾➒➜❸

I0

➴→✽⑩❷❶➈➀✫➔➋➄✝➙☞❼❾➔➏➙✏❶➈➔✭➄✏➒ü➀➁➫✏➍❷➉➋➊✝➄☎➓➭❸➆❼✖❸➪➉➏➛➜❶➈➄❥➒➈⑩❷❶➈➓✫➒➈➫✏➍❷➔➋➉➋➍❷➄✏⑩❷➒➈➓✸➔➋➄☎➣➘❼❾➙➃❸➌➄✏❶➈➀✫❺➈➄❥➙✏⑩❷➊✝➇➈➀➁➄✏➓➁➓➁➉➋⑩❷➒è❺➈➄✯➍❷❼❾➉➋➒ ❤ ➔➋➄➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸❱❺➈➄♦➒➈⑩❷➒✎➔➋➉➋➒➈➫☞❼❾➀➁➉➏❸➌➫✟✐✥➄➃❸✩➔➋➄❢➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸✩❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒✎➓➁➇✹⑩❷➒➜❸➪❼❾➒➈➫✏➄ ❤ ➉➹➴ ➄
ε = 0

➄➃❸
β = 0

✐➆➴➸ ⑩❷❶➈➓✝➒➈⑩❷❶➈➓✝➉➋➒➩❸➌➫✏➀➁➄✏➓➁➓➁⑩❷➒➈➓❥❺➱❼❾➒➈➓☎❶➈➒✇➇➈➀➁➄✏➊✝➉➋➄✏➀❬❸➌➄✏➊✝➇➈➓❥➐✼➙☞❼❾➔➋➙✏❶➈➔➋➄✏➀❤➔➋➄✎➙✏⑩❷❶➈➀➌❼❾➒➩❸✝❺➈➄②➓➁➄✏❶➈➉➋➔➹➴✟➻❱❶Ñ➓➁➄✏❶➈➉➋➔➹❮➔➋➄☎➒➈⑩❷➊❬❽➈➀➁➄☎❺➈➄☎➇➈➲➈⑩❾❸➌⑩❷➒➈➓✸➄✏➓➭❸✸➒P❶➈➔✟➄➃❸✸➔➋➄☎➒➈⑩❷➊❬❽➈➀➁➄☎❺➈➄☎➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓✸➄✏➓➭❸✸➫✏➍➩❼❾➔✥➐
Nth

➴✽➞✦➒❆⑩❷❽❹❸➌➉➋➄✏➒➩❸✸❼❾➔➋⑩❷➀➁➓➔➹❻ ➄➆➅❹➇➈➀➁➄✏➓➁➓➁➉➋⑩❷➒②❺➈❶②➙✏⑩❷❶➈➀➌❼❾➒➩❸✩❺➈➄♦➓➁➄✏❶➈➉➋➔⑤❺➈⑩❷➒➈➒➈➫✏➄♦➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴ ✆❹➴
Ith =

q · Nth

τn

❤ ✝❹➴ ✆✧✐
➵✦❼❾➒➈➓✟❶➈➒❬➓➌➄➃➙✏⑩❷➒➈❺❤❸➌➄✏➊✝➇➈➓✏❮❾➒➈⑩❷❶➈➓✪➉➋➒➎➂➭➄✏➙➃❸➌⑩❷➒➈➓✽❶➈➒❤➙✏⑩❷❶➈➀➌❼❾➒➩❸✟➙✏⑩❷➒➈➓➭❸➪❼❾➒➩❸

I0 > Ith

❤ ❼❾❶P➡Ò❺➈➄✏➓➁➓➁❶➈➓✪❺➈❶❤➓➁➄✏❶➈➉➋➔✷✐➆❮➎➔➋➄➒➈⑩❷➊❤❽➈➀➁➄✭❺➈➄✺➇✹⑩❷➀➭❸➌➄✏❶➈➀➁➓✽➄✏➓➭❸✪➨❷➄✏➀➁➀➁⑩❷❶➈➉➋➔➋➔➋➫✟➓➁❶➈➀✽➓➌❼✩➨❾❼❾➔➋➄➃❶➈➀✽❺➈➄✺➓➁➄✏❶➈➉➋➔
Nth

❮➎❼❾➔➋⑩❷➀➁➓✳➛➜❶➈➄➥➔➋➄✭➒➈⑩❷➊❬❽➈➀➁➄✭❺➈➄✺➇➈➲➈⑩❾❸➌⑩❷➒➈➓➙✏➀➁⑩✜✱➋❸✩❼☞➨❷➄✏➙♦➔➋➄❢➙✏⑩❷❶➈➀➌❼❾➒➩❸✩➉➋➒➎➂➭➄✏➙➃❸➌➫◆þ➈➒➈⑩❷❶➈➓✢⑩❷❽❹❸➌➄✏➒➈⑩❷➒➈➓✩❼❾➔➋⑩❷➀➁➓➟➔➋❼❤➀➁➄✏➔➬❼➎❸➌➉➋⑩❾➒q➔➋➉➬❼❾➒➩❸
N0

➄➃❸
S0

❺➈⑩❷➒➈➒➈➫✏➄✸➇➱❼❾➀➟➔➋➄➓➭➯P➓➭❸➌➳✏➊✝➄❞✝❹➴ ☛ ➴
Nth = N0 +

1

Gn · τp

❤ ✝❹➴ ☛ ❼✧✐
Gn(Nth − N0)S0 =

S0

τp

=
I0 − Ith

q

❤ ✝❹➴ ☛ ❽❨✐
Popt0 = ηLI(I0 − Ith) = ηc

h · c · S0

λ0 · τp

❤ ✝❹➴ ☛ ➙✟✐
© Mohamed Karray, Télécom Paris - Décembre 2004
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①✯÷❝①✯÷➞ûá➩➯➭➍➼✫➚➞➥➀ø❇➾➹➧➸➥✖➩➯➦ ➭■➲ ➸➱➳➱ø❻➪✫➚
✩ ❘ ✩ ❘➘ø❑❘➋þ ✏ ô á➱ãýû✳æ✏ä✍å⑤û ô á➱çüê✘✗❞î✳ä

❃ õ⑤å✡î✡ã↔á❹é✖ê↔õ ô ✒ ä➩é✖êýé✝æ☞ê↔ò ô á➱î⑤ï➸ ⑩❷❶➈➓➟➉➋➒➎➂➭➄✏➙➃❸➌⑩❷➒➈➓➟➊❥❼❾➉➋➒➩❸➌➄✏➒➱❼❾➒➩❸➟❶➈➒✎➙✏⑩❷❶➈➀➌❼❾➒➩❸✩❼❾❶P➡Ò❺➈➄✏➓➁➓➁❶➈➓✢❺➈❶✎➓➁➄✏❶➈➉➋➔❞➒➈⑩❷➒✎➇➈➔➋❶➈➓➥➙✏⑩❷➒➈➓➭❸➪❼❾➒➩❸✩➊❥❼❾➉➋➓✺➊✝⑩P❺➈❶➈➔➋➫➓➁⑩❷❶➈➓➟❶➈➒➈➄✦➣↔⑩❷➀➁➊✝➄✦➓➁➉➋➒➜❶➈➓➁⑩✌★ ❺➱❼❾➔➋➄❢➐❬➔➬❼✫➣↔➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄
fm
❮❹➙✏➄➃❸➁❸➌➄♦➊✝⑩P❺➈❶➈➔➋❼➎❸➌➉➋⑩❷➒❥❺❞❻ ❼❾➊✝➇➈➔➋➉➏❸➌❶➈❺➈➄❱➄✏➓➭❸✢➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴ ÿ✟✞ ➴

I(t) = I0 + Im cos(2πfm · t) = I0 + Im cos(wm · t)
❤ ✝❹➴ ÿ✟✞ ✐

➷⑤➄✏➓➥➓➁⑩❷➔➋❶❹❸➌➉➋⑩❷➒➈➓✺❺➈❶✯➓➁➯P➓➭❸➌➳✏➊✝➄❸✝❹➴ ✠❤➓➁➄✏➀➁⑩❷➒➩❸➟❺➈⑩❷➒➈➙✦❺➈➄✦➔➬❼✫➊❷✢✏➊✝➄✩➣↔⑩❷➀➁➊✝➄✩➛➜❶➈➄❢➔➋➄❱➙✏⑩❷❶➈➀➌❼❾➒➩❸➟➉➋➒➎➂➭➄✏➙➃❸➌➫❱➙✏⑩❷➊✝➊✝➄➔➋➄❢➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✸➔➋➄✏➓✢➫➃➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓✢❺➈❶②➓➭➯P➓➭❸➌➳✏➊✝➄❞✝❹➴ ÿ❷ÿ ➴
N(t) = N0 + Nm cos(wm · t + θn)

❤ ✝❹➴ ÿ❷ÿ ❼✧✐
S(t) = S0 + Sm cos(wm · t + θs)

❤ ✝❹➴ ÿ❷ÿ ❽❨✐
➷✳❼✜➀➁➫✏➇✹⑩❷➒➈➓➁➄q❺➈➄❥➔➬❼✜➊✝⑩➜❺➈❶➈➔➬❼➎❸➌➉➏⑩❷➒è❺❞❻ ❼❾➊✝➇➈➔➋➉ ❸➌❶➈❺➈➄✝➄✏➓➭❸❤➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄❥➇➱❼❾➀✫➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒á✝❹➴ ÿ ✁✎➛➜❶➈➉✺➄✏➓➭❸❤➒➈⑩❷➀Ø➡➊❥❼❾➔➋➉➏➓➁➫✏➄✸➇➱❼❾➀✩➀➌❼❾➇➈➇❿⑩❷➀➭❸✦➐❥➔➬❼☎➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄

P1

⑩❷❽❹❸➌➄✏➒➜❶➈➄❬➇✹⑩❷❶➈➀❱➔➹❻ ❼❾➊✝➇➈➔➋➉ ❸➌❶➈❺➈➄♦❺➈❶✍➙✏⑩❷❶➈➀➌❼❾➒➩❸✦➊✝⑩P❺➈❶➈➔➬❼❾➒➩❸
I1➶ ➝ ➧✩➤ ➑ ☛ ✄✖➘➹➴

H(ω) =
P (ω)

P1

=
ω2

0

ω0
2 − ω2 + 2ωγ

❤ ✝❹➴ ÿ ✁✚✐
⑩❷Ô

ω0

➄➃❸
γ
❺➈➫✏➓➁➉➋➍❷➒➈➄✏➒➩❸✺➀➁➄✏➓➁➇❿➄➃➙➃❸➌➉➏➨➩➄✏➊✝➄✏➒➩❸✺➔➬❼❢➇➈❶➈➔➋➓➌❼➎❸➌➉➋⑩❷➒☎❺➈➄✩➀➁➫✏➓➁⑩❷➒➱❼❾➒➈➙✏➄✩➄➃❸✺➔➋➄➟❸➪❼❾❶P➅☎❺❞❻ ❼❾➊✝⑩❷➀➭❸➌➉➋➓➁➓➁➄✏➊✝➄✏➒➩❸☞➴➢ ➄➃❸➁❸➌➄❬➊✝⑩P❺➈❶➈➔➬❼➎❸➌➉➏⑩❷➒✜❺❞❻ ❼❾➊✝➇➈➔➋➉ ❸➌❶➈❺➈➄✸➒➈⑩❷❶➈➓❢➇✹➄✏➀➁➊✝➄➃❸❢❺❞❻ ➄➆➅P❸➌➀➌❼❾➉➋➀➁➄✫➔➬❼✝➣↔➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄❤❺➈➄❬➀➁➫✏➓➁⑩❷➒➱❼❾➒➈➙✏➄

f0

➄➃❸❢➔➋➄➙✏⑩➜➄➃Õ✝➙✏➉➋➄✏➒➜❸☎❺❞❻ ❼❾➊☎⑩❷➀➭❸➪➉➏➓➌➓➁➄✏➊☎➄✏➒➜❸
γ
❮✽➙✏➄✏➓☎❺➈➄✏❶P➅◆➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓❬➓➁⑩❷➒➜❸❤❺➈➫✏➇❿➄✏➒➈❺➱❼❾➒➩❸➌➓☎❺➈❶④➙✏⑩❷❶➈➀➌❼❾➒➩❸❤➉➋➒➎➂➭➄✏➙➃❸➌➫➒➈⑩❷➊✝➉➋➒➱❼❾➔

I0

➙✏⑩❷➊✝➊✝➄❢➔➋➄❢➊✝⑩❷➒➩❸➌➀➁➄❢➔➋➄❢➓➭➯P➓➭❸➌➳✏➊✝➄✸❺❞❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓➽✝❹➴ ÿ ✝❹➴
ω0 = 2πf0 =

√

Gn
I0 − Ith

q

❤ ✝P➴ ÿ ✝❷❼✧✐
2γ =

1

τn

+ (τp +
ε

Gn

)ω0
2

❤ ✝❹➴ ÿ ✝❾❽❨✐
⑧ ➇➱❼❾➀➭❸➌➉➋➀✢❺➈➄

ω0

➄➃❸
γ
⑩❷➒✍➇❿➄✏❶❹❸✦❺➈➫✏❺➈❶➈➉➋➀➁➄✫➔➬❼✝➇➈❶➈➔➋➓➌❼➎❸➌➉➋⑩❷➒✜❺❞❻ ⑩❷➓➁➙✏➉➋➔➋➔➬❼➎❸➁➉➋⑩❾➒②❺➈➄❬➀➁➄✏➔➬❼✖➅➈❼➎❸➌➉➋⑩❷➒

ωR
➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴ ÿ ✠➈➴

ωR =
√

ω0
2 − γ2

❤ ✝❹➴ ÿ ✠✯✐
➷✳❼❬❽➱❼❾➒➈❺➈➄❢➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄♦➉➋➒➩❸➌➀➁➉➋➒➈➓➁➳✏➛➜❶➈➄♦➐ −3dB

❮
f3dB

❮➈➄✏➓➭❸✢❺➈➫➃❒➱➒➈➉➋➄❢➙✏⑩❷➊✝➊✝➄❱➔➬❼✸➣↔➀➌➫➃➛➜❶➈➄✏➒➈➙✏➄✫➐❬➔➬❼❾➛➜❶➈➄✏➔➋➔➋➄❱➔➋➄➍➩❼❾➉➋➒ |H(ω)| ➄✏➓➭❸✢➀➁➫✏❺➈❶➈➉➏❸➟❺➈➄ 3dB
❤
|H(ω)|2 = 0.5

✐➆➴ ➢ ➄➃❸➁❸➌➄✦➣↔➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄✸➄✏➓➭❸✢❺➈⑩❷➒➈➒➈➫✏➄❢➇➱❼❾➀➥➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒
✝❹➴ ÿ �P❮➈➛➜❶➈➉⑤➇❿➄✏➀➁➊✝➄➃❸✢❺➈➄♦❺➈➫✏➙✏➀➁➉➋➀➁➄♦➔➋➄✦➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸✢❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴

ω3dB = 2πf3dB =

√

ωR
2 +

√

ωR
4 + ω0

2 · γ2
❤ ✝❹➴ ÿ �✚✐

➦ ➒☎➀➁➫✏➍❷➉➋➊✝➄➥➇❿➄✏➀➁➊❥❼❾➒➈➄✏➒➩❸✥➉➋➔❹➒❞❻ ➯☎❼❢➇➱❼❾➓✟❺❞❻ ⑩❷➓➁➙✏➉➋➔➋➔➬❼➎❸➌➉➏⑩❷➒➈➓✪❺➈➄➟➀➁➄✏➔➬❼✖➅➈❼➎❸➌➉➋⑩❷➒❞❮❾➄✏➒☎➀➁➄➃➨❾❼❾➒➈➙➪➲➈➄✩➄➃➔➋➔➋➄✏➓✟➄➆➅❹➉➋➓➭❸➌➄✏➒➩❸✭➄✏➒➀➁➫✏➍❷➉➋➊✝➄✸❸➌➀➌❼❾➒➈➓➁➉➏❸➌⑩❷➉➋➀➁➄❾➴ ➢ ➄❤➇➈➲➈➫✏➒➈⑩❷➊✝➳✏➒➈➄❤➇❿➄✏❶❹❸♦➇➱❼❾➀➌❼❾➓➁➉➏❸➌➄✏➀❱➔➋➄✫➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄➃➊✝➄✏➒➜❸✦❺➈❶ ➶❱➢ ➼ ➦ ➷✟❮❞➉➋➔✽➔➋➉➋➊☎➉ ❸➌➄❼❾❶➈➓➁➓➁➉⑤➔➬❼❤❽➱❼➎➒➈❺➈➄✸➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄❾➴
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✝❹➴ ÿ❷ÿ ➇➈➀➁➫✏➓➁➄✏➒➜❸➌➄✫➫✏➍➩❼❾➔➋➄✏➊✝➄✏➒➩❸✩➔➹❻ ➫➃➨❷⑩❷➔➋❶❹❸➌➉➋⑩❷➒✎❺➈➄✏➓✩➒➈⑩❷➊❬❽➈➀➁➄✏➓✩❺➈➄✸➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓
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ÿ✁�✄✂✆☎❨✝❹➴✂☎ ✝ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄ ➶ ❤ ➽❥✐➥❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴

ÿ✁�✄✂✆☎❀✝❹➴ ✆ ✝ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✸→ ❤ ➽❥✐➥❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴

 


ÿ✁�✄✂✆☎❀✝❹➴ ☛⑤✝ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✸→ ❤ ➽❥✐ Ï✹➢ ➞♦➑✍➼P➽➭➼❿➴ ÿ✁�✄✂✆☎❀✝❹➴ ÿ✟✞⑤✝ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✸→ ❤ ➽❥✐ Ï ⑨➟➲➱❼❾➔➋➄✏➓✏➴
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➳✔ô✥➾➵õ×➥✧➧P➨✥➪✕①✯÷❣➚❣➪ ûá➩➯➭■➲P➚❣➪ ➭②✾ ➼✫û⑨➥➀ø➔ø❇➥✖➩➯➦

ÿ✁�✄✂✆☎❀✝❹➴ ÿ❷ÿ✞✝ ✡✪➨❷⑩❷➔➋❶❹❸➌➉➋⑩❷➒✎❺➈➄
N

➄➃❸✢❺➈➄
S
➴

✏ ô á➱ãýû✳æ✏ä✜é✣ì✖á ô æ☞êýé✣õ❿ê↔ì✖ä ➷⑤➄ ➶✦➢ ➼ ➦ ➷✝➄✏➓➭❸✽❼❾➔➋➉➋➊☎➄✏➒➩❸➌➫✪➇➱❼❾➀❞❶➈➒♦➙✏⑩❷❶➈➀➌❼❾➒➜❸⑤➇➈➓➁➄✏❶➈❺➈⑩➎➡Ø❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄✟➐
1.25Gbit/s

❮➨❾❼❾➀➁➉➬❼❾➒➩❸✢➄✏➒➜❸➌➀➁➄
4mA

➄➃❸
8mA

➴ ➸ ⑩❷❶➈➓✢➇➈➀➁➫✏➓➁➄✏➒➩❸➪⑩❾➒➈➓❱❺➱❼❾➒➈➓✩➔➬❼❬❒➱➍❷❶➈➀➁➄➫✝❹➴ ÿ ✁❬➔➹❻ ➫➃➨➩⑩❷➔➋❶❹❸➌➉➋⑩❷➒q❺➈❶②➙✏⑩❷❶P➡➀➌❼❾➒➜❸✢➄➃❸✩❺➈➄♦➔➬❼❬➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✸⑩❷➇❹❸➌➉➋➛➜❶➈➄❾➴

ÿ✁�✄✂✆☎❨✝❹➴ ÿ ✁ ✝ ➼P➉➋➊❬❶➈➔➬❼✖❸➌➉➏⑩❷➒✯❸➌➄✏➊✝➇❿⑩❷➀➁➄✏➔➋➔➋➄❱❺➈❶ ➶✦➢ ➼ ➦ ➷✟➴
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✏ ô á➱ãýû✳æ✏ä ✏ ❈ ➢ ➄➃❸➁❸➌➄✩➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✩➒➈⑩❷❶➈➓✥➇❿➄✏➀➁➊✝➄➃❸✭❺➈➄✩❺➈➫➃❸➌➄✏➀➁➊✝➉➋➒➈➄✏➀✥➔➬❼✦➣↔➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄❱❺➈➄✩➀➁➫✏➓➁⑩❷➒➱❼❾➒➈➙✏➄➄➃❸✩➔➬❼❤❽➱❼❾➒➈❺➈➄♦➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄❾➴➷✳❼✜❒➱➍❷❶➈➀➁➄✵✝❹➴ ÿ ✝✜➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄q➔➹❻ ❼❾➒➱❼❾➔➏➯P➓➁➄❥➻ ➢ ❺➈❶ ➶❱➢ ➼ ➦ ➷✟❮✪➙✏➄➃❸➁❸➌➄✯➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✯➄✏➓➭❸❤➄✏➒◆➇➱❼❾➀Ø➡➣➘❼❾➉➏❸❬❼❾➙✏➙✏⑩❷➀➁❺④❼☞➨❷➄✏➙✯➔➋➄✏➓✫➊✝➄✏➓➁❶➈➀➁➄✏➓❬➄➃❸❤➔➋➄➃➓❬➓➁➉➋➊❬❶➈➔➬❼➎❸➌➉➏⑩❾➒➈➓✸➓➁⑩❷❶➈➓ ➢ ➞♦➑✍➼P➽➭➼ ❤ ❒➱➍❷❶➈➀➁➄✏➓å✝❹➴ ÿ �②➄➃❸å✝❹➴ ÿ ✠

➶ ➑✜➄➃➊ ✞ ✠✜➘✷✐❸➶ ⑨✢→✥➵
+
✞ ✝✖➘➹➴
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❮✹➔➬❼☎➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀✢❺❞❻ ⑩❷➒➈❺➈➄

λ
➄➃❸❱➔➬❼❤❸➌➄✏➒➈➓➁➉➋⑩❷➒②➉➋➒➩❸➌➄✏➀➁➒➈➄

Vj
➴❿➞✦➒✜➇❿➄✏❶❹❸✦❼➎➂➭⑩❾❶❹❸➪➄➃➀❱❼❾➔➋⑩❷➀➁➓✢➔➬❼❸➌➄✏➊✝➇✹➫✏➀➌❼➎❸➌❶➈➀➁➄✸➄✏➒✍➍❷➀➌❼❾➒➈❺➈➄✏❶➈➀✩❺❞❻ ➄✏➒➩❸➌➀➁➫✏➄✫❺➱❼❾➒➈➓❱➔➋➄♦❺➈➉➬❼❾➍❷➀➌❼❾➊✝➊☎➄❢❽➈➔➋⑩P➙♦❺➈❶ ➶✦➢ ➼ ➦ ➷✟❮❿➙✏⑩❷➊✝➊✝➄♦➔➋➄♦➊✝⑩❷➒➩❸➌➀➁➄➔➬❼✫❒➱➍❷❶➈➀➁➄➫✝❹➴ ÿ ✄❹➴
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VCSEL


Courant

Puissance


 optique
Température


ÿ✁�✄✂✆☎❀✝❹➴ ÿ ✄ ✝ ➝✺➔➋⑩P➙✦❺➈➉➬❼❾➍❷➀➌❼❾➊✝➊☎➄✦❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴
✩ ❘ ✩ ❘ ✎ ❘➘ø ◗✫î✡ê➘æ☞æ✏á ô ö❷ä✜õ ✒ é✖ê✘✗❞î✳ä

➷✳❼☎➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✸⑩❷➇❹❸➌➉➋➛➜❶➈➄♦➇❿➄✏❶❹❸✩➓✏❻ ➫✏➙✏➀➁➉➋➀➁➄✸➙✏⑩❷➊✝➊✝➄❢➔➋➄♦➇➈➀➁⑩➜❺➈❶➈➉➏❸✩❺➈❶②➀➁➄✏➒➈❺➈➄✏➊✝➄✏➒➜❸✩❺➈❶ ➶❱➢ ➼ ➦ ➷ü➇➱❼❾➀✢➔➬❼❺➈➉➏❰❏➄✏➀➁➄✏➒➈➙✏➄♦➄✏➒➩❸➌➀➁➄♦➔➋➄✦➙✏⑩❷❶➈➀➌❼❾➒➩❸✢➉➋➒➎➂➭➄✏➙➃❸➌➫❢➄➆❸✩➔➋➄✦➙✏⑩❷❶➈➀➌❼❾➒➩❸✢❺➈➄❢➓➁➄✏❶➈➉➋➔❞➙✏⑩❷➊✝➊✝➄✦➔➋➄✦➊✝⑩❷➒➩❸➌➀➁➄✦➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴ ÿ ✆❹➴
Popt(T ) = ηLI(T )(I − Ith(T ))

❤ ✝❹➴ ÿ ✆✧✐
➷⑤➄✏➓☎❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓☎➊✝➄✏➓➁❶➈➀➁➄✏➓❤➄➃❰❏➄✏➙➃❸➌❶➈➫✏➄✏➓✝➓➁❶➈➀☎❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➓ ➶❱➢ ➼ ➦ ➷⑤➓✝➊☎⑩❷➒➜❸➌➀➁➄✏➒➩❸❤➔➬❼✍❺➈➫✏➇❿➄✏➒➈❺➱❼❾➒➈➙➃➄✎❸➌➲➈➄✏➀Ø➡➊✝➉➋➛➜❶➈➄♦❺➈➄✸➔➬❼☎➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✸⑩❷➇❹❸➌➉➋➛➜❶➈➄✸➄➃❸❱➓➁➇✹➫✏➙✏➉➏❒➱➛➜❶➈➄✏➊✝➄✏➒➩❸✦➔➬❼☎❺➈➉➋➊✝➉➏➒P❶❹❸➌➉➏⑩❷➒✎❺➈❶✜➀➁➄✏➒➈❺➈➄➃➊✝➄✏➒➜❸❱➛➜❶➈➉✡❼❾➙✏➙✏⑩❷➊❤➡➇➱❼❾➍❷➒➈➄✝❸➌⑩❷❶❹❸➌➄✯❼❾❶➈➍❷➊✝➄✏➒➩❸➪❼➎❸➌➉➋⑩❷➒❆❺➈➄❥➔➬❼q❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄❾➴ ➦ ➒ü➄➃❰❏➄➃❸☞❮✽➐✎❸➪➄➃➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄❥➒➈⑩❷➊✝➉➋➒➱❼❾➔➏➄☎❺❞❻ ❶❹❸➌➉➋➔➋➉ ➡➓➌❼➎❸➌➉➋⑩❷➒

T0

❮❞➔➋➄❤➍➩❼❾➉➋➒✼➔➬❼❾➓➁➄✏➀❢❺➈➄☎➔➬❼ ❂ ⑩❷➒➈➄❥❼❾➙➃❸➌➉➏➨❷➄❤➄✏➓➭❸✫➊❥❼✖➅❹➉➋➊❥❼➎➔✽➇❿⑩❷❶➈➀❢➔➬❼q➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀❢❺❞❻ ⑩❷➒➈❺➈➄☎❺➈❶❆➊✝⑩P❺➈➄➀➁➫✏➓➁⑩❷➒➱❼❾➒➜❸✥➔➋⑩❷➒➈➍❷➉➏❸➌❶➈❺➈➉➏➒➱❼❾➔
λ0

❮❷➓➁❶➈➉➏❸➌➄➟➐❢❶➈➒➈➄➥➨➎❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒❬❺➈➄➥❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄❾❮❾➔➋➄➥➓➁➇❿➄✏➙➃❸➌➀➁➄✢❺➈➄➟➍➩❼❾➉➋➒❤➄➃❸✟➔➬❼✦➔➋⑩❷➒P➡➍❷❶➈➄✏❶➈➀✥❺❞❻ ⑩❷➒➈❺➈➄➟➫➃➨❷⑩❷➔➋❶➈➄✏➒➜❸✥❺➈➉➏❰❏➫✏➀➁➄✏➊✝➊✝➄✏➒➩❸☞➴❾➽Ò➔➈➄✏➒☎➀➁➫✏➓➁❶➈➔➏❸➌➄➟❺➈⑩❷➒➈➙✢❶➈➒☎❺➈➫✏➓➌❼❾➔➋➉➋➍❷➒➈➄✏➊✝➄✏➒➩❸✟❺➈❶☎➍➩❼❾➉➋➒❤➊✝❼✖➅❹➉➋➊❥❼❾➔➄➃❸➟❺➈❶✯➊✝⑩P❺➈➄❱➀➁➫✏➓➁⑩❷➒➱❼❾➒➩❸➟➄➃❸➥➇➱❼❾➀✺➔➬❼✸➓➁❶➈➉➏❸➌➄❱❶➈➒➈➄✦❺➈➉➋➊✝➉➋➒➜❶❹❸➌➉➏⑩❷➒❥❺➈➄❱➔➬❼✸➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✦⑩❷➇❹❸➌➉➋➛➜❶➈➄✦➫➃➊✝➉➋➓➁➄❾➴P⑨✽❼❾➒➈❺➈➉➋➓➛➜❶➈➄✸➔➬❼❬❺➈➫✏➇❿➄✏➒➈❺➱❼❾➒➈➙✏➄✸❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❢❺➈❶②➀➁➄✏➒➈❺➈➄✏➊✝➄✏➒➩❸✩⑩❷➇❹❸➌➉➋➛➜❶➈➄♦➄✏➓➭❸✩➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄❢➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴ ÿ✟☛
ηLI(T ) = ηLI(T0)[1 − (T − T0) ·

∆ηLI

∆T
]

❤ ✝❹➴ ÿ✟☛ ✐
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➷⑤➄✸➙✏⑩❷❶➈➀➌❼❾➒➩❸❱➉➋➒➎➂➭➄✏➙➃❸➌➫✸➄✏➓➭❸✦➙✏⑩❷➀➁➀➁➉➋➍❷➫♦➇➱❼❾➀✩❶➈➒②❸➌➄✏➀➁➊✝➄✸❺❞❻ ⑩❾❰❏➓➁➄➃❸
Ioff

➇❿⑩❷❶➈➀✢❸➌➄✏➒➈➉➋➀✩➙✏⑩❷➊✝➇❹❸➌➄✸❺❞❻ ❶➈➒✜➓➁➄✏❶➈➉➋➔➓➁❶➈➇➈➇➈➔➋➫✏➊✝➄✏➒➜❸➪❼❾➉➋➀➁➄❥➔➋➉➋➫❥➐✜➔➹❻ ➄➃❰❏➄➃❸❤❺➈➄✯➔➬❼✎❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄❾❮✽➉➋➔✭➄✏➓➭❸❤⑩❷❽❹❸➌➄✏➒➜❶④➇➱❼❾➀✫➄➆➅P❸➌➀➌❼❾➙➃❸➌➉➋⑩❷➒◆❺➈➄✏➓❬➊✝➄✏➓➁❶➈➀➁➄✏➓➄➃❰❏➄✏➙➃❸➌❶➈➫✏➄✏➓❱➄➃❸✩❺➈⑩❷➒➈➒➈➫♦➓➁⑩❷❶➈➓➟➣↔⑩❷➀➁➊✝➄❢➇❿⑩❷➔➏➯P➒➈⑩❷➊✝➉➬❼➎➔➏➄✦➙✏⑩❷➊✝➊✝➄❢➔➹❻ ➉➋➔➏➔➏❶➈➓➭❸➌➀➁➄❢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴✂✁ ✞ ➴
Ioff (T ) = a0 + a1T + a2T

2 + a3T
3 + a4T

4
❤ ✝❹➴✂✁ ✞ ✐

➵✫❻ ❼❾❶❹❸➌➀➁➄✏➓❱➊✝➫➃❸➌➲➈⑩P❺➈➄✏➓✩➓➁⑩❷➒➩❸❱❶❹❸➌➉➋➔➋➉➏➓➁➫✏➄✏➓✢➇❿⑩❷❶➈➀✩➊✝➄➆❸➌❸➌➀➁➄♦➄✏➒②➨➎❼❾➔➋➄✏❶➈➀✩➔➹❻ ➄➃❰❏➄➆❸❱❺➈➄✸➔➬❼❬❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄❾❮➈❸➌⑩❷❶❹❸❱➄✏➒❼❾➍❷➉➋➓➁➓➌❼❾➒➜❸❢➓➁❶➈➀♦➔➋➄❤➙✏⑩❷❶➈➀➌❼❾➒➩❸✸❺➈➄❤➓➁➄✏❶➈➉➋➔✟➔➋❶➈➉✪➊➷✢✏➊✝➄❾❮❞➙✏⑩❷➊✝➊✝➄❬➔➋➄❤➙☞❼❾➓♦❺➈➄ ➤ ⑩❷➒➈➄➃➯✯❝✺➄✏➔➋➔➹❮❞⑩❷Ô✼➔➋➄❤➙✏⑩❷❶➈➀➌❼❾➒➩❸✸❺➈➄➓➁➄✏❶➈➉➋➔✽➄✏➓➭❸♦➄➆➅❹➇➈➀➁➉➋➊✝➫✫➄✏➒✍➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒✍❺➈➄❤➔➬❼☎❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄❬❺➈➄✫➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸✦➓➁❶➈➉➏➨❾❼❾➒➩❸❢➔➬❼❥➔➋⑩❷➉✳❺➈⑩❷➒➈➒➈➫✏➄➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴✂✁ ÿ ➴
Ith(T ) = Ith(T0)[1.1 · 10−4(T − T0)

2 + 1]
❤ ✝❹➴✂✁ ÿ ✐
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✝❹➴✂✁✚✁♦➄➃❸✺➓➁⑩❷❶❹➨➩➄✏➒➩❸➥❺➈⑩❷➒➈➒➈➫✏➄✦➇➱❼➎➀✺➔➋➄➃➓✺➙✏⑩❷➒➈➓➭❸➌➀➁❶➈➙➃❸➌➄✏❶➈➀➁➓✏➴ ➢ ➄➃❸➁❸➌➄✩➨❾❼➎➀➌➉➋❼➎❸➌➉➋⑩❷➒✝➄✏➓➭❸✺❺➈➄❱➔➹❻ ⑩❷➀➁❺➈➀➁➄✩❺➈➄
0.06nm/K

➴
λ0(T ) = λ0(T0) + ∆λ(T − T0)

❤ ✝❹➴✂✁✚✁✚✐
© Mohamed Karray, Télécom Paris - Décembre 2004

�✜✄



①✯÷❝①✯÷➞ûá➩➯➭➍➼✫➚➞➥➀ø❇➾➹➧➸➥✖➩➯➦ ➭■➲ ➸➱➳➱ø❻➪✫➚
✩ ❘ ✩ ❘ ✎ ❘ ✮ ❉ á➱ê ô å✽ê✄î✥÷➜ì✖ä ô é✖ê↔äPã

➷✟❻ ➄➃❰❏➄➃❸✥❺➈➄➟➔➬❼❱❸➌➄✏➊☎➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄➟➓➁❶➈➀✟➔➋➄➥➍➩❼❾➉➋➒❬❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➉➋➄✏➔❹❺➈❶ ➶❱➢ ➼ ➦ ➷②➇❿➄✏❶❹❸✥➓➁➄➟❸➌➀➌❼❾❺➈❶➈➉➋➀➁➄➥➇➱❼❾➀✪➔➹❻ ➫✏➛➜❶➱❼✖➡❸➌➉➋⑩❷➒⑨✝❹➴✂✁✜✝❤➛➜❶➈➉❞➣➘❼❾➉➏❸➟➉➋➒➜❸➌➄✏➀➭➨❷➄✏➒➈➉➋➀➟➔➬❼✫➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒❥❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄♦❺➈➄♦➔➬❼❬➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀➟❺❞❻ ⑩❷➒➈❺➈➄❷➶ ➑✍➑✜Ó
+
☛✚☛ ❽❇➘➹➴

1

Gn

δGn

δT
≃ −4λ

∆λ2

δλ

δT
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Gn(T ) = Gn(T0) ·
ag0 + ag1T + ag2T

2

bg0 + bg1T + bg2T 2

❤ ✝❹➴✂✁✖✠✯✐
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Eg

➛➜❶➈➉✟➓➁❶➈➉➏❸✸➔➬❼✯➔➋⑩❷➉✪❺➈⑩❷➒➈➒➈➫✏➄✝➇➱❼❾➀♦➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒
✝❹➴✂✁✚�P➴

Eg(T ) = Eg(T0) −
αT 2

T + β

❤ ✝❹➴✂✁✚�✚✐
❼☞➨❷➄✏➙

α
➄➃❸

β
➛➜❶➈➉✭➓➁⑩❷➒➩❸✫❺➈➄✏❶P➅ü➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✸❺➈❶è➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶✼➄➃❸❬➛➜❶➈➉✥➨➎❼❾➔➋➄✏➒➩❸✫➀➁➄✏➓➁➇❿➄✏➙➃❸➌➉➏➨❷➄✏➊✝➄✏➒➜❸

5.405 ·
10−4eV K−1

➄➃❸
204K

➇❿⑩❷❶➈➀➟➔➹❻ ➻❱➓➪✃♦❼❤➄➃❸
Eg(T0)

➨➎❼❾❶❹❸
1.519eV

➴➵❱➄✸➇➈➔➋❶➈➓✢➔➋➄✏➓✢➒➈⑩❷➊❬❽➈➀➁➄✏➓✢➄➃❰❏➄✏➙➃❸➌➉➏➣↔➓✩❺➈➄♦➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓✩❺➱❼❾➒➈➓✢➔➋➄✏➓✢❽➱❼❾➒➈❺➈➄✏➓❱❺➈➄♦➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➉➋⑩❷➒②➄➃❸❱❺➈➄❢➨❾❼❾➔➋➄✏➒➈➙✏➄
Nc➄➃❸

Nv

➨❾❼❾➀➁➉➋➄➃➒➜❸✢➄✏➒✎➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒✎❺➈➄♦➔➬❼✫❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄❢➓➁❶➈➉➏➨❾❼❾➒➩❸✩➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴✂✁✜✄❹➴
Nc/v(T ) = Nc/v(T0)(

T

T0

)4
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➵✦❼❾➒➈➓✡➔➬❼➥❒➱➍❷❶➈➀➁➄✈✝❹➴✂✁ ✞ ❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➓✡➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➓✡➓➁⑩❷➒➩❸✽➊✝➉➋➓⑤➄✏➒✢➂➭➄✏❶✫➇✹⑩❷❶➈➀✡➊✝⑩P❺➈➫✏➔➋➉➏➓➁➄✏➀ ❤ ➊✝➄➃❸➁❸➌➀➁➄✥➄✏➒✫Ù♦❶❹➨P➀➁➄✟✐➔➹❻ ➫✏➙➪➲➱❼❾➒➈➍❷➄✩❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❾❮➜➔➋➄✏➓✺➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✏➓

RGt
❮
RAsGa

➄➃❸
Rreport

❺➈➫✏➓➁➉➋➍❷➒➈➄✏➒➩❸➥➀➁➄✏➓➁➇❿➄✏➙➃❸➌➉➏➨❷➄✏➊✝➄✏➒➩❸➟➔➋➄✏➓✺➀➁➫➆➡➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✏➓✸❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓✫➫✏➛➜❶➈➉➏➨➎❼❾➔➋➄✏➒➜❸➌➄☎➨➩➄✏➀➁➓✫➔➋➄②❞■➺✯❅ ✼✫✣q➧❨✼✫✣õ❡❿❮✡❺➈➄❥➔➹❻ ➻❱➓➪✃♦❼✎➄➃❸❬❺➈➄❥➔➬❼q❸➌➄✏➙➆➲➈➒➈➉➋➛➜❶➈➄❥❺➈❶➀➁➄✏➇✹⑩❷➀➭❸ ❤ ➉➋➔✥➓✏❻ ❼❾➍❷➉➏❸✫❺❞❻ ❶➈➒➈➄✯➙✏⑩❷➔➋➔➋➄☎➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➀➁➉➋➙✏➄✟✐❀þ✪❼❾➔➋⑩❷➀➁➓♦➛➜❶➈➄✯➔➋➄✏➓✫➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫✏➓
C1

➄➃❸
Ca

❺➈➫✏➓➁➉➋➍❷➒➈➄✏➒➩❸❤➔➋➄✏➓➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫✏➓✟❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓✭❺➈❶ ➶❱➢ ➼ ➦ ➷ ❤ ➻❱➓➪✃♦❼✧✐✪➀➁➄✏➓➁➇❿➄✏➙➃❸➌➉➏➨❷➄✏➊✝➄✏➒➜❸➥❼❾❶❥➒➈➉➏➨❷➄☞❼❾❶❥❺➈➄✩➔➬❼ ❂ ⑩❷➒➈➄❱❼❾➙➃❸➌➉➏➨➩➄✢➄➃❸✺❺➈❶➓➁❶➈❽➈➓➭❸➌➀➌❼➎❸☞➴ ➢ ➄➃❸✫➫✏➙➪➲➱❼❾➒➈➍❷➄☎❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄☎➓➁➄☎➣➘❼❾➉➏❸♦➐✎➔➹❻ ❼❾➉➋❺➈➄❤❺➈➄✏➓✸➇❿⑩❷➀➭❸➌➓❢❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓
Ts

➄➃❸
Tc
➛➜❶➈➉✥❺➈➫✏➓➁➉ ➡➍❷➒➈➄✏➒➩❸❢➔➋➄✏➓✦➒➈Ù♦❶➈❺➈➓✦❺❞❻ ➉➋➒➜❸➌➄✏➀➁➙✏⑩❷➒➈➒➈➄➆➅❹➉➏⑩❷➒➈➓❢➀➁➄✏➓➁➇❿➄✏➙➃❸➌➉➏➨❷➄✏➊✝➄✏➒➩❸✸❼❾❶Ð➒➈➉➏➨❷➄☞❼❾❶Ð❺➈❶Ð➓➁➉➋➔➋➉➋➙✏➉➏❶➈➊ ➄➃❸❢❺➈❶Ð➙✏⑩❷❶❹➨➩➄✏➀➁➙✏➔➋➄

❤ ❽✹⑩✜✱➋❸➌➉➋➄✏➀➀✐➆➴➷⑤➄✼➙☞❼❾➔➋➙✏❶➈➔❢❺➈➄❆➙✏➄✏➓②❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➄✏➓②➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✏➓②➄➃❸✜➙☞❼❾➇➱❼❾➙➃➉➏❸➌➫✏➓✎❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓②➒➈➫➃➙✏➄✏➓➁➓➌➉➏❸➌➄❆❺➈➄❆➙✏⑩❷➒➈➒➱❼✖✱➋❸➌➀➁➄
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✡✟➔➋➫✏➊✝➄✏➒➩❸➌➓ ➢ ⑩❷➒➈❺➈❶➈➙➃❸➌➉➏➨P➉➏❸➌➫⑨➟➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄
λ (W/m · K)

➢ ⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸✩❺➈➄❺➈➉➏❰❏❶➈➓➁➉➋⑩❷➒
a (cm2/s)

➧ ➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄⑨➟➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄
RTh (K/W )

➢ ❼❾➇➱❼❾➙✏➉➏❸➌➫⑨➟➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄
CTh (J/K)

AsGA 46 0.2 RAsGa = 20.07
Ca = 35.88µ
C1 = 48.773n➢ ⑩❷➔➋➔➋➄➢ ⑩❷➒➈❺➈❶➈➙➃❸➌➀➁➉➋➙✏➄ 1.58 0.8 Rrep = 121.7✃❢➔➋⑩❷❽q⑨✡⑩❷➇

0.05 − RGT = 52ký ➉➋➀➁➄♦➝✺⑩❷➒➈❺➈➉➋➒➈➍
296 1.21 RWB = 14.8✰✢✱✳✲✳☎❀✝❹➴ ✠ ✝ →✪❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓➥❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓✢❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴

➷✳❼q❒➱➍❷❶➈➀➁➄✇✝❹➴✂✁ ÿ ➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄❥➔➹❻ ➫➃➨❷⑩❷➔➋❶❹❸➌➉➋⑩❷➒Ð❺➈➄✝➔➬❼✯❸➌➄✏➊✝➇✹➫✏➀➌❼➎❸➌❶➈➀➁➄✝❺➈➄☎➔➬❼ ❂ ⑩❷➒➈➄❥❼❾➙➃❸➌➉➏➨❷➄☎❺➈❶ ➶❱➢ ➼ ➦ ➷❍➇✹⑩❷❶➈➀❺➈➄✏❶P➅ü➙✏⑩❷❶➈➀➌❼❾➒➩❸➌➓✫➉➋➒➎➂➭➄✏➙➃❸➌➫✏➓✏❮
4mA

➄➃❸
8mA

➴✡➷⑤➄✏➓✸❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄✏➓✫➓➁➄❥➓➭❸➪❼❾❽➈➉➋➔➏➉➋➓➁➄✏➒➩❸✫❼❾❶è❽❿⑩❷❶❹❸✫❺➈➄
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< Fi(t)Fj(t

′) >= 2Dijδ(t − t′)
❤ ✝❹➴✂✁ ☛ ✐

⑩❷Ô
i, j = N,S

⑩❷Ô
ϕ
➄➃❸✟➔➋➄✏➓✽➣➘❼❾➙➃❸➌➄✏❶➈➀➁➓

Dij
➓➁⑩❷➒➜❸✟➔➋➄✏➓✽➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸➌➓✟❺➈➄➟❺➈➉➏❰❏❶➈➓➁➉➋⑩❷➒✫➄➃❸✟➛➜❶➈➉➈➙✏⑩❷➀➁➀➁➄✏➓➁➇❿⑩❷➒➈❺➈➄✏➒➩❸➐✯❶➈➒➈➄☎❺➈➄✏➒➈➓➁➉➏❸➌➫☎➓➁➇✹➄✏➙➃❸➌➀➌❼❾➔➋➄☎❺➈❶✼❽➈➀➁❶➈➉➏❸✸❼❾➓➁➓➁⑩➜➙✏➉➋➫✏➄✝➐q➙➪➲➱❼❾➛➜❶➈➄❤➨❾❼❾➀➁➉➬❼❾❽➈➔➋➄❾➴ ➢ ➄✏➓♦➙✏⑩P➄➃Õ✝➙✏➉➋➄➃➒➜❸➌➓♦❺➈➄☎❺➈➉➏❰❏❶➈➓➁➉➋⑩❷➒
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➳✔ô✥➾➵õ×➥✧➧P➨✥➪✕①✯÷❣➚❣➪ ûá➩➯➭■➲P➚❣➪ ➭②✾ ➼✫û⑨➥➀ø➔ø❇➥✖➩➯➦
➓➁⑩❷➒➜❸q⑩❷❽❹❸➌➄✏➒➜❶➈➓q➐ü➇➱❼❾➀➭❸➌➉➋➀✝❺➈➄✏➓✯➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✯➇➈➲➩➯P➓➁➉➋➛➜❶➈➄✏➓q❺➈❶❍➔➬❼❾➓➁➄✏➀❥➙✏⑩❷➊✝➊✝➄✜➔➋➄✜➊✝⑩❷➒➩❸➌➀➁➄✜➔➋➄✜➓➭➯P➓➭❸➌➳✏➊✝➄❺❞❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓➽✝❹➴ ✝ ✞ ➴

DSS = RSP · S ❤ ✝❹➴ ✝ ✞ ❼✧✐
DNN = RSP · S +

1

τN

N
❤ ✝❹➴ ✝ ✞ ❽❨✐

Dϕϕ =
RSP

4 · S
❤ ✝❹➴ ✝ ✞ ➙✟✐

➷⑤➄✝❽➈➀➁❶➈➉➏❸✸❺❞❻ ➉➏➒➜❸➌➄✏➒➈➓➁➉➏❸➌➫☎⑩❷➇❹❸➌➉➋➛➜❶➈➄ ➧ ➽ ➸❸⑩⑥⑩ ➄✏➓➭❸✫➔➋➄☎➀➌❼❾➇➈➇✹⑩❷➀➭❸✸❺➈➄✝➔➬❼q❺➈➄✏➒➈➓➁➉➏❸➌➫✝➓➁➇❿➄✏➙➃❸➌➀➌❼❾➔➋➄☎❺➈➄✝❽➈➀➁❶➈➉➏❸✸➇➱❼❾➀♦➔➋➄➙☞❼❾➀➁➀➁➫♦❺➈➄♦➔➬❼❤➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄❾❮➱➙✏⑩❷➊✝➊✝➄❢➔➋➄❢➊✝⑩❷➒➩❸➌➀➁➄❢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴ ✝ ÿ ➴
rin =

Sp(ω)

˜Popt
2

❤ ✝❹➴ ✝ ÿ ✐
⑩❷Ô②➔➬❼❬❺➈➄✏➒➈➓➁➉➏❸➌➫♦➓➁➇❿➄✏➙➃❸➌➀➌❼❾➔➋➄♦➄✏➓➭❸✩➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄♦➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴ ✝✧✁✵➶ ➻✦➵ ☛ ✝✜➘➹➴

Sp(ω) =

∫ ∞

−∞
< δPopt(t + τ)δPopt(t)exp(−ıωτ > dτ

❤ ✝❹➴ ✝✧✁✚✐
➷✳❼✸➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒❥❺❞❻ ❼❾❶❹❸➌⑩➜➙✏⑩❷➀➁➀➁➄✏➔➬❼➎❸➌➉➋⑩❷➒✝➄✏➓➭❸➥➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄❱➇➱❼❾➀⑦✝❹➴ ✝✚✝✸❺➈⑩❷➒➩❸➥➔➬❼❢❸➌➀➌❼❾➒➈➓➭➣↔⑩❷➀➁➊✝➫✏➄❱❺➈➄✦Ö➱⑩❷❶➈➀➁➀➁➉➋➄✏➀✥➄✏➓➭❸➟➔➋➄➧ ➽ ➸ ➄➃❸✩➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄❢➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴ ✝✜✠➈➴

Cpp(τ) =
< δPopt(t)δPopt(t + τ) >

˜Popt
2

❤ ✝❹➴ ✝✚✝✧✐
⑩❷Ô ˜Popt =< Popt >

➄✏➓➭❸✩➔➬❼❬➨➎❼❾➔➋➄✏❶➈➀✢➊✝⑩✣➯❷➄✏➒➈➒➈➄♦❺➈➄
Popt

➴
rin(ω) =

∫ ∞

−∞
Cpp(τ)exp(−ıωt)dt

❤ ✝❹➴ ✝✜✠✯✐
➷⑤➄ ➧ ➽ ➸ ➄✏➓➭❸✩➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➩❸✢➄➆➅❹➇➈➀➁➉➋➊✝➫♦➄➃➒

dB/Hz
➄➃❸✢➄✏➓➭❸❱❺➈⑩❷➒➈➒➈➫♦➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒■✝❹➴ ✝✧�P➴

RIN = 10 · log(rin)
❤ ✝❹➴ ✝✧�✚✐

⑧ ➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✎⑩❷➇❹❸➌➉➋➛➜❶➈➄q➙✏⑩❷➒➈➓➭❸➪❼❾➒➩❸➌➄❾❮✟➔➋➄✯➓➌➇✹➄✏➙➃❸➌➀➁➄②❺➈❶④❽➈➀➁❶➈➉➏❸ ➧ ➽ ➸ ➄✏➓➭❸❤➣➘❼❾➉➋❽➈➔➋➄q➐✍❽➱❼❾➓➁➓➁➄q➣↔➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄②➄➃❸➇➈➀➁➫✏➓➁➄✏➒➜❸➌➄✸❶➈➒②➊❥❼✖➅❹➉➋➊❬❶➈➊ ❼❾❶q➨➩⑩❷➉➋➓➁➉➋➒➱❼❾➍❷➄✦❺➈➄♦➔➬❼❬➣↔➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄✸❺➈➄♦❺➈➄♦➀➁➫✏➓➁⑩❷➒➱❼❾➒➈➙✏➄❾➴➠✩➒➈➄Ð➨❾❼❾➔➋➄✏❶➈➀q➉➋➒➩❸➌➫✏➀➁➄✏➓➁➓➌❼❾➒➩❸➌➄✼❺➈➄✼➔➬❼è➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒❍❺❞❻ ❼❾❶❹❸➌⑩➜➙✏⑩❷➀➁➀➁➫✏➔➬❼➎❸➌➉➋⑩❷➒❍➄✏➓➭❸✎⑩❷❽❹❸➌➄✏➒P❶➈➄✼➇✹⑩❷❶➈➀
τ = 0

❮➥➛➜❶➈➉➙✏⑩❷➀➁➀➁➄✏➓➁➇❿⑩❷➒➈❺✍❼❾❶✎➀➌❼❾➇➈➇❿⑩❷➀➭❸✢➓➁➉➋➍❷➒➱❼❾➔⑤➐❤❽➈➀➁❶➈➉➏❸❱➼ ➸❱➧➍⑩ ❹ ➄➃❸✩❺➈⑩❷➒➈➒➈➫♦➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✝❹➴ ✝✚✄❹➴
SNR =

1
√

Cpp(0)

❤ ✝❹➴ ✝✚✄✧✐
➁➇➁ ➜ ➆❥→✂➊➀➅➇➎ ✶❽➆◆➂✷➄❽➅➇➆❥➄ ➟ ➎ ➅ Õ➵➡❣➙❽➎ ➟ ➆➁ ➑✣ÑÒ➎ ➈❽➄✖➊✽→ ➠ ➅➇➙✽➠ ➄✙➙❽➎ ➟ ➆ ➜ ➊➀➅➇➎ ➙
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①✯÷ ➌❀÷➞➼➫➧✧➾✻➺➯➪ ➭➍➪ ➳❶➩➯û■û⑨➾➵➦➽➭➍➪
✩ ❘ ✩ ❘ ✩ ❘ ✎ ❃ õ⑤å✳ëPã↔ä▲❍■❏▲❑ í◆▼ ✏ ❃ ùÑä➩é❥æ☞ê➘ç✼î✡ã↔á❹é✖êýõ ô

→✡⑩❷❶➈➀❱❸➌➄✏➒➈➉➋➀❱➙✏⑩❷➊✝➇❹❸➌➄❬❺➈❶✍❽➈➀➌❶➈➉ ❸✣❮✹➒➈⑩❷❶➈➓♦❼☞➨❷⑩❷➒➈➓✦➉➋➒➈➓➁➫✏➀➁➫❬➔➋➄✏➓❱➣↔⑩❷➀➁➙✏➄✏➓✦❺➈➄❤➷✳❼❾➒➈➍❷➄➃➨P➉➋➒Ð❺➱❼❾➒➈➓✦➔➋➄✫➊✝⑩➜❺➈➳✏➔➋➄❺➈❶ ➶❱➢ ➼ ➦ ➷ ❤ ➻❱➒➈➒➈➄➆➅❹➄✸➻❸✐✺➄✏➒②❶❹❸➌➉➋➔➋➉➏➓➌❼❾➒➩❸➟➔➬❼❬➊✝➫➃❸➌➲➈⑩➜❺➈➄♦❺➈❶✎❽❿⑩☞➅➜➡➭➑②❶➈➔➋➔➋➄✏➀➥❺➈➫✏➙✏➀➁➉➏❸➌➄❢❺➱❼❾➒➈➓✢➔➋➄❢➙➪➲➱❼❾➇➈➉➏❸➌➀➁➄➫✁P➴➷✳❼✫➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒✭✬✎ô êr❽ õ✹ì➎ç ➄✏➓➭❸✢❶❹❸➌➉➋➔➋➉➋➓➁➫✏➄✦➇✹⑩❷❶➈➀➟➍❷➫✏➒➈➫✏➀➁➄✏➀✢❺➈➄✏➓✢➒➈⑩❷➊❬❽➈➀➁➄✏➓➟➀➁➫✏➄✏➔➋➓✢❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄✏➓✺➉➋➒➈❺➈➫✏➇❿➄✏➒➈❺➱❼❾➒➩❸➌➓❼❾➇➈➇➱❼❾➀➭❸➌➄✏➒➱❼❾➒➩❸✝➐✍➔➹❻ ➉➋➒➜❸➌➄✏➀➭➨➎❼❾➔➋➔➏➄
[−1, 1]
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Driver


Tension


Différentielle


Courant
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➷⑤➄✸➙✏⑩❷❶➈➀➌❼❾➒➩❸❱❺➈➄✸➓➁⑩❷➀➭❸➌➉➋➄❢❺➈➄✸➙✏➄✸➊✝⑩❷➒➜❸➪❼❾➍❷➄

Iout
➙✏⑩❷➊✝➊❬❶❹❸➌➄♦➄✏➒➩❸➌➀➁➄✸❺➈➄✏❶P➅✎➨❾❼❾➔➋➄✏❶➈➀➁➓✩➓➁❶➈➉➏➨➎❼❾➒➩❸❱➔➬❼❬➨❾❼❾➔➋➄✏❶➈➀✢❺➈➄➔➬❼❬❸➌➄✏➒➈➓➁➉➋⑩❷➒✎➄✏➒②➄✏➒➜❸➌➀➁➫✏➄♦➓➁➄✏➔➋⑩❷➒②➔➘❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒■✝❹➴ ✝✧☎P➴

Iout = Iavg + Imod/2 si VP = Vdd

❤ ✝❹➴ ✝✧☎❾❼✧✐
Iout = Iavg − Imod/2 si VN = Vdd

❤ ✝❹➴ ✝✧☎➎❽❨✐
⑩❷Ô

Iavg
❮
Imod

❺➈➫✏➓➁➉➋➍❷➒➈➄✏➒➜❸✩➔➋➄❢➙✏⑩❷❶➈➀➌❼❾➒➩❸✩➊☎⑩✖➯❷➄✏➒②➄➃❸✢➔➋➄❢➙✏⑩❷❶➈➀➌❼❾➒➜❸✢❺➈➄♦➊✝⑩P❺➈❶➈➔➬❼➎❸➌➉➏⑩❷➒❞➴➷⑤➄✏➓♦➓➁⑩❷❶➈➀➁➙✏➄✏➓✸❺➈➄☎➙✏⑩❷❶➈➀➌❼❾➒➩❸➌➓♦❺➈➄❤➔➬❼❥❒➱➍❷❶➈➀➁➄❷✝❹➴✂✁✜✆✯➓➁⑩❷➒➩❸✸➀➁➄✏➊✝➇➈➔➬❼❾➙✏➫✏➄✏➓❢➇➱❼❾➀❢❺❞❻ ❼❾❶❹❸➌➀➁➄✏➓♦➀➁➫☞❼❾➔➋➉➋➓➁➫✏➄✏➓❢➄✏➒✼❸➌➄✏➙➪➲P➡➒➈⑩❷➔➋⑩❷➍❷➉➋➄ ➢ ➑✍➞♦➼❥➇➱❼❾➀✺➔➹❻ ➉➋➒➩❸➌➄✏➀➁➊✝➫✏❺➈➉➋❼❾➉➏➀➁➄✢❺❞❻ ❶➈➒q➊✝➉➋➀➁⑩❷➉➏➀✥❺➈➄❱➙✏⑩❷❶➈➀➌❼❾➒➩❸➥➙✏⑩❷➊✝➊✝➄✩➔➋➄✩➊✝⑩❷➒➜❸➌➀➁➄✩➔➬❼♦❒➱➍❷❶➈➀➁➄➍✝❹➴✂✁ ☛ ➴➷⑤➄♦➊✝➉➋➀➁⑩❷➉➏➀➥❺➈➄♦➙✏⑩❷❶➈➀➌❼❾➒➩❸✩⑩❾❰❏➀➁➄❢➔➹❻ ❼☞➨❾❼❾➒➩❸➪❼❾➍❷➄❢❺❞❻ ❼☞➨➩⑩❷➉➋➀➥❺➈➄✏➓✩➙✏⑩❷❶➈➀➌❼❾➒➩❸➌➓✢➫✏➛➜❶➈➉➋➔➋➉➋❽➈➀➁➫✏➓✏➴
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ÿ✁�✄✂❦☎❨✝❹➴✂✁ ☛⑤✝ ➵❱➀➁➉➏➨➩➄✏➀ ➢ ➑✍➞♦➼❿➴
➷⑤➄✸➙✏⑩❷❶➈➀➌❼❾➒➜❸✩➄✏➒✍➓➁⑩❷➀➭❸➌➉➋➄♦❺➈➄✸➙✏➄➃❸➁❸➌➄✫➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄ ➢ ➑Ð➞❢➼②❺➈❶✜❺➈➀➁➉➏➨❷➄✏➀✩➄✏➓➭❸❱➄➆➅❹➇➈➀➁➉➋➊✝➫✸➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒▲✝❹➴ ✝✚✆❹❮➉➋➔❞➓✏❻ ❼❾➍❷➉➏❸✢❽➈➉➋➄✏➒✎❺❞❻ ❶➈➒②➇➈➀➁⑩P❺➈❶➈➉➏❸✢❺➈❶②➍❷❼❾➉➋➒✎➄➆➅❹➇➈➀➁➉➋➊✝➫❢➄✏➒

A · V −1
➇➱❼❾➀✢➔➬❼✫❸➌➄✏➒➈➓➁➉➋⑩❷➒②❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➉➋➄✏➔➋➔➏➄

Iout = gm(Vgs1 − Vgs2) = gm(VP − VN)
❤ ✝❹➴ ✝✚✆✧✐

⑩❷Ô
gm

❺➈➫✏➓➁➉➋➍❷➒➈➄❱➔➬❼♦❸➌➀➌❼❾➒➈➓➁➙✏⑩❷➒➈❺➈❶➈➙➃❸➪❼❾➒➈➙✏➄❢❺➈❶❥❸➌➀➌❼❾➒➈➓➁➉➋➓➭❸➌⑩❷➀ ➸ ➑✍➞♦➼❥➄➆➅❹➇➈➀➁➉➋➊✝➫❱➄✏➒
A ·V −1

➄➃❸➥❺➈➫➃❒➱➒➈➉➋➄❱➇➱❼❾➀➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒■✝❹➴ ✝ ☛ ➴
gm =

∂ID

∂Vgs

❤ ✝❹➴ ✝ ☛ ✐
➢ ➄➃❸➁❸➌➄♦➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄❢❺➈➄❢❺➈➀➁➉➏➨➩➄✏➀➥➒➈⑩❷❶➈➓➟➇✹➄✏➀➁➊✝➄➃❸✢❺❞❻ ❼☞➨❷⑩❷➉➋➀➥❺➈➄❢❽❿⑩❷➒➈➒➈➄✏➓➟➇❿➄✏➀➭➣↔⑩❷➀➁➊❥❼❾➒➈➙✏➄✏➓➟➓➭❸➪❼➎❸➌➉➋➛➜❶➈➄✏➓➟➄➆❸✢❺❹➯P➒➱❼✖➡➊✝➉➋➛➜❶➈➄✏➓✏➴➸ ⑩❷❶➈➓❤➇➈➀➁➫✏➓➁➄✏➒➩❸➌⑩❷➒➈➓✝➐✍➔➬❼②❒➱➍❷❶➈➀➁➄✵✝❹➴ ✝ ✞ ➔➬❼✜➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✯❺❹➯P➒➱❼❾➊✝➉➋➛➜❶➈➄✯❺➈❶◆❺➈➀➁➉➏➨❷➄✏➀✏❮✪➒➈⑩❷❶➈➓❬➇❿⑩❷❶❹➨❷⑩❷➒➈➓➄➆➅P❸➌➀➌❼❾➉➋➀➁➄♦➔➬❼❬❽➱❼❾➒➈❺➈➄♦➇➱❼❾➓➁➓➌❼❾➒➜❸➌➄❾❮➱❺➈➄♦➔➹❻ ⑩❷➀➁❺➈➀➁➄❢❺➈➄

5Ghz
❮➈➄✏➓➭❸❱❼❾❶➈➓➁➓➁➉✳➔➋➄❢➍➩❼❾➉➋➒❞❮

72dBmho
➴
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✡✟➔➋➫✏➊✝➄✏➒➩❸➌➓ ➢ ⑩❷➒➈❺➈❶➈➙➃❸➌➉➏➨P➉➏❸➌➫❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄
λ (W/m · K)

➢ ⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸✩❺➈➄❺➈➉➏❰❏❶➈➓➁➉➋⑩❷➒
a (cm2/s)

➧ ➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄
RTh (K/W )

➢ ❼❾➇➱❼❾➙✏➉➏❸➌➫❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄
CTh (J/K)

SiliciumSi 131 0.96 RSi = 6.3 CS = 30.4m➢ ⑩❷➔➋➔➋➄➢ ⑩❷➒➈❺➈❶➈➙➃❸➌➀➁➉➋➙✏➄ 1.58 0.8 Rrep = 0.4

FR − 4 3.5 0.002 RFR4 = 52.4 CF = 3.58ý ➉➋➀➁➄♦➝✺⑩❷➒➈❺➈➉➋➒➈➍
296 1.21 RWB = 14.8➻❱➉➋➀

0.026 0.22➢ ❶➈➉➏➨P➀➁➄
390 1.1✰✡✱✳✲✳☎❀✝❹➴✂� ✝ →✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓➥❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓✢❺➈❶ ➶❱➢ ➼ ➦ ➷ü➄➃❸✩❺➈➄♦➓➁⑩❷➒②➄✏➒➩➨P➉➋➀➁⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸☞➴
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➦ ➒✯❸➌➄✏➒➱❼❾➒➩❸✢➙✏⑩❷➊✝➇❹❸➌➄✦❺➈➄❱❸➌⑩❷❶❹❸➟➔➹❻ ➄✏➒➩➨P➉➋➀➁⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸➟➒➈⑩❷❶➈➓➥➇➈➀➁➫✏➓➁➄✏➒➜❸➌⑩❷➒➈➓✢➐❬➔➬❼✸❒➱➍❷❶➈➀➁➄❸✝❹➴ ✝✚✆❬➔➋➄✏➓➥❺➈➉ ❰❏➫✏➀➁➄✏➒➜❸➌➄✏➓❸➌➄✏➊✝➇✹➫✏➀➌❼➎❸➌❶➈➀➁➄✏➓❱➔➋⑩P➙☞❼❾➔➋➄✏➓✢❺➈❶✍➊✝⑩➜❺➈❶➈➔➋➄✸❺❞❻ ➫➃➊✝➉➋➓➁➓➁➉➋⑩❷➒❞➴ ➢ ➄➃❸➁❸➌➄✫➙✏⑩❷❶➈➀➁❽❿➄✫➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄❬➔➹❻ ➫➃➨❷⑩❷➔➋❶❹❸➌➉➋⑩❷➒②❺➈➄✸➔➬❼❤❸➌➄✏➊❤➡➇✹➫✏➀➌❼➎❸➌❶➈➀➁➄✯❺➈➄❥➔➬❼❤➂➭⑩❷➒➈➙➆❸➪➉➏⑩❷➒ü❼❾➉➋➒➈➓➁➉✭➛➜❶➈➄❥➙✏➄✏➔➋➔➋➄✝❺➈❶◆→ ➢ ➝❱❮✽➙✏➄➃❸➁❸➌➄✯➓➁➉➋➊❬❶➈➔➬❼➎❸➌➉➏⑩❷➒❆➄✏➓➭❸✫➣➘❼❾➉➏❸➌➄✝➇✹⑩❷❶➈➀

4mA
➄➃❸

8mA
❺➈➄♦➙✏⑩❷❶➈➀➌❼❾➒➩❸✩➉➋➒➎➂➭➄✏➙➃❸➌➫✸❼❾❶ ➶❱➢ ➼ ➦ ➷✟➴❿➷✳❼❬❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄✸❼❾➊❬❽➈➉➬❼❾➒➩❸➌➄✦➄✏➓➭❸✩❺➈➄

25◦
➴➽Ò➔✹➣➘❼❾❶❹❸✺➒➈⑩❾❸➌➄✏➀✺➛➜❶➈➄✦➊❥❼❾➔➋➍❷➀➁➫✢➔➬❼✸➇➈➀➁➫✏➓➁➄✏➒➈➙✏➄❢❺➈➄✦➔➋❼♦➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒✝❺➈➄❱➔➬❼♦❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄❾❮P➄✏➔➋➔➋➄✢➀➁➄✏➓➭❸➪➄✩❸➌⑩❷❶❹❸➌➄✩➣↔⑩❷➉➋➓➉➋➒➱❼➎❸➁❸➌➄✏➒➈❺➈❶➈➄❱➇➱❼❾➀✺➔➋➄✏➓✺➉➋➒➈❺➈❶➈➓➭❸➪➀➁➉➋➄➃➔➋➓✏❮P➛➜❶➈➉❏➓✏❻ ❼➎❸➁❸➌➄✏➒➈❺➈➄✏➒➩❸✢➇➈➔➋❶❹❸ ✤ ❸➥➐✫❶➈➒➈➄❱➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒☎❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❱❺➈➄✦➔➹❻ ⑩❷➀➁❺➈➀➁➄

© Mohamed Karray, Télécom Paris - Décembre 2004
☎✜✝



➳✔ô✥➾➵õ×➥✧➧P➨✥➪✕①✯÷❣➚❣➪ ûá➩➯➭■➲P➚❣➪ ➭②✾ ➼✫û⑨➥➀ø➔ø❇➥✖➩➯➦

ÿ✁�✄✂✆☎❨✝❹➴ ✝✚✆ ✝ ➵❱➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓➟❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄✏➓✢➔➋⑩P➙☞❼❾➔➋➄✏➓➥❺➈❶②➊✝⑩P❺➈❶➈➔➋➄❾➴
❺❞❻ ❶➈➒➈➄❬❺➈➉ ❂ ❼❾➉➋➒➈➄✸❺➈➄✫❺➈➄✏➍❷➀➁➫✏➓✏➴ ➸ ⑩❾❸➌➀➁➄✫➊✝⑩P❺➈➳✏➔➋➄❾❮✹➛➜❶➈➉✽➄✏➓➭❸❱❒➱❺➈➳✏➔➋➄❬❼❾❶P➅✜➉➋➒❇❆➱❶➈➄✏➒➈➙✏➄✏➓✦❸➌➲➈➄✏➀➁➊✝➉➏➛➜❶➈➄✏➓✦➊❬❶❹❸➌❶➈➄✏➔➋➔➋➄❺➈➄✏➓✯➙✏⑩❷➊✝➇✹⑩❷➓➌❼❾➒➜❸➌➓✏❮✥➀➁➄✏➓➭❸➌➄✍➉➋➒➈➙☞❼❾➇➱❼❾❽➈➔➏➄②❺❞❻ ❼☞➨❷⑩❷➉➋➀✝➔➋➄②➊❷✢✏➊✝➄✎⑩❷➀➁❺➈➀➁➄✜❺➈➄✜➍❷➀➌❼❾➒➈❺➈➄✏❶➈➀✝❺➈➄②➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❾➒❞➴ ➢ ➄✏➙✏➉➄✏➓➭❸✫❺➈×❆➄✏➓➁➓➁➄✏➒➜❸➌➉➋➄✏➔➋➔➋➄✏➊☎➄✏➒➜❸☞❮❞❺❞❻ ❶➈➒➈➄✝➇➱❼❾➀➭❸✫➐✎➔➬❼✯❺➈➉➏Õ✝➙✏❶➈➔➏❸➌➫☎❺❞❻ ➄➃❰❏➄✏➙➃❸➌❶➈➄✏➀✸❺➈➄✏➓✸➊✝➄✏➓➁❶➈➀➁➄✏➓✸❺➈➄❤❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄❼❾❶è➒➈➉➏➨➩➄☞❼❾❶è❺➈➄✏➓✫❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓✫➉➋➒➩❸➌➄✏➀➭➣➘❼❾➙✏➄✏➓✸❺➈❶è➊✝⑩P❺➈❶➈➔➋➄❾❮⑤➄➃❸✫❺❞❻ ❼❾❶❹❸➌➀➁➄❥➇➱❼❾➀➭❸❬❼❾❶❆➙☞❼❾➔➋➙✏❶➈➔✥❺➈➄✏➓✫❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➄✏➓➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✏➓✩➄➃❸✩➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫✏➓➟❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓✏➴
❤✇ã✌➞ ♦q♣❞r⑨➮✈③❲⑧⑨í➞❰❽♣❞r

➸ ⑩❷❶➈➓❱❼☞➨❷⑩❷➒➈➓❱➫➃❸➌❶➈❺➈➉➋➫♦❺➱❼❾➒➈➓✩➙✏➄✫➙➪➲➱❼❾➇➈➉➏❸➌➀➁➄♦➔➋➄♦➊✝⑩P❺➈❶➈➔➋➄❢❺❞❻ ➫✏➊✝➉➋➓➁➓➁➉➋⑩❷➒✜❼☞➨➩➄✏➙✸➓➁➄✏➓❱❺➈➄✏❶P➅✜➇➱❼❾➀➭❸➌➉➋➄✏➓ Ï ➫✏➔➋➄✏➙➆➡❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄②➄➃❸❥⑩❷➇❹❸➌⑩➎➡Ò➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄❾➴✥➷⑤➄ ➶✦➢ ➼ ➦ ➷✟❮✺❼❾➇➈➀➁➳✏➓❥❼☞➨➩⑩❷➉➋➀❤➫➃❸➌➫✜➇➈➀➁➫✏➓➁➄✏➒➩❸➌➫✍➓➁❶➈➉➏➨➎❼❾➒➩❸❥➓➁⑩❷➒✉➊✝⑩➜❺➈➳✏➔➋➄➊❥❼➎❸➌➲➈➫✏➊❥❼➎❸➌➉➋➛➜❶➈➄❾❮❿➄✏➓➭❸❢➊✝⑩P❺➈➫✏➔➋➉➋➓➁➫✸➄✏➒ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿❮❞➄➃❸❢➙✏➄✏➙✏➉✪➄✏➒✼❼✖➂➭⑩❷❶❹❸➪❼❾➒➜❸✦➔➋➄✏➓❱➇➈➲➈➫✏➒➈⑩❷➊✝➳✏➒➈➄✏➓❢➇➈➀➁➉➋➓✦➄✏➒➙✏⑩❷➊✝➇❹❸➌➄❱❼❾❶✝➣↔❶➈➀✥➄➃❸➥➐♦➊✝➄✏➓➁❶➈➀➁➄❾➴❹➠✩➒➈➄✢➨❾❼❾➔➋➉➋❺➱❼➎❸➌➉➏⑩❷➒❞❮❷➓➭❸➪❼➎❸➌➉➋➛➜❶➈➄✩➄➃❸✺❺❹➯P➒➱❼❾➊☎➉➋➛➜❶➈➄❾❮➜❺➈❶ ➶✦➢ ➼ ➦ ➷Ð❼✸➫➃❸➌➫✢➣➘❼❾➉➏❸➌➄◆þ➔➋➄❢❺➈➉➬❼❾➍❷➀➌❼❾➊✝➊☎➄✦❺➈➄♦➔➹❻ Ù♦➉➋➔❞❼❤➫➃❸➌➫❢❸➌➀➪❼➎➙✏➫♦➇❿⑩❷❶➈➀✢❶➈➒✎➍❷➫✏➒➈➫✏➀➌❼➎❸➌➄✏❶➈➀✩➇➈➓➁➄✏❶➈❺➈⑩➎➡Ø❼❾➔➋➫☞❼➎❸➌⑩❷➉➏➀➌➄✦❺❞❻ ⑩❷➀➁❺➈➀➁➄
10
➴➷⑤➄❥➙✏➉➋➀➁➙✏❶➈➉➏❸✸➇➈➉➋➔➋⑩❾❸➌➄☎❺➈❶ ➶✦➢ ➼ ➦ ➷❍➄✏➓➭❸❤❼❾❶➈➓➁➓➁➉✭➫➃❸➌❶➈❺➈➉➋➫❾❮✡➒➈⑩❷❶➈➓❬❼☞➨❷⑩❷➒➈➓✫➙➪➲➈⑩❷➉➋➓➁➉✭❶➈➒➈➄✯❼❾➀➁➙➪➲➈➉➏❸➌➄✏➙➃❸➌❶➈➀➁➄ ➢ ➑✍➞♦➼⑩❾❰❏➀➌❼❾➒➜❸✢❺➈➄♦❽✹⑩❷➒➈➒➈➄✏➓✩➇❿➄✏➀➭➣↔⑩❷➀➁➊❥❼❾➒➈➙✏➄✏➓✏➴ ➸ ⑩❷❶➈➓✩❼✣➨❷⑩❷➒➈➓✢❶❹❸➌➉➋➔➋➉➏➓➁➫❢❶➈➒②➊✝⑩➜❺➈➳✏➔➋➄ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼q❺➈❶✎❸➌➀➌❼❾➒➈➓➁➉➋➓➭❸➌⑩❷➀➑✍➞♦➼q➇❿⑩❷❶➈➀✢➉➋➒➩❸➌➫✏➍❷➀➁➄✏➀➟➔➹❻ ➄➃❰❏➄➃❸✢❺➈➄♦➔➬❼❬❸➌➄✏➊☎➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄♦❺➱❼❾➒➈➓✢➓➁⑩❷➒✎➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸☞➴➦ ➒❹❒➱➒❆❶➈➒➈➄❤➫➃❸➌❶➈❺➈➄❤❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❬❺➈❶✼➊✝⑩P❺➈❶➈➔➏➄❤❼❾➙➪➲➈➳➃➨➩➄☎➙✏➄❤➙➪➲➱❼❾➇➈➉➏❸➌➀➁➄❾❮❞➄✏➔➏➔➋➄❬➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄☎➔➹❻ ➄➃➨➩⑩❷➔➋❶❹❸➌➉➋⑩❷➒✜❺➈➄❤➔➬❼❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄✸❼❾❶✎➒➈➉➏➨➩➄✏❼❾❶②❺➈➄♦❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓✩➉➋➒➩❸➌➄✏➀➭➣➘❼❾➙✏➄✏➓✏➴

© Mohamed Karray, Télécom Paris - Décembre 2004
☎✖✠



Ú Û ÛqÜ ③❿⑦✎✈②s ❀

❁ ❧ Þ ❪ Ý s Þ❄s ✈■♠✉①◆s Ü ⑦②③P❧ ⑥

➍✵ã❲â ä rås➞➬➱♣❷①⑨⑧⑨➮➯s❣❰❽♣❞r

➷✳❼❤➔➋❶➈➊✝➉➋➳✏➀➁➄✦➊✝⑩➜❺➈❶➈➔➋➫✏➄❢➙✏⑩❷➒➩❸➌➄✏➒➱❼❾➒➜❸✩➔➹❻ ➉➏➒❹➣↔⑩❷➀➁➊❥❼✖❸➌➉➏⑩❷➒✎➐❤➲➱❼❾❶❹❸✢❺➈➫✏❽➈➉➏❸✩➄✏➓➭❸✩➄✏➒➩➨❷⑩✖➯❷➫✏➄✫➐❤❶➈➒②➊✝⑩P❺➈❶➈➔➋➄✦❺➈➄➀➁➫✏➙✏➄✏➇❹❸➌➉➋⑩❷➒❞➴✡➷⑤➄✝➓➁➉➋➍❷➒➱❼❾➔✟⑩❷➇❹❸➌➉➋➛➜❶➈➄✝➄✏➓➭❸✫➙✏⑩❷➒➜➨❷➄✏➀➭❸➌➉✭➄✏➒è❶➈➒è➓➁➉➋➍❷➒➱❼❾➔✥➫✏➔➋➄➃➙➃❸➌➀➌➉➏➛➜❶➈➄✝➇➱❼❾➀✸❶➈➒è➇➈➲➈⑩❾❸➌⑩P❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀✏➴➢ ➄✏➔➋❶➈➉ ➡Ò➙✏➉P➄✏➓➭❸✺❼❾➓➁➓➁⑩➜➙✏➉➋➫➟➄✏➒☎➍❷➫✏➒➈➫✏➀➌❼❾➔➱➐❢❶➈➒➈➄➥➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒❬❺➈➄✢➇➈➀➁➫➆➡Ø❼❾➊☎➇➈➔➋➉➏❒➱➙☞❼➎❸➌➉➏⑩❷➒❞❮❾❼➎❒➱➒☎❺❞❻ ❼➎➊✝➇➈➔➋➉➏❒➱➄✏➀✽➔➋➄✺➣➘❼❾➉➋❽➈➔➋➄➓➁➉➋➍❷➒➱❼❾➔✥➀➁➄❲❺✏❶❞➴ ➦ ➒➈➓➁❶➈➉➏❸➌➄❾❮✡➉➋➔✭➇➱❼❾➓➁➓➁➄✯➇➱❼❾➀✫❶➈➒◆➇❿⑩❷➓➭❸➭➡Ø❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀✸➛➜❶➈➉✺➇❿➄✏➀➁➊✝➄➃❸❬❺❞❻ ❼❾➊✝➇➈➔➋➉➏❒➱➄✏➀♦➔➋➄❥➓➁➉➋➍❷➒➱❼❾➔➇✹⑩❷❶➈➀➥⑩❷❽❹❸➌➄✏➒➈➉➋➀✭❶➈➒➈➄❱➨❾❼❾➔➋➄✏❶➈➀✭➄➆➅❹➇➈➔➋⑩❷➉➏❸➪❼❾❽➈➔➋➄❾➴P➠✩➒➈➄❱➣↔⑩❷➉➋➓✺❼❾➊✝➇➈➔➋➉ ❒➱➫❾❮➜➔➋➄❱➓➁➉➋➍❷➒➱❼❾➔✹➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄❱➄✏➓➭❸➟❺➈➉➋➀➁➄✏➙➃❸➌➄✏➊✝➄✏➒➜❸➄✏➒➩➨❷⑩✖➯❷➫♦➨❷➄✏➀➁➓✩➔➋➄♦➙✏➉➋➀➁➙✏❶➈➉➏❸➟❺➈➄✸❺➈➫✏➙✏➉➋➓➁➉➋⑩❾➒➞➶ Ó✸➑ ☛ ✄✖➘➹➴✹➵❱➉➏❰❏➫✏➀➁➄✏➒➩❸➌➓✩➄➃❰❏➄➆❸➪➓✢➓➁⑩❷➒➜❸✩➇➈➀➁➉➋➓➟➄✏➒②➙✏⑩❷➊✝➇❹❸➌➄♦❺➱❼❾➒➈➓✢➒➈⑩❾❸➌➀➁➄➫➃❸➌❶➈❺➈➄❾❮✹➐☎➓➌❼☞➨❷⑩❷➉➋➀✏❮➈➔➬❼❬❸➌➲➈➄✏➀➁➊✝➉➏➛➜❶➈➄♦➄➃❸✩➔➋➄❢❽➈➀➁❶➈➉➏❸☞➴→✟➔➋❶➈➓➁➉➋➄✏❶➈➀➁➓➟➇✹⑩❷➓➁➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫✏➓✺➓✏❻ ⑩❾❰❏➀➁➄✏➒➜❸✢➇❿⑩❷❶➈➀➟➙➪➲➱❼❾➛➜❶➈➄♦➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸☞❮➈➒➈⑩❾❶➈➓✢➔➋➄✏➓➟➇➈➀➁➫✏➓➁➄✏➒➩❸➌⑩❷➒➈➓✩❺➱❼❾➒➈➓➟❶➈➒➈➄♦➇➈➀➁➄➆➡➊✝➉➋➳✏➀➁➄❥➫➃❸➪❼❾➇❿➄❾❮✪➇➈❶➈➉➋➓❤➒➈⑩❷❶➈➓❤➫➃❸➌❶➈❺➈➉➋⑩❷➒➈➓❤➔➋➄✏➓❬➫✏➔➋➫✏➊✝➄✏➒➜❸➌➓❬➀➁➄➃❸➌➄✏➒P❶➈➓✏➴✥➷✳❼✍➊✝⑩P❺➈➫✏➔➋➉➏➓➌❼➎❸➌➉➋⑩❾➒ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼◆➄✏➓➭❸➔➹❻ ➫➃❸➪❼❾➇✹➄✸➛➜❶➈➉✳➓➁❶➈➉➏❸☞❮✹➄➃❸❱➒➈⑩❷❶➈➓✢➨❾❼❾➔➋➉➋❺➈⑩❷➒➈➓✢➙➪➲➱❼❾➛➜❶➈➄✫➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸❱➄➃❸❱➔➋➄♦➊✝⑩➜❺➈❶➈➔➋➄♦➙✏⑩❷➊✝➇➈➔➋➄➃❸✩➇➱❼❾➀✩❺➈➉ ❰❏➫✏➀➁➄✏➒➜❸➌➄✏➓➓➁➉➋➊❬❶➈➔➬❼➎❸➌➉➏⑩❷➒➈➓✏➴
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ÿ✁�✄✂✆☎❨✠➈➴ ÿ✞✝ ➼P➙➪➲➈➫✏➊❥❼☎❽➈➔➋⑩P➙❢❺➈❶✎➀➌➫➃➙✏➄✏➇❹❸➌➄✏❶➈➀❱⑩❾➇❹❸➪➉➏➛➜❶➈➄❾➴
➍✵ã✌❤ ♦ Û✵♣➫❰➀✉ ①⑨⑧ é➙Û✵♣➹s❣♣➹➬➱⑤✥➮✈t❶é✵s❣t✥⑧✓➬

→✽❼❾➀➁➊✝➉✳➔➋➄✏➓✩➇➈➀➁➉➋➒➈➙✏➉➋➇➱❼❾➔➋➄✏➓✢➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✏➓❱➙✏⑩❷➊✝➊❬❶➈➒➈➄✏➓❱➐☎❸➌⑩❷❶➈➓❱➔➋➄✏➓✩➇➈➲➈⑩❾❸➌⑩P❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀➁➓✏❮❏➙✏➉➏❸➌⑩❷➒➈➓✩➔➬❼➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫
R
❮⑤➛➜❶➈➉✥➄✏➓➭❸✸➔➋➄❤➀➌❼❾➇➈➇❿⑩❷➀➭❸♦❺➈➄☎➇➈➀➁⑩❷➇❿⑩❷➀➭❸➌➉➋⑩❷➒➈➒➱❼❾➔➋➉ ❸➌➫❬➄✏➒➩❸➌➀➁➄☎➔➋➄❤➙✏⑩❷❶➈➀➌❼❾➒➜❸♦➇➈➲➈⑩❾❸➌⑩❷➒➈➉➋➛➜❶➈➄☎➍❷➫✏➒➈➫✏➀➁➫❾❮

Iph
❮➈➄➃❸✩➔➬❼❤➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄♦⑩❷➇❹❸➌➉➋➛➜❶➈➄♦➀➁➄❲❺✏❶➈➄➎❮

Popt
❮➱➙✏➄♦➛➜❶➈➉⑤➄✏➓➭❸✩❸➌➀➌❼❾❺➈❶➈➉➏❸➟➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✵✠➈➴ ÿ ➴

Iph = R · Popt

❤ ✠➈➴ ÿ ✐
➷✳❼q➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫

R
❤ ❺➈⑩❷➒➈➒➈➫✏➄☎➄✏➒

A/W
✐➆❮❞➇❿➄✏❶❹❸➫✢➃❸➌➀➁➄❤➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄❤➄✏➒✼➣↔⑩❷➒➈➙➃❸➌➉➋⑩❾➒✼❺➈❶✼➀➁➄✏➒➈❺➈➄✏➊✝➄✏➒➩❸✸➛➜❶➱❼❾➒P➡❸➌➉➋➛➜❶➈➄❾❮

η
❮➟➛➜❶➈➉❢➄✏➓➭❸②➔➋➄Ð➀➪❼➎➇➈➇❿⑩❷➀➭❸✎❺➈❶❘➒➈⑩❷➊❤❽➈➀➁➄Ð❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓✎➍❷➫✏➒➈➫✏➀➁➫✏➓②➇➱❼❾➀✎➔➋➄Ð➒➈⑩❷➊❬❽➈➀➁➄✼❺➈➄✼➇➈➲➈⑩❾❸➌⑩❷➒➈➓➉➋➒➈➙✏➉➋❺➈➄✏➒➜❸➌➓✏➴ ➢ ➄➃❸➁❸➌➄✸➀➁➄✏➔➬❼➎❸➌➉➋⑩❾➒q➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫✏➄✸➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✠➈➴✂✁✵➶ ➻❱➍❷➀ ✞ ✁✟➘➹➴

η =
Iph/q

Pop/hν

❤ ✠➈➴✂✁✚✐
➦ ➒❥❶❹❸➌➉➋➔➋➉➏➓➌❼❾➒➩❸✟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➷✠➈➴ ÿ ❮❷⑩❷➒✝➀➁➄➃❸➌➀➁⑩❷❶❹➨❷➄✩➔➬❼❢❺➈➫➃❒➱➒➈➉➏❸➌➉➋⑩❾➒☎❺➈➄✩➔➋❼❢➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫➥❺➈⑩❷➒➈➒➈➫✏➄✩➇➱❼❾➀✟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒
✠➈➴ ✝❹➴

R =
ηq

hν
=

ηλ

1.24

❤ ✠➈➴ ✝✧✐
⑩❷Ô

λ
➄✏➓➭❸✩➔➬❼❤➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀➟❺❞❻ ⑩❷➒➈❺➈➄♦➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄♦➄✏➒

µm
➴➢ ⑩❷➒➈➓➁➉➋❺➈➫✏➀➁⑩❷➒➈➓✥➛➜❶➈➄➟➔➋➄✺➇➈➲➈⑩❾❸➌⑩➎➡Ò❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀✟➄✏➓➭❸✭➙➃⑩❷➊✝➇❿⑩❷➓➁➫➟❺❞❻ ❶➈➒➈➄➥❸➌➀➌❼❾➒➈➙➪➲➈➄➟❺➈➄➟➓➁➄✏➊✝➉➋➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➄✏❶➈➀✟❺❞❻ ➫✏➇➱❼❾➉➋➓Ø➡➓➁➄✏❶➈➀

W
❮➱➙✏⑩❷➊✝➊✝➄♦➔➋➄♦➊✝⑩❷➒➩❸➌➀➁➄♦➔➬❼❤❒➱➍❷❶➈➀➁➄➫✠➈➴✂✁P❮➱➔➋➄♦➀➁➄✏➒➈❺➈➄✏➊✝➄✏➒➩❸✦➛➜❶➱❼❾➒➩❸➌➉➋➛➜❶➈➄✸➄✏➓➭❸✦❺➈⑩❷➒➈➒➈➫✸➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒

✠➈➴ ✠▲➶ ➻❱➍❾➀ ✞ ✁✙➘➹➴
η = 1 − exp(−αW )

❤ ✠➈➴ ✠✯✐
⑩❷Ô

α
➄✏➓➭❸✩➔➋➄❢➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸✩❺❞❻ ❼❾❽➈➓➁⑩❷➀➁➇❹❸➌➉➋⑩❷➒✎❺➈❶②➓➁➄✏➊✝➉ ➡Ò➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➄✏❶➈➀✏➴➽Ò➔✺➣➘❼❾❶❹❸☎➒➈⑩❾❸➌➄✏➀❤➛➜❶❞❻ ❶➈➒Ñ➇➈➲➈⑩❾❸➌⑩❷➒◆❺➈⑩❷➉➏❸❤➓➌❼➎❸➌➉➋➓➭➣➘❼❾➉➋➀➁➄❥❶➈➒➈➄✎➙✏⑩❷➒➈❺➈➉➏❸➌➉➋⑩❷➒ü➒➈➫✏➙✏➄✏➓➁➓➌❼❾➉➋➀➁➄✎➇❿⑩❷❶➈➀❤➇➱❼❾➀➭❸➌➉➋➙✏➉➋➇✹➄✏➀❤➐✍➔➬❼➍❷➫✏➒➈➫✏➀➌❼➎❸➌➉➋⑩❷➒✝❺➈❶❥➙✏⑩❷❶➈➀➌❼❾➒➩❸ Ï ➉➋➔➈❺➈⑩❷➉➏❸✭➇✹⑩❷➓➁➓➁➫✏❺➈➄✏➀✺❶➈➒➈➄✩➫✏➒➈➄✏➀➁➍❷➉➋➄✩➓➁❶➈➇✹➫✏➀➁➉➋➄✏❶➈➀➁➄✦➐♦➔➹❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄➟❺➈➄✦✃♦❼❾➇

Eg
➇✹⑩❷❶➈➀➇❿⑩❷❶❹➨❷⑩❷➉➋➀❢➣➘❼❾➉➋➀➁➄☎➇➱❼❾➓➁➓➁➄✏➀✫❶➈➒è➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒❆❺➈➄✝➔➬❼✎❽➱❼❾➒➈❺➈➄✝❺➈➄☎➨❾❼❾➔➋➄✏➒➈➙✏➄❥➐✎➔➬❼✎❽➱❼❾➒➈❺➈➄✝❺➈➄✝➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➉➋⑩❷➒❞➴ ➢ ➄✏➔➬❼➇❿➄✏❶❹❸✟➓➁➄✺❸➌➀➌❼❾❺➈❶➈➉➋➀➁➄✺➇➱❼❾➀✽❶➈➒➈➄➥➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀✽❺❞❻ ⑩❷➒➈❺➈➄➥❺➈➄➥➙✏⑩❷❶➈➇➈❶➈➀➁➄

λc

❮➎❺➈⑩❷➒➈➒➈➫✏➄➟➇➱❼❾➀✽➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒❞✠➈➴✂�P❮❾❼❾❶P➡Ò❺➈➄✏➔➬➐❺➈➄♦➔➬❼❾➛➜❶➈➄✏➔➋➔➋➄✦➔➋➄❢➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶q❺➈➄➃➨P➉➋➄✏➒➩❸✢❸➌➀➌❼❾➒➈➓➁➇➱❼❾➀➁➄✏➒➜❸❱❼❾❶✎➀➌❼✣➯❷⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸☞➴
λc =

hc

Eg

❤ ✠➈➴✂�✚✐
➠✩➒➈➄☎❺➈➄✏❶P➅❹➉➋➳✏➊✝➄❤➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄❬❺❞❻ ❶➈➒❆➇➈➲➈⑩❾❸➌⑩➎➡Ò❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀❢➄✏➓➭❸✸➓➌❼q❽➱❼❾➒➈❺➈➄❤➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄☎➛➜❶➈➉✪❸➌➀➌❼❾❺➈❶➈➉➏❸✦➔➬❼
© Mohamed Karray, Télécom Paris - Décembre 2004
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➌❀÷❝①✯÷✈➳✔ôå➩✫➥✌❯❫➭▲➲ õ✫ôå➩❞➧➯➩➯➨✥➼➍➳✔➪✫õ➫➧P➪✻➲P➨

Contact ohmique


W


Contact

 Ohmique


ÿ✁�✄✂✆☎➔✠➈➴✂✁ ✝ ⑨✡➀➌❼❾➒➈➙➪➲➈➄✸❺❞❻ ❶➈➒②➓➁➄✏➊✝➉➋➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➄✏❶➈➀
➨P➉➏❸➌➄✏➓➁➓➁➄✍➐❆➔➬❼❾➛➜❶➈➄✏➔➋➔➋➄✎➉➋➔➟➀➁➫✏➇❿⑩❷➒➈❺✉➓➁❶➈➉➏❸➌➄✜➐❆❶➈➒➈➄②➨➎❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒④❺➈➄✜➔➬❼✼➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✍⑩❷➇❹❸➌➉➋➛➜❶➈➄❾❮✥➔➋➄✎❸➌➄✏➊✝➇➈➓✝❺➈➄➀➁➫✏➇✹⑩❷➒➈➓➁➄✸⑩❷❶✎➔➋➄✦❸➌➄✏➊✝➇➈➓➟❺➈➄♦➊✝⑩❷➒➩❸➌➫✏➄

tr
❼✢➇❿➄✏❶❹❸❱❼❾➔➋⑩❷➀➁➓⑦✢➃❸➌➀➁➄♦➉➋➒➩❸➌➀➁⑩P❺➈❶➈➉➏❸☞➴❹➽Ò➔❞➄✏➓➭❸✩❺➈➫➃❒➱➒➈➉⑤➙✏⑩❷➊✝➊✝➄❢➔➋➄❱❸➌➄✏➊✝➇➈➓➒➈➫✏➙✏➄✏➓➁➓➌❼❾➉➋➀➁➄✜❼❾❶Ñ➓➁➉➋➍❷➒➱❼❾➔➥➇✹⑩❷❶➈➀☎➇➱❼❾➓➁➓➁➄✏➀✝❺➈➄

10%
➐

90%
❺➈➄②➓➌❼Ð➨❾❼❾➔➏➄✏❶➈➀☎➊❥❼✖➅❹➉➋➊❥❼❾➔➏➄❾➴✪➷✟❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ✠➈➴ ✄❺➈⑩❷➒➈➒➈➄♦❶➈➒➈➄✸❼❾➇➈➇➈➀➁⑩☞➅❹➉➋➊❥❼➎❸➌➉➋⑩❾➒q➄✏➒➩❸➪➀➁➄♦➔➬❼❬❽➱❼❾➒➈❺➈➄♦➇➱❼❾➓➁➓➌❼❾➒➜❸➌➄
f3dB

➄➃❸✩➔➋➄✦❸➌➄✏➊✝➇➈➓➟❺➈➄♦➀➁➫✏➇❿⑩❷➒➈➓➁➄❾➴
tr =

0.35

f3dB

❤ ✠➈➴ ✄✧✐
→✡⑩❷❶➈➀♦➫➃➨P➉➏❸➌➄✏➀✸➔➏➄✏➓✸➀➁➄✏➙✏⑩❷➊❬❽➈➉➋➒➱❼❾➉➋➓➁⑩❷➒➈➓❢❺➈➄✏➓✸➇➱❼❾➉➋➀➁➄✏➓♦➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒P➡ ❸➌➀➁⑩❷❶❞❮❞➉➋➔✥❼q➣➘❼❾➔➋➔➏❶✼➛➜❶➈➄✝➔➋➄✏➓♦➇➈➲➈⑩❾❸➌⑩❷➒➈➓♦➓➁⑩❷➉➋➄✏➒➜❸❼❾❽➈➓➁⑩❷➀➁❽✹➫✏➓✢❺➱❼❾➒➈➓✢❶➈➒➈➄ ❂ ⑩❷➒➈➄♦❺➈➫✏➇✹⑩❷❶➈➀➭➨P❶➈➄✸❺➈➄❢➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓➟➊✝⑩❷❽➈➉➋➔➋➄✏➓✏❮➈❼➎➓➌➓➁➉➋➊☎➉➋➔➬❼➎❽➈➔➋➄✦➐❤❶➈➒➈➄ ❂ ⑩❷➒➈➄♦❺➈➄❢➙➪➲➱❼❾➀➁➍❷➄❺❞❻ ➄✏➓➁➇➱❼❾➙✏➄✸❺❞❻ ❶➈➒➈➄➥➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒②→ ➸ ❮✹❼❾➇➈➇❿➄✏➔➋➫✏➄❢➄✏➒➈➙✏⑩❷➀➁➄ ❂ ⑩❷➒➈➄♦❺➈➄♦❺➈➫✏➇➈➔➋➫➃❸➌➉➋⑩❷➒❞➴➷✳❼❱❒➱➍❷❶➈➀➁➄✥✠➈➴ ✝✦➇➈➀➁➫✏➓➁➄✏➒➜❸➌➄✢➔➬❼✦➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✢❺❞❻ ❶➈➒➈➄✢➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄➟→✟➽ ➸ ❼❾➉➋➒➈➓➁➉➈➛➜❶➈➄➟➔➋➄➟❺➈➉➬❼❾➍❷➀➌❼❾➊✝➊☎➄✺❺➈➄✢❽➱❼❾➒➈❺➈➄❺❞❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄❾➴➷✳❼②➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄❥→✟➽ ➸ ➄✏➓➭❸❤❺➈⑩❷➒➈➙❥❶➈➒➈➄✸➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒ü→ ➸ ❺➱❼❾➒➈➓❬➔➋❼❾➛➜❶➈➄✏➔➋➔➋➄✝❶➈➒➈➄ ❂ ⑩❷➒➈➄❥➣➘❼❾➉➋❽➈➔➋➄✏➊☎➄✏➒➜❸✸❺➈⑩❷➇❿➫✏➄❼✎➫➃❸➌➫✝➉➋➒➈➓➁➫✏➀➁➫✏➄✝➄✏➒➜❸➌➀➁➄✝➔➋➄✏➓ ❂ ⑩❷➒➈➄✏➓❬→❐➄➃❸ ➸ ❮⑤➛➜❶➈➉✭➓➁⑩❷➒➩❸✸➣↔⑩❷➀➭❸➌➄✏➊✝➄✏➒➩❸✸❺➈⑩❷➇❿➫✏➄✏➓✏➴ ➢ ➄☎❸Ø➯P➇✹➄❥❺➈➄✝➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄➄✏➓➭❸❱➔➋➄♦➇➈➔➋❶➈➓✩➀➌❼❾➇➈➉➋❺➈➄❢➨P❶✍➛➜❶➈➄✫➓➌❼✝➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫♦❺❹➯P➒➱❼❾➊✝➉➋➛➜❶➈➄✸➄✏➓➭❸❱❽❿➄☞❼❾❶➈➙✏⑩❷❶➈➇✍➇➈➔➋❶➈➓✢➣➘❼❾➉➋❽➈➔➋➄❢➛➜❶➈➄✸➙✏➄✏➔➋➔➋➄✸❺❞❻ ❶➈➒➈➄➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒✍→ ➸ ❶➈➓➁❶➈➄✏➔➋➔➋➄❾➴❏➵❱➄❬➇➈➔➋❶➈➓✏❮❿➔➬❼ ❂ ⑩❷➒➈➄❬➽➟➇❿➄✏➀➁➊✝➄➃❸✦❺❞❻ ❼❾❽➈➓➁⑩❷➀➁❽❿➄✏➀✦➔➬❼✝➛➜❶➱❼❾➓➁➉✡❸➌⑩❾❸➪❼❾➔➋➉ ❸➌➫✸❺➈➄✫➔➬❼✝➔➋❶➈➊✝➉➋➳✏➀➁➄➍❷➀✹❿❾➙✏➄♦➐☎➓➌❼❤➍❷➀➌❼❾➒➈❺➈➄❢❸➪❼❾➉➋➔➋➔➏➄ ❤ ➄✏➔➋➔➋➄❱➣➘❼☞➨➩⑩❷➀➁➉➋➓➁➄❢❺➈⑩❷➒➈➙♦➔➋➄❢➀➁➄✏➒➈❺➈➄✏➊✝➄✏➒➩❸✩➛➜❶➱❼❾➒➜❸➌➉➋➛➜❶➈➄Ò✐➃➴➠✩➒➈➄❤❼❾❶❹❸➌➀➁➄✫➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄❬➉➋➊✝➇✹⑩❷➀➭❸➪❼❾➒➜❸➌➄♦❺➈➄❬➔➬❼❥➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄✫➄✏➓➭❸❢➓➌❼✯➀➁➫✏➇✹⑩❷➒➈➓➁➄❤➓➁➇❿➄✏➙➃❸➌➀➌❼❾➔➋➄❾➴❏➽Ò➔✡➓✏❻ ❼❾➍❷➉➏❸❺➈➄Ð➊✝⑩❷➒➜❸➌➀➁➄✏➀✯➔➋➄Ð➙➃⑩❷➊✝➇❿⑩❷➀➭❸➌➄✏➊✝➄✏➒➩❸✎❺➈➄✼➔➋❼◆➓➁➄✏➒➈➓➁➉➋❽➈➉➏➔➋➉➏❸➌➫

S
➄✏➒❍➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒♥❺➈➄Ð➔➬❼ü➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀q❺❞❻ ⑩❷➒➈❺➈➄

λ
❮➙✏⑩❷➊✝➊✝➄❥➔➹❻ ➉➋➔➏➔➏❶➈➓➭❸➌➀➁➄❥➔➬❼✎❒➱➍❷❶➈➀➁➄✵✠➈➴ ✠➈➴✪➞✦➒◆➀➁➄✏➊❥❼❾➀➁➛➜❶➈➄q➛➜❶➈➄✯➔➬❼✜➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫❥❼❾❶➈➍❷➊✝➄✏➒➜❸➌➄✯❼✣➨❷➄✏➙q➔➬❼②❸➌➄✏➒➈➓➁➉➋⑩❷➒❺➈➄❥➇✹⑩❷➔➬❼❾➀➁➉➋➓➌❼➎❸➌➉➏⑩❷➒❆➉➋➒➩➨❷➄✏➀➁➓➁➄❾❮✽➉➋➔✟➓✏❻ ❼➎➂➭⑩❷❶❹❸➌➄❥❼❾❶➈➓➁➓➁➉✺❶➈➒➈➄✝➨➎❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒✼❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✝❺➈❶➈➄✯➐②➔➹❻ ➉➋➒❇❆➱❶➈➄✏➒➈➙✏➄❥❺➈➄❥➔➬❼❸➌➄✏➊✝➇✹➫✏➀➌❼➎❸➌❶➈➀➁➄Ð➓➁❶➈➀✎➔➹❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄✍❺➈➄❆✃✸❼➎➇❞➴➟➷✳❼◆➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫✜➓➁➇❿➄✏➙➃❸➌➀➌❼❾➔➋➄Ð➇❿➄✏❶❹❸q➨❾❼❾➀➁➉➋➄✏➀✯➫✏➒➈⑩❷➀➁➊✝➫✏➊✝➄✏➒➩❸✎➄✏➒➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒✯❺➈➄❢➔➬❼❬➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀➥❺❞❻ ⑩❷➒➈❺➈➄❾➴ ➢ ➄✏➇❿➄✏➒➈❺➱❼❾➒➩❸❱➔➋➄✏➓✺➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒➈➓✺➙☞❼❾❶➈➓➁➫✏➄✏➓✢➇➱❼❾➀➟➔➬❼✸❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄❢➓➁⑩❷➒➩❸❺➈➄♦➔➹❻ ⑩❷➀➁❺➈➀➁➄✦❺➈➄

1%/◦C
➴➷⑤➄❥❸➪❼❾❽➈➔➋➄☞❼❾❶ ✠➈➴ ÿ ➇➈➀➁➫✏➓➁➄✏➒➜❸➌➄q❶➈➒➈➄q➙✏⑩❷➊✝➇➱❼❾➀➌❼❾➉➋➓➁⑩❷➒è➄✏➒➩❸➌➀➁➄q➔➋➄✏➓❬➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄✏➓❤→✟➽ ➸ ➄➃❸❤➔➋➄✏➓❬➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄✏➓→✥➵➟➻ Ï ➒➈⑩❷❶➈➓✢➇❿⑩❷❶❹➨❷⑩❷➒➈➓✩➙✏⑩❷➒➈➓➭❸➪❼➎❸➌➄✏➀✢➔➋➄✏➓✩❼☞➨❾❼❾➒➩❸➪❼❾➍❷➄✏➓✢❺➈➄✸➔➹❻ ❶❹❸➌➉➋➔➏➉➏➓➌❼➎❸➌➉➋⑩❾➒q❺❞❻ ❶➈➒➈➄✫→✟➽ ➸ ❺➱❼❾➒➈➓✢➔➋➄✏➓✢➓➭➯P➓➭❸➌➳✏➊✝➄✏➓❺➈➄✏➓➟❸➌➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓➥⑩❷➇❹❸➌➉➋➛➜❶➈➄✏➓✏➴➷✳❼✫➓➁❶➈➉➏❸➌➄❱❺➈➄✦➙✏➄✦➙➪➲➱❼❾➇➈➉➏❸➌➀➁➄❾❮P➇❿⑩❷➀➭❸➌➄❱➓➁❶➈➀➥➔➹❻ ➫➃❸➌❶➈❺➈➄✦❺➈❶✯➊✝⑩P❺➈❶➈➔➋➄✩❺➈➄✦➀➁➫✏➙✏➄✏➇❹❸➌➉➋⑩❷➒✎➐✫❽➱❼❾➓➁➄✦❺➈➄✦➔➬❼✸➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄→✟➽ ➸ ➴

➓ ➜ ➎ ➟ ➆×➢P➎✂Ó⑦➆
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➳✔ô✥➾➵õ×➥✧➧P➨✥➪♥➌❀÷❣ûá➩➯➭■➲P➚❣➪ ➭➍➪❊➨✥➼➍➳✔➪✫õ➫➧➸➥✖➩➯➦
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ÿ✁�✄✂✆☎❨✠➈➴ ✝ ✝ ➸ ➉➏➨❷➄☞❼❾❶P➅✎❺❞❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄♦❺➈➄♦➔➬❼❤➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄♦→✟➽ ➸ ➴

ÿ✁�✄✂✆☎❨✠➈➴ ✠ ✝ ➧ ➫✏➇❿⑩❷➒➈➓➁➄♦➓➁➇❿➄✏➙➃❸➌➀➌❼❾➔➋➄♦❺➈➄♦➔➬❼❬➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄♦→✟➽ ➸ ➴
→✟➽ ➸ →✥➵➟➻➼P➉➋➊✝➇➈➔➋➄ →✟➔➋❶➈➓✢➙✏⑩❷➊✝➇➈➔➋➄➆➅❹➄Ö➱❼❾➉➋❽➈➔➋➄❱❸➌➄✏➒➈➓➁➉➋⑩❷➒②❺➈➄❢➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄➃➊✝➄✏➒➜❸ ✃❢➀➌❼❾➒➈❺➈➄❢❸➌➄✏➒➈➓➁➉➋⑩❷➒✎❺➈➄❢➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸→✽❼❾➓✢❺➈➄♦➍➩❼❾➉➋➒✎➉➋➒➩❸➌➄✏➀➁➒➈➄ ✃♦❼❾➉➋➒q➉➋➒➩❸➌➄✏➀➁➒➈➄Ö➱⑩❷➀➭❸➌➄✏➊✝➄✏➒➜❸➟➔➋➉➋➒➈➫☞❼❾➉➋➀➁➄ ➝✺⑩❷➒➈➒➈➄✏➓✩➀➌❼❾➇➈➉➋❺➈➉➏❸➌➫✦➄➃❸✢➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫Ö✹❼❾➉➋❽➈➔➋➄❱➙✏⑩❷❶➈➀➌❼❾➒➜❸✢❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫ ✃❢➀➌❼❾➒➈❺➈➄♦➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫❱❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄➷✳❼❤➇➈➔➋❶➈➓✢❶❹❸➌➉➋➔➋➉➏➓➁➫✏➄ ➢ ⑩❾×❹❸➪➄➃❶➈➓➌➄➷✳❼❾➀➁➍❷➄♦❽➱❼❾➒➈❺➈➄♦➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄ ➑②⑩✣➯❷➄✏➒➈➒➈➄✸❽➱❼❾➒➈❺➈➄✸➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄

✰✡✱✳✲✳☎❨✠➈➴ ÿ✞✝ ➢ ⑩❷➊☎➇➱❼❾➀➌❼❾➉➋➓➁⑩❷➒✎➄✏➒➩❸➌➀➁➄♦➔➋➄✏➓✩→✟➽ ➸ ➄➃❸✩➔➋➄➃➓✩→✥➵➟➻❝➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄✏➓✏➴
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➌❀÷❝①✯÷✈➳✔ôå➩✫➥✌❯❫➭▲➲ õ✫ôå➩❞➧➯➩➯➨✥➼➍➳✔➪✫õ➫➧P➪✻➲P➨
➉✭✠❳❲❦✠✌✟ ❨Ð✚✆✒✓q✗♠✧✦✧✖◗✎✩★✪✦✧✚✡✑t✒✓✔✕♠✧✎s✫✞✇✓✚✩★✪✚✆✒✭✦✧✚✆✒✓✔✕③②Ó❋à

➷✳❼☎➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄✸→✟➽ ➸ ➄✏➓➭❸❱❶➈➒✜➙✏⑩❷➊✝➇✹⑩❷➓➌❼❾➒➜❸✩➇❿⑩❷➓➁➓➁➫✏❺➱❼❾➒➩❸✦➄✏➒✜➄✏➒➩❸➌➀➁➫✏➄✫➔➬❼❤➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄✫⑩❷➇❹❸➌➉➋➛➜❶➈➄♦➄➃❸❱❶➈➒➙✏⑩❷❶➈➀➌❼❾➒➩❸✩➄✏➒②➓➁⑩❷➀➭❸➌➉➋➄❢➙✏⑩❷➊✝➊✝➄✦➔➹❻ ➉➋➔➏➔➏❶➈➓➁❸➌➀➁➄✦➔➬❼✫❒➱➍❷❶➈➀➁➄➹✠➈➴✂�✵➶ ↕✖➾ ☛ ✆✖➘➯➶ ↕❷➷ ➤
+
✞ ✁✙➘➹➴

PIN

Courant
Puissance


 optique
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ÿ✁�✄✂✆☎➔✠➈➴✂� ✝ ➼P➙➪➲➈➫✏➊❥❼☎❽➈➔➋⑩➜➙❢❺➈➄♦➔➬❼❤➇➈➲➈⑩➎❸➪⑩➜❺➈➉➋⑩P❺➈➄❾➴
➸ ⑩❾❸➌⑩❷➒➈➓❱➛➜❶➈➄✫➔➋➄♦➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸✦❺➈➄✫➔➬❼☎➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄✫→✟➽ ➸ ❺➈➫✏➇❿➄✏➒➈❺Ð❺➈➄✫➙✏➄✏➀➭❸➪❼❾➉➋➒➈➓❱➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓❱➓➭➯P➓Ø➡❸➌➳✏➊✝➄✦❸➌➄✏➔➋➓➟➛➜❶➈➄✸➔➬❼✫❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄

T
➄➃❸✩➔➬❼❬➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀➟❺❞❻ ⑩❷➒➈❺➈➄

λ
➴

✮ ❘ ✩ ❘➘ø❑❘➘ø ❃ õ⑤å✳ëPã↔ä✍÷Pã↔äPö❾é✣ì➎ê ✗❞î✳ä
➷⑤➄➥➙✏⑩❷❶➈➀➌❼❾➒➜❸✟➙✏➉➋➀➁➙✏❶➈➔➬❼❾➒➩❸✪❺➱❼❾➒➈➓✟➔➬❼❱➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄➟→✟➽ ➸ ➄✏➓➭❸✥❺➈×☎➐✦➔➬❼❱➍❷➫✏➒➈➫✏➀➌❼➎❸➌➉➋⑩❷➒❤❺➈➄✏➓✟➇➱❼❾➉➋➀➁➄✏➓✪➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒P➡❸➌➀➁⑩❷❶✝➛➜❶➈➉✹➄✏➔➋➔➋➄➆➡Ò➊➷✢✏➊✝➄➟➄✏➓➭❸✺➔➋➄✢➀➁➫✏➓➁❶➈➔➏❸➪❼➎❸✭❺➈➄✢➔➹❻ ➫✏➙✏➔➬❼❾➉➋➀➌❼❾➍❷➄➥❺➈➄✩➔➬❼♦→✟➽ ➸ ➇➱❼❾➀✭❶➈➒➷❆➱❶P➅✝➉➋➒➈➙✏➉➋❺➈➄✏➒➜❸☞➴➜➷⑤➄✢➓➭➯P➓➭❸➌➳✏➊✝➄❺❞❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓✥✠➈➴✂☎❬➇✹➄✏➀➁➊✝➄➃❸✩❺➈➄♦❺➈➫✏➙✏➀➁➉➋➀➁➄♦➔➹❻ ➄➃➨❷⑩❷➔➋❶❹❸➌➉➋⑩❷➒q❺➈➄❢➙➆➲➱❼❾➛➜❶➈➄♦❸Ò➯P➇❿➄♦❺➈➄♦➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓✏➴

dS

dt
= G − Rs −

1

q
∇Is

❤ ✠➈➴✂☎❾❼✧✐
dN

dt
= G − Rn +

1

q
∇In

❤ ✠➈➴✂☎➎❽❨✐
⑩❷Ô✫✃Ñ➄✏➓➭❸✡➔➋➄✪❸➪❼❾❶P➅♦❺➈➄✥➍❷➫✏➒➈➫✏➀➌❼➎❸➌➉➋⑩❷➒♦➄➃❸✡➛➜❶➈➉➩➄✏➓➭❸✡➫✏➍➩❼❾➔➜➐
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−αz þ Is

➄➃❸
In

❺➈➫✏➓➁➉➋➍❷➒➈➄✏➒➩❸✡➀➁➄✏➓➁➇❿➄✏➙➃❸➌➉➏➨❷➄✏➊✝➄✏➒➩❸➔➬❼✝❺➈➄✏➒➈➓➁➉➏❸➌➫❤❺➈➄✏➓✦❸➌➀➁⑩❷❶➈➓✦➄➃❸❢❺➈➄✏➓❢➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓Pþ❞➄✏➒❹❒➱➒
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➄➃❸
Rn

❺➈➫✏➓➁➉➋➍❷➒➈➄✏➒➩❸♦➔➋➄✸❸➪❼❾❶P➅✍❺➈➄❤➀➁➄✏➙✏⑩❷➊❬❽➈➉➋➒➱❼❾➉➋➓➁⑩❷➒➀➁➄✏➓➁➇✹➄✏➙➃❸➌➉➏➣✪❺➈➄♦➙➆➲➱❼❾➛➜❶➈➄❢❸Ø➯P➇✹➄✸❺➈➄♦➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓➫➶ ➧❞➶ ☛ ✆✖➘➹➴➵❱➄✏❶P➅❬➙✏⑩❷➒➩❸➌➀➁➉➋❽➈❶❹❸➌➉➋⑩❷➒➈➓✡➉➋➒➩❸➌➄✏➀➭➨P➉➋➄✏➒➈➒➈➄✏➒➩❸✟❼❾➔➋⑩❷➀➁➓✡❺➱❼❾➒➈➓✪➔➬❼✢➙✏➀➁➫☞❼➎❸➌➉➋⑩❷➒✫❺➈❶❬➇➈➲➈⑩❾❸➌⑩➎➡Ò➙✏⑩❷❶➈➀➌❼❾➒➜❸✽➛➜❶➈➉P➄✏➓➭❸✟➔➬❼✢➓➁⑩❷➊✝➊✝➄❺❞❻ ❶➈➒②➇➈➲➈⑩❾❸➌⑩➎➡Ò➙✏⑩❷❶➈➀➌❼❾➒➩❸✢❺➈➄♦➍❷➫✏➒➈➫✏➀➌❼➎❸➌➉➋⑩❷➒✎➄➃❸✩❺❞❻ ❶➈➒✜❼❾❶❹❸➌➀➁➄❢❺➈➄♦❺➈➉➏❰❏❶➈➓➁➉➋⑩❷➒❞➴➠✩➒➈➄✩➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄✢➓➁➄❱➙✏⑩❷➊✝➇❿⑩❷➀➭❸➌➄✩➙✏⑩❷➊✝➊✝➄✢❶➈➒➈➄❱➓➁⑩❷❶➈➀➁➙✏➄❱❺➈➄❱➙✏⑩❷❶➈➀➌❼❾➒➩❸✺➇➈➲➈⑩❾❸➌⑩➎➡Ò➙✏⑩❷➒➜❸➌➀ ✤ ➔➋➫✏➄✢➇➱❼❾➀➌❼❾➔➋➔➋➳✏➔➏➄✏➊✝➄✏➒➩❸➐✝❶➈➒➈➄✸❺➈➉➋⑩P❺➈➄✸❺➈➄✫➓➁➄✏➊✝➉ ➡Ò➙✏⑩❷➒➈❺➈❶➈➙➃❸➌➄✏❶➈➀❱➄➃❸❱➄✏➓➭❸✦➀➁➫✏➍❷➉➋➄✸➇➱❼❾➀✩➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒②❺➈➄✸❺➈➉➋⑩P❺➈➄✸➓➭❸➪❼❾➒➈❺➱❼❾➀➁❺❞❮✹➔➋➄✸➙✏⑩❷❶➈➀➌❼❾➒➩❸❸➌⑩❾❸➪❼❾➔❞❺❞❻ ❶➈➒➈➄♦➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄❢➄✏➓➭❸❱➄➆➅❹➇➈➀➁➉➋➊✝➫❢➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✠➈➴ ✆❹➴
I = Is(exp(

qVd

kT
) − 1) − Iph

❤ ✠➈➴ ✆✧✐
➠✩➒➈➄☎➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄☎➇✹➄✏❶❹❸❞✢➃❸➌➀➁➄☎➀➁➄✏➇➈➀➁➫✏➓➁➄✏➒➩❸➌➫✏➄✯❼❾➔➋⑩❷➀➁➓❢➇➱❼❾➀♦➓➁⑩❷➒❆➓➁➙➪➲➈➫✏➊❥❼✎➫✏➛➜❶➈➉➏➨❾❼❾➔➋➄✏➒➩❸✸➉➋➔➋➔➏❶➈➓➭❸➌➀➁➫❤➇➱❼❾➀❢➔➬❼✯❒❹➡➍❷❶➈➀➁➄å✠➈➴ ✄❹➴ ➢ ➄✝➓➁➙➪➲➈➫✏➊❥❼✎➄✏➓➭❸✸➙✏⑩❷➊✝➇✹⑩❷➓➁➫☎❺❞❻ ❶➈➒➈➄☎➓➁⑩❷❶➈➀➁➙✏➄✝❺➈➄☎➙✏⑩❷❶➈➀➌❼❾➒➩❸✸➙✏➀➁➫✏➫✏➄☎➇➱❼❾➀♦➄➃❰❏➄➆❸✸➇➈➲➈⑩❾❸➌⑩❷➒➈➉➋➛➜❶➈➄☎➄✏➒➇➱❼❾➀➌❼❾➔➋➔➏➳✏➔➋➄❬❼☞➨❷➄✏➙☎❶➈➒➈➄❤❺➈➉➋⑩➜❺➈➄❤➉➋❺➈➫✏❼❾➔➋➄❬➛➜❶➈➉✪➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✝➔➋➄✫➙✏⑩❷➊✝➇❿⑩❷➀➭❸➌➄✏➊✝➄✏➒➩❸❢❺➈➄❤➔➬❼♦➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒✼→ ➸ ➄✏➒✼➔➹❻ ❼❾❽P➡➓➁➄✏➒➈➙✏➄❤❺➈➄❤➔➋❶➈➊✝➉➏➳✏➀➁➄❾❮❿❺❞❻ ❶➈➒➈➄❤➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫✫❺➈➄❱➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒

Cj

➄➃❸❢❺❞❻ ❶➈➒➈➄❤➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄❤❺➈➄❬➙✏⑩❷❶➈➀➭❸➭➡Ò➙✏➉➋➀➁➙✏❶➈➉➏❸
Rsh

➴
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Rs
➄✏➓➭❸➥➀➁➄✏➔➋➉➋➫✏➄✢➄✏➒✯➓➁➫✏➀➁➉➋➄✦❼☞➨❷➄✏➙✩❸➌⑩❷❶➈➓✺➔➋➄✏➓✺❼❾❶❹❸➌➀➁➄✏➓✺➙✏⑩❷➊✝➇❿⑩❷➓➌❼❾➒➩❸➌➓✭❺➈➄❱➙✏➄❱➊✝⑩P❺➈➳✏➔➋➄❾➴➦ ➒✍➄➃❰❏➄➃❸☞❮❿➔➬❼☎➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✫❺➈➄✫➙✏⑩❷❶➈➀➭❸➭➡Ò➙✏➉➋➀➁➙✏❶➈➉➏❸

Rsh

➣↔⑩❷❶➈➀➁➒➈➉➏❸✩➔➬❼☎➇❿➄✏➒➩❸➌➄❬❺➈➄✸➔➬❼☎➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✸➙✏⑩❷❶➈➀➌❼❾➒➜❸➭➡❸➌➄✏➒➈➓➁➉➋⑩❷➒✼➐❥➔➹❻ ⑩❷➀➁➉➋➍❷➉➏➒➈➄ ❤
V = 0

✐➆❮❿❸➪❼❾➒➈❺➈➉➋➓❱➛➜❶➈➄❤➔➬❼✝➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄❤❺➈➄❬➓➁➫✏➀➁➉➋➄
Rs

❸➌➀➌❼❾❺➈❶➈➉➏❸❱➔➬❼❥➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄❬❺➈➄✏➓➙✏⑩❷➒➜❸➪❼❾➙➃❸➌➓❱⑩❷➲➈➊✝➉➋➛➜❶➈➄✏➓❱➄➃❸✦➔➬❼☎➀➁➫✏➓➁➉➋➓➭❸➆❼➎➒➈➙✏➄❬❺➈❶✍➓➁➉➋➔➋➉➋➙✏➉➏❶➈➊ ❤ ➙✏➄✏➔➋➔➋➄♦➛➜❶➈➉✽➒❞❻ ➉➋➒➩❸➌➄✏➀➭➨P➉➋➄✏➒➜❸❱➇➱❼❾➓❱❺➱❼❾➒➈➓✦➔➬❼ ❂ ⑩❷➒➈➄❬❺➈➄❺➈➫✏➇➈➔➋➫➃❸➌➉➋⑩❷➒❨✐➆➴➷✳❼❱➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒✎→ ➸ ❺❞❻ ❶➈➒➈➄❢➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄✦➒➈➄❢➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✸➇➱❼❾➓➟❶➈➒➈➄❢➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄♦➉➋➒❹❒➱➒➈➉➋➄✦➄✏➒➩➨❷➄✏➀➁➓✩➔➋➄✦➙✏⑩❷❶➈➀➌❼❾➒➩❸➉➋➒➜➨❷➄✏➀➁➓➁➄❾➴ ➦ ➒✜➙✏⑩❷➒➈➓➁➫✏➛➜❶➈➄✏➒➈➙✏➄❷❮❿➛➜❶➱❼❾➒➈❺✍❶➈➒➈➄✸➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄♦➄✏➓➭❸❱➉➋➒➩➨➩➄✏➀➁➓➁➄✏➊✝➄✏➒➩❸❱➇❿⑩❷➔➬❼❾➀➁➉➋➓➁➫✏➄❾❮➱❶➈➒②➣➘❼❾➉➋❽➈➔➏➄❢➙✏⑩❷❶P➡➀➌❼❾➒➜❸➟❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫
(Idk)

➙✏➉➋➀➁➙✏❶➈➔➋➄❱➊❷✢✏➊✝➄✦➄✏➒②❼❾❽➈➓➁➄✏➒➈➙✏➄♦❺➈➄❢➔➬❼✫➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄❢⑩❷➇❹❸➌➉➋➛➜❶➈➄❾❮❹➙✏⑩❷➊✝➊✝➄✦➔➋➄❱➊✝⑩❷➒➜❸➌➀➁➄➔➋➄✏➓✩➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✏➓✩➽➹➡ ➶ ➴ ➢ ➄✸➙✏⑩❷❶➈➀➌❼❾➒➜❸✩❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫✫❼❾❶➈➍❷➊✝➄✏➒➜❸➌➄♦➔➋➄✏➒➩❸➌➄✏➊✝➄✏➒➩❸✦❼☞➨❷➄✏➙✫➔➹❻ ❼❾❶➈➍❷➊✝➄➃➒➜❸➪❼➎❸➌➉➏⑩❷➒❺➈➄❱➔➬❼✸➇❿⑩❷➔➋❼❾➀➁➉➋➓➌❼➎❸➌➉➋⑩❾➒❞➴➜➠✩➒✯➍❷➀➌❼❾➒➈❺❥➙✏⑩❷❶➈➀➌❼❾➒➜❸✺❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫❱➄✏➓➭❸➟➉➋➒➈❺➈➫✏➓➁➉➋➀➌❼❾❽➈➔➋➄✢➇➈❶➈➉➋➓➁➛➜❶❞❻ ➉➋➔✹➇❿➄✏❶❹❸➥➀➁➄✏➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✏➀❺➈➄✏➓➍❆➱❶➈➙➃❸➌❶➱❼➎❸➌➉➋⑩❷➒➈➓❱➓➁❶➈➀✦➔➋➄✫➇➈➲➈⑩❾❸➌⑩➎➡Ò➙✏⑩❷❶➈➀➌❼❾➒➩❸☞➴ ➦ ➒Ð⑩❷❶❹❸➌➀➁➄❾❮❿➔➋➄✫❽➈➀➁❶➈➉➏❸❱➔➋➉➋➫✫❼❾❶✍➙✏⑩❷❶➈➀➌❼❾➒➜❸✦❺➈➄❬➓➁➄✏❶➈➉➋➔✡➓➁➄✏➀➌❼❾➉➏❸✦➓➁➉ ➡➍❷➒➈➉➏❒➱➙☞❼➎❸➌➉➏➣Ø➴➷✳❼☎➙☞❼❾➇➱❼❾➙✏➉ ❸➪➫❢❺➈➄➥➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒✎➄➃➓➁❸✩➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄❢➇➱❼❾➀✢➔➋➄❢➓➭➯P➓➭❸➌➳✏➊✝➄♦❺❞❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓✥✠➈➴ ☛ ➶ ➻❢➑▲✆✚✆✜➘➹➴
Cj = Cj(0)(1 − Vd

Φbi

) si Vd < 0
❤ ✠➈➴ ☛ ❼✧✐

Cj = Cj(0)(1 − m
Vd

Φbi

) si Vd > 0
❤ ✠❹➴ ☛ ❽❨✐

⑩❷Ô
Cj(0)

➄✏➓➭❸✢➔➬❼✫➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫✦❺➈➄✭➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒q➐❬➇❿⑩❷➔➬❼❾➀➁➉➏➓➌❼➎❸➌➉➋⑩❾➒✯➒➜❶➈➔➋➔➋➄❾❮
m
➄✏➓➭❸✢❶➈➒✯➣➘❼❾➙➃❸➌➄✏❶➈➀➟➄✏➊✝➇➈➉➋➀➁➉➋➛➜❶➈➄❱❺➈⑩❷➒➩❸➔➬❼❬➨➎❼❾➔➋➄✏❶➈➀✢➄✏➓➭❸✩➙✏⑩❷➊✝➇➈➀➁➉➋➓➁➄❢➄✏➒➩❸➌➀➁➄

0.33
➄➃❸

0.5
❮➱➄➃❸

Φbi

➄✏➓➭❸❱➔➋➄❱❞✦➝✺❶➈➉➋➔➏❸➟➉➋➒ ➶ ⑩❷➔➏❸➪❼❾➍❷➄✆❡❿➴➷✳❼❤➙✏⑩❷➒➈➓➭❸➪❼❾➒➩❸➌➄♦❺➈➄✦❸➌➄✏➊✝➇➈➓➟❺❞❻ ❶➈➒➈➄♦➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄❢→✟➽ ➸ ➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫✏➄♦➇➱❼❾➀➥➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✵✠➈➴ ÿ✟✞ ➄➃❸✩➇✹➄✏❶❹❸➽✢➃❸➌➀➁➄❺➈➉➏➨P➉➋➓➁➫✏➄☎➄✏➒è❺➈➄✏❶P➅❆➇➱❼❾➀➭❸➌➉➋➄✏➓✏➴✳➷✳❼q➇➈➀➁➄✏➊✝➉➋➳✏➀➁➄☎➙✏⑩❷➒➈➙✏➄✏➀➁➒➈➄✝➔➋➄❬❸➌➄✏➊✝➇➈➓✸❺➈➄☎➇➱❼❾➓➁➓➌❼❾➍❷➄✝❺➈➄✏➓✸➇✹⑩❷➀➭❸➌➄✏❶➈➀➁➓✸❺➱❼❾➒➈➓♦➔➬❼
❂ ⑩❷➒➈➄Ð❺➈➄Ð❺➈➫✏➇➈➔➋➫➃❸➌➉➋⑩❷➒ Ï

τdiff

➄➃❸
τtran

➴➟➷✳❼ü➓➁➄✏➙✏⑩❷➒➈❺➈➄✼➇➱❼❾➀➭❸➌➉➋➄✜➀➁➄✏➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄❆➔➬❼è➙✏⑩❷➒➈➓➭❸➪❼❾➒➩❸➌➄Ð❺➈➄✍❸➌➄✏➊✝➇➈➓➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄♦➔➋➉➋➫✏➄❢➐☎➔➬❼❬➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫❢❺➈➄➥➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒ Ï
τRC

➶ ➑②➉➋➄ ✞❹ÿ ➘➹➴
τr =

√

τ 2
diff + τ 2

tran + τ 2
RC

❤ ✠➈➴ ÿ✟✞ ✐
➷⑤➄❢❸➌➄✏➊✝➇➈➓✢❺➈➄♦➀➁➫✏➇❿⑩❷➒➈➓➁➄♦❺➈➄♦➔➬❼☎→✟➽ ➸ ➇❿➄✏❶❹❸➽✢➃❸➌➀➁➄✸❼❾➔➋⑩❷➀➁➓➥➄➆➅❹➇➈➀➁➉➋➊✝➫♦➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✵✠➈➴ ÿ❷ÿ ➶ ➻❱➍❷➀ ✞ ✁✙➘➹➴

tr = ln(9) · τr ≃ 2.2 · τr

❤ ✠➈➴ ÿ❷ÿ ✐
➷✟❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ✠➈➴ ÿ ➇✹➄✏➀➁➊✝➄➃❸☎❺❞❻ ❼❾❽✹⑩❷❶❹❸➌➉➋➀❤➐✍❶➈➒④➙✏⑩❷❶➈➀➌❼❾➒➩❸☎➇➈➲➈⑩❾❸➌⑩❷➒➈➉➋➛➜❶➈➄✯➇➈➀➁⑩❷➇❿⑩❷➀➭❸➌➉➋⑩❷➒➈➒➈➄✏➔➥➐✍➔➬❼✜➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄⑩❷➇❹❸➌➉➋➛➜❶➈➄❢➀➁➄❲❺✏❶➈➄❾❮➱➄➃❸✢➇➈❶➈➉➋➓➁➛➜❶➈➄♦➙✏➄♦➙✏⑩❷❶➈➀➌❼❾➒➩❸✢➒❞❻ ➄✏➓➭❸✩➇➱❼❾➓➟➉➋➒➈➓➭❸➪❼❾➒➩❸➪❼❾➒➈➒➈➫❾❮➈➔➹❻ ➉➋➒➜❸➌➀➁⑩➜❺➈❶➈➙➃❸➌➉➋⑩❷➒✯❺➈➄❢➔➬❼❬➙✏⑩❷➒➈➓➭❸➪❼❾➒➩❸➌➄
© Mohamed Karray, Télécom Paris - Décembre 2004

✆ ✞



➌❀÷❝①✯÷✈➳✔ôå➩✫➥✌❯❫➭▲➲ õ✫ôå➩❞➧➯➩➯➨✥➼➍➳✔➪✫õ➫➧P➪✻➲P➨
❺➈➄❱❸➌➄✏➊✝➇➈➓➥⑩❷➇❹❸➌➉➋➛➜❶➈➄✦➓➁➄✏➀➌❼❬➒➈➫✏➙✏➄✏➓➁➓➪❼❾➉➋➀➁➄❾➴➈➻❱➉➋➒➈➓➁➉➹❮P➔➋➄❱➙✏⑩❷❶➈➀➌❼❾➒➩❸➟➇➈➲➈⑩❾❸➌⑩❷➒➈➉➋➛➜❶➈➄✦➓➁➄✏➀➌❼❤➙☞❼❾➔➋➙✏❶➈➔➋➫❱➇➱❼❾➀➥➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒
✠➈➴ ÿ ✁P➴

Iph = R · Popt −
τopt

2.2

dIph

dt

❤ ✠➈➴ ÿ ✁✚✐
➦ ➒✫➒➈⑩❷❶➈➓✽❽➱❼❾➓➌❼❾➒➩❸✽➓➁❶➈➀✽➔➬❼➟❒➱➍❷❶➈➀➁➄➯✠➈➴ ✄✢➄➃❸✪➔➋➄✏➓✡❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓✽➀➁➄✏➔➬❼➎❸➌➉➋⑩❾➒➈➓✳➇➈➀➁➫✏➙✏➫✏❺➈➄✏➒➩❸➌➄☞➓✏❮❾➒➈⑩❷❶➈➓✽➇✹⑩❷❶❹➨➩⑩❷➒➈➓✽➫➃➙✏➀➁➉➋➀➁➄➔➋➄✯➓➭➯P➓➭❸➌➳✏➊✝➄✎❺❞❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓å✠➈➴ ÿ ✝✍➛➜❶➈➉➥➇❿➄✏➀➁➊✝➄➃❸☎❺➈➄q❺➈➫✏➙✏➀➁➉➋➀➁➄q➔➋➄❥➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸❤❺➈➄q➔➬❼✍➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄❾➴➻❱➉➋➒➈➓➁➉➹❮❹➓➌❼☎➀➁➫✏➓➁⑩❷➔➋❶❹❸➌➉➋⑩❷➒q➒➈⑩❷❶➈➓✢➇❿➄✏➀➁➊✝➄➃❸✢❺❞❻ ❼✣➨❷⑩❷➉➋➀➟➔➋➄❢➙✏⑩❷❶➈➀➌❼❾➒➩❸✩➄✏➒②➓➁⑩❷➀➭❸➌➉➋➄❢❺➈➄♦➔➬❼❬➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄❾➴

I = −Iph + Id + ICj
+ IRsh

❤ ✠❹➴ ÿ ✝❷❼✧✐
IRsh

=
Vd

Rsh

❤ ✠➈➴ ÿ ✝❾❽❨✐
ICj

= Cj
dVd

dt

❤ ✠➈➴ ÿ ✝❾➙✟✐
Id = Is(exp(

qVd

kT
) − 1)

❤ ✠➈➴ ÿ ✝❾❺❨✐
V = Vd + Rs · I

❤ ✠➈➴ ÿ ✝❾➄✟✐
⑧ ➙✏➄✝➓➭❸➪❼❾❺➈➄☎❺➈➄✝➔➬❼q➊✝⑩P❺➈➫✏➔➋➉➏➓➌❼➎❸➌➉➋⑩❾➒❞❮❞➒➈⑩❷❶➈➓✸➇✹⑩❷❶❹➨➩⑩❷➒➈➓♦➨➎❼❾➔➋➉➋❺➈➄✏➀❢➒➈⑩❾❸➌➀➁➄☎➊✝⑩P❺➈➳✏➔➋➄ ❤ ❼❾➒➈➒➈➄➆➅❹➄✝Ö×✐❢❼❾❶❆➒➈➉➏➨❷➄☞❼❾❶➓➭❸➪❼➎❸➌➉➋➛➜❶➈➄②➄➃❸q❼❾❶✇➒➈➉➏➨➩➄☞❼❾❶✇❺❹➯P➒➱❼❾➊✝➉➋➛➜❶➈➄❾➴ ➸ ⑩❷❶➈➓✯❼☞➨❷⑩❷➒➈➓❥➙➆➲➈⑩❷➉➋➓➁➉✢❺➈➄✜➒➈⑩❷❶➈➓❥❽➱❼❾➓➁➄✏➀❥➓➁❶➈➀❥➔➋➄✏➓❥➇➱❼❾➀➌❼❾➊✝➳➆❸➪➀➁➄✏➓❺❞❻ ❶➈➒➈➄❱➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄✦✃♦❼❾➻❱➓✭❺➈➄✩➻➽æ✦⑨❍❺➈⑩❷➒➩❸✺❸➌⑩❷❶❹❸➌➄✏➓✭➔➋➄✏➓✭❺➈⑩❷➒➈➒➈➫✏➄✏➓➥➙✏⑩❷➒➈➓➭❸➌➀➁❶➈➙➃❸➌➄✏❶➈➀➁➓➥➓➁⑩❷➒➜❸✺➇➈➀➁➫✏➓➁➄✏➒➩❸➌➫✏➄✏➓➟➄✏➒❼❾➒➈➒➈➄➆➅❹➄ ➦ ➴
✏ ô á➱ãýû✳æ✏ä✍æ➃é✣á❹é✖ê✘✗❞î✳ä➽Ò➔❱➓✏❻ ❼❾➍❷➉➏❸✯❺❞❻ ❶➈➒➈➄✼❼❾➒➱❼❾➔➏➯P➓➁➄Ð➵ ➢ ❮➥➒➈⑩❷❶➈➓q➇➈➀➁➫✏➓➁➄✏➒➩❸➌⑩❷➒➈➓✎❺➱❼❾➒➈➓q❶➈➒❍➇➈➀➁➄✏➊✝➉➋➄✏➀✝❸➌➄✏➊✝➇➈➓q➔➬❼è➙☞❼➎➀➪❼➎➙➃❸➌➫✏➀➁➉➋➓➭❸➪➉➏➛➜❶➈➄➲➱❼❾❽➈➉➏❸➌❶➈➄✏➔➋➔➏➄✦➽➹➡ ➶ ❺➱❼❾➒➈➓✢➔➬❼✫❒➱➍❷❶➈➀➁➄➹✠➈➴✂☎P➴

ÿ✁�✄✂✆☎❨✠➈➴✂☎ ✝ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄♦➽➹➡ ➶ ➴
➵✦❼❾➒➈➓✫❶➈➒◆➓➁➄✏➙✏⑩❷➒➈❺ü❸➌➄✏➊✝➇➈➓✫➒➈⑩❷❶➈➓❬➇➈➀➁➫✏➓➁➄✏➒➩❸➌⑩❷➒➈➓❤➔➬❼q➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒❆❺➈➄❥➔➬❼②➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫❥❺➈➄❥➔➬❼②➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄✝➄✏➒
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➳✔ô✥➾➵õ×➥✧➧P➨✥➪♥➌❀÷❣ûá➩➯➭■➲P➚❣➪ ➭➍➪❊➨✥➼➍➳✔➪✫õ➫➧➸➥✖➩➯➦
➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒❥❺➈➄✩➔➬❼❢❸➌➄✏➒➈➓➁➉➋⑩❷➒❥❺➈➄❱➇✹⑩❷➔➬❼❾➀➁➉➋➓➌❼➎❸➌➉➏⑩❷➒❞❮➩➉➋➔➋➔➏❶➈➓➭❸➌➀➁➫✏➄✢➇➱❼❾➀✭➔➬❼❢❒➱➍❷❶➈➀➁➄➽✠➈➴ ✆❹➴ ➢ ➄➃❸➁❸➌➄❱➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫✩➉➋➒➩❸➌➄✏➀➭➨P➉➋➄✏➒➜❸☞❮❼✣➨❷➄✏➙❱➔➬❼❢➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄❱➓➁➲➜❶➈➒➜❸☞❮➜❺➱❼❾➒➈➓✺➔➬❼❢➀➌❼❾➇➈➉➋❺➈➉➏❸➌➫✢❺➈➄✩➔➬❼✸→✟➽ ➸ ❼❾➉➋➒➈➓➁➉✹➛➜❶➈➄✩❺➱❼❾➒➈➓✺➔➬❼❢❽➱❼❾➒➈❺➈➄❱➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄❾❮P❺❞❻ ⑩❷Ô➔➹❻ ➉➋➊✝➇❿⑩❷➀➭❸➌❼❾➒➈➙✏➄♦➐☎❼❾➇➈➇❿⑩❷➀➭❸➌➄✏➀✢➐❤➙✏➄➃❸➁❸➌➄✸➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄❾➴

Capacité de jonction


F


ÿ✁�✄✂✆☎➔✠➈➴ ✆ ✝ ➢ ❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄ ➢ ➡ ➶ ➴
❃ á➱î⑤ð➈á➱ê➘æ✝ì✣äPö➩õ❿î⑤ð⑤ì✖äPçèä ô é❥å✡î➲❽ á➱ê➘æ☞ö❷ä➜á➱î❍ã➘î✡çüê ô äPî⑤ï④á➩ð❿äPö✜ã↔á❃❂➩õ ô ä✜á➱ö❾é✖êýð❿ä➽Ò❺➈➫☞❼❾➔➋➄✏➊✝➄✏➒➜❸☞❮✹➔➋➄❸❆➱❶P➅✍⑩❷➇❹❸➌➉➋➛➜❶➈➄✸➄✏➓➭❸✦➙☞❼❾➇❹❸➌➫✸❸➌⑩❾❸➪❼❾➔➋➄✏➊✝➄✏➒➩❸✩➇➱❼❾➀✩➔➋➄✸➇➈➲➈⑩❾❸➌⑩➎➡Ò❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀❱➇❿⑩❷❶➈➀✩➔➋➄✸➙✏⑩❷➒➩➨❷➄✏➀➭❸➌➉➋➀➄✏➒❆➙✏⑩❷❶➈➀➌❼❾➒➜❸♦➇➈➲➈⑩❾❸➌⑩❷➒➈➉➋➛➜❶➈➄❾➴ ➦ ➒❆➇➈➀➌❼➎❸➌➉➋➛➜❶➈➄❾❮⑤❶➈➒➈➄☎➇➈➀➁⑩❷➇✹⑩❷➀➭❸➌➉➋⑩❷➒Ð❺➈❶✼➣➘❼❾➉➋➓➁➙✏➄☞❼❾❶✼➒❞❻ ➄✏➓➭❸✸➇➱❼❾➓♦➙☞❼❾➇❹❸➌➫✏➄☎➇➱❼❾➀❢➔➬❼
❂ ⑩❷➒➈➄❱❼❾➙➃❸➌➉➏➨➩➄✢❺➈➄✩➔➬❼❢➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄❾❮❷➨P❶❥➛➜❶➈➄✩➔➋➄✢❺➈➉➬❼❾➊✝➳➃❸➌➀➁➄➟❺➈❶✝➣➘❼❾➉➋➓➁➙✏➄☞❼❾❶✝➔➬❼❾➓➁➄✏➀✥❺➈➫✏➇➱❼❾➓➁➓➁➄❱➙✏➄✏➔➋❶➈➉✹❺➈➄✢➔➬❼ ❂ ⑩❷➒➈➄❼❾➙➃❸➌➉➏➨➩➄✩❺➈➄❱➔➬❼♦➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄❾➴ ➢ ➄➃❸➥➄➃❰❏➄➃❸➥➄✏➓➭❸✺❸➌➀➌❼❾❺➈❶➈➉➏❸✭➇➱❼❾➀✺❶➈➒➈➄❱➙☞❼❾➇➱❼❾➙✏➉ ❸➪➫✩➇➱❼❾➀➌❼❾➓➁➉➏❸➌➄❱❼✖➂➭⑩❷❶❹❸➌➫✏➄❱❼❾❶✯➓➁➙➪➲➈➫✏➊❥❼➫✏➛➜❶➈➉➏➨❾❼❾➔➋➄✏➒➩❸❬❺➈➄✝➔➬❼②➇➈➲➈⑩➎❸➪⑩➜❺➈➉➋⑩P❺➈➄❾➴✡➷✳❼✎❒➱➍❷❶➈➀➁➄❷✠➈➴ ☛ ➊✝⑩❷➒➜❸➌➀➁➄☎➔➋➄✝➊❥❼❾❶❹➨❾❼❾➉➋➓♦➀➁➄✏➙✏⑩❷❶❹➨P➀➁➄✏➊✝➄✏➒➩❸❤❺➈❶è➣➘❼❾➉➏➓➌➙➃➄☞❼❾❶➔➬❼❾➓➁➄✏➀✏❮➱➓➁❶➈➇➈➇✹⑩❷➓➁➫✸❺➈➄♦➀➁➫✏➇➱❼❾➀➭❸➌➉➏❸➌➉➋⑩❷➒q➍➩❼❾❶➈➓➁➓➁➉➋➄✏➒➈➒➈➄❾❮➱➄➃❸✩❺➈➄♦➔➬❼ ❂ ⑩❷➒➈➄✸❼❾➙➃❸➌➉➏➨❷➄❷➶ ➑②➄✏➊ ✞ ✠✖➘➯➶ ➢ ➼➈↕ ✞ ✝✖➘➹➴

ÿ✁�✄✂✆☎❨✠➈➴ ☛⑤✝ ➑✜❼❾❶❹➨❾❼❾➉➋➓✢➀➁➄✏➙✏⑩❷❶❹➨P➀➁➄✏➊✝➄➃➒➜❸✩❺➈❶✎➣➘❼❾➉➋➓➁➙✏➄☞❼❾❶②➔➬❼❾➓➁➄✏➀✏➴
➦ ➒②➓➁➄❢❽➱❼❾➓➌❼❾➒➜❸✢➓➁❶➈➀➟➔➬❼✫❒➱➍❷❶➈➀➁➄❸✠➈➴ ☛ ❺➈➄✏❶P➅✎➙✏⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸➌➓✢➓➁➄✏➀➁⑩❷➒➩❸✢➙☞❼❾➔➋➙✏❶➈➔➋➫✏➓✏❮➈➉➋➔❏➓✏❻ ❼❾➍❷➉➏❸➟❺➈➄

r
➄➃❸

r′
➛➜❶➈➉⑤➓➁⑩❷➒➩❸➔➋➉➋➫✏➓✦❼❾❶P➅Ð➓➁❶➈➀➭➣➘❼❾➙✏➄✏➓❢❺➈❶✍➣➘❼❾➉➋➓➁➙✏➄☞❼❾❶Ð➔➬❼❾➓➁➄✏➀✦➄➃❸❢❺➈➄❤➔➬❼ ❂ ⑩❷➒➈➄☎❼❾➙➃❸➌➉➏➨❷➄❬➄➃❸✸➐❥❶➈➒✼➙✏⑩➜➄➃Õ✝➙✏➉➋➄✏➒➜❸ δ

➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➌❼❾➒➩❸➔➋➄❢➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶q➄➃❸✢❺➈➄❢➨➎❼❾➔➋➄✏❶➈➀➟➙✏⑩❷➊✝➇➈➀➁➉➋➓➁➄❢➄✏➒➩❸➌➀➁➄
0
➄➃❸

1
➴➱➷⑤➄✏➓✢➄➆➅❹➇➈➀➁➄✏➓➁➓➁➉➋⑩❷➒➈➓✩❺➈➄

r
➄➃❸✩❺➈➄

r′
➓➁⑩❷➒➩❸✩❺➈⑩❷➒➈➒➈➫✏➄✏➓➇➱❼❾➀✢➔➋➄❢➓➭➯P➓➭❸➌➳✏➊✝➄✸❺❞❻ ➫✏➛➜❶➱❼✖❸➪➉➏⑩❷➒➈➓➽✠➈➴ ÿ ✠❹➴

r =
A2 − A1

A1

❤ ✠➈➴ ÿ ✠➩❼✧✐
r′ = δ · r

❤ ✠➈➴ ÿ ✠❷❽❨✐
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⑩❷Ô

A1

➄➃❸
A2

➓➁⑩❷➒➩❸✩➔➋➄✏➓✢➓➁❶➈➀➭➣➘❼❾➙✏➄✏➓✢➀➁➄✏➓➁➇❿➄✏➙➃❸➌➉➏➨❷➄✏➓❱❺➈➄♦➔➬❼ ❂ ⑩❷➒➈➄✸❼❾➙➃❸➌➉➏➨➩➄❢➄➃❸✩❺➈❶✎➣➘❼❾➉➋➓➁➙✏➄☞❼❾❶✎➔➬❼❾➓➁➄✏➀✏➴➷⑤➄✯➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➩❸❤❺❞❻ ❶➈➒➈➄✎➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄✯➄✏➒◆❸➌➄✏➒➱❼❾➒➜❸☎➙✏⑩❷➊✝➇❹❸➌➄✯❺➈❶④➊❥❼❾❶❹➨❾❼❾➉➋➓❬➫✏➙✏➔➬❼❾➉➋➀➌❼❾➍❷➄❥➇❿➄✏❶❹❸➷✢➃❸➌➀➁➄❼❾➔➋⑩❷➀➁➓✸❺➈➫✏➙✏➀➁➉➏❸❬➇➱❼❾➀✫➔➋➄✝➓➭➯P➓➭❸➌➳✏➊✝➄q❺❞❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓❞✠➈➴ ÿ �②❺❞❻ ➫➃➨❷⑩❷➔➋❶❹❸➌➉➋⑩❷➒è❺➈➄✏➓❬➇❿⑩❷➀➭❸➌➄✏❶➈➀➁➓❬➄➃❸❬❺➈➄✏➓❬➇➈➲➈⑩❾❸➌⑩❷➒➈➓❬➄✏➒➀➁➫✏➍❷➉➋➊✝➄✦➇❿➄✏➀➁➊❥❼❾➒➈➄✏➒➩❸❞➶ ➑②➄✏➊ ✞ ✠✖➘➹➴
dS0(t)

dt
= η · Φinc(t) = (1 − r)[1 − [

n − 1

n + 1
]
2

](1 − e−αd)Φinc(t)
❤ ✠➈➴ ÿ �❾❼✧✐

dN0(t)

dt
= η · Φinc(t) −

N0

τn

+
Id

q
+ r′ · Φinc(t)

❤ ✠➈➴ ÿ �➎❽❨✐
⑩❷Ô✎➔➋➄✏➓➟❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➓✢➙✏⑩➜➄➃Õ✝➙✏➉➋➄✏➒➜❸➌➓✢➓➁⑩❷➒➜❸✢❺➈➫✏➙✏➀➁➉➏❸➌➓✢❺➱❼❾➒➈➓✢➔➋➄✦❸➪❼❾❽➈➔➋➄☞❼❾❶⑨✠➈➴✂✁P➴

→✪❼❾➀➌❼❾➊✝➳➆❸➪➀➁➄✏➓ ➵❱➄✏➓➁➉➋➍❷➒➱❼➎❸➌➉➋⑩❷➒ ➠✩➒➈➉➏❸➌➫
N0

➸ ⑩❷➊❬❽➈➀➁➄♦❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓
S0

➸ ⑩❷➊❬❽➈➀➁➄❢❺➈➄♦➇➈➲➈⑩❾❸➌⑩❷➒➈➓
Φinc

Ö✽➔➋❶P➅q⑩❷➇❹❸➌➉➋➛➜❶➈➄❢➉➋➒➈➙✏➉➋❺➈➄✏➒➩❸
W

η
➧ ➄✏➒➈❺➈➄✏➊✝➄✏➒➩❸✩➛➜❶➱❼❾➒➩❸➌➉➋➛➜❶➈➄✸❺➈➄♦➔➬❼❬➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄

α
➢ ⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸❱❺❞❻ ❼❾❽➈➓➁⑩❷➀➁➇❹❸➌➉➋⑩❷➒

q
➢ ➲➱❼❾➀➁➍❷➄♦❺❞❻ ➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒

Coulomb

d
✡✟➇➱❼❾➉➋➓➁➓➁➄✏❶➈➀✢❺➈➄♦➔➬❼ ❂ ⑩❷➒➈➄✸❼❾➙➃❸➌➉➏➨➩➄ µm

Id

➢ ⑩❷❶➈➀➌❼❾➒➩❸✩❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫
A

τn
➵❱❶➈➀➁➫✏➄♦❺➈➄♦➨P➉➏➄♦❺➈➄✏➓✢➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓

s
r
➄➃❸

r′
➢ ⑩P➄➃Õ✝➙✏➉➋➄✏➒➩❸➌➓✩➔➋➉➋➫✏➓➟❼❾❶②➊❥❼❾❶❹➨➎❼❾➉➋➓➟➀➁➄✏➙✏⑩❷❶❹➨P➀➁➄✏➊✝➄✏➒➩❸

✰✡✱✳✲✳☎❨✠➈➴✂✁ ✝ →✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓✢❺➈➄♦➔➬❼❬➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄♦→✟➽ ➸ ➴

✮ ❘ ✩ ❘➘ø❑❘ ✎ ❈ õ❿ç ✒ õ✹ì✣é✣äPçèä ô é❤é✙✕✳ä➜ì➎çüê✘✗❞î✳ä
➢ ➄✏➀➭❸➪❼❾➉➋➒➈➄✏➓☎➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✏➓☎❺➈➄✎➔➬❼Ð➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄q➓➁⑩❷➒➩❸❥❼➎❰❏➄✏➙➃❸➌➫✏➄✏➓❥➇➱❼➎➀☎❶➈➒Ñ➙➪➲➱❼❾➒➈➍❷➄✏➊✝➄✏➒➩❸✝❺➈➄②➔➬❼❸➌➄✏➊✝➇✹➫✏➀➌❼➎❸➌❶➈➀➁➄♦❺➈➄✺➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒ Ï ➔➋➄❢➙✏⑩❷❶➈➀➌❼❾➒➩❸✢❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫❾❮➱➔➬❼❬➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫❾❮❹➔➬❼❬➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫❢❺➈➄✺➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒❞❮➈➔➬❼➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✝❺➈➄✝➙✏⑩❷❶➈➀➭❸➭➡Ò➙✏➉➋➀➁➙✏❶➈➉➏❸☞➴⑤➷✳❼q❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄☎❺➈➄✝➔➬❼q➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄❤➄✏➓➭❸❬➫✏➍➩❼❾➔➏➄✝➐✎➔➬❼q❸➌➄✏➊✝➇✹➫✏➀➌❼➎❸➌❶➈➀➁➄❼❾➊❬❽➈➉➬❼❾➒➩❸➌➄✦➇➱❼❾➀➁➙✏➄♦➛➜❶➈➄✸➔➹❻ ❼❾❶❹❸➌⑩➎➡Ò➫✏➙➪➲➱❼❾❶❹❰❏➄✏➊✝➄✏➒➩❸✢➄✏➓➭❸✢➣➘❼❾➉➋❽➈➔➋➄✦❺➈⑩❷➒➈➙♦➒➈➫✏➍❷➔➋➉➋➍❷➫❾➴➷✳❼✼➨➎❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒④❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄②❺➈❶✉➙✏⑩❷❶➈➀➌❼❾➒➩❸✯❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫✜➄✏➓➭❸❥➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒✇❺➈➄✜➔➹❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄②❺➈➄Ð✃♦❼❾➇✇➄➃❸✯➄✏➓➭❸❺➈⑩❷➒➈➒➈➫✏➄♦➇➱❼❾➀✢➔➘❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✠➈➴ ÿ ✄❹➴

δId

Id

=
Eg(T )

kT
· δT

T

❤ ✠➈➴ ÿ ✄✧✐
⑩❷Ô

Eg

➄✏➓➭❸✩➔➹❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄❢❺➈➄✫✃♦❼❾➇✎➄➃❸✩➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄❢➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼✖❸➪➉➏⑩❷➒⑨✠➈➴ ÿ ☎P➴
Eg(T ) = Eg(T ) − αT 2

T + β

❤ ✠➈➴ ÿ ☎✚✐
⑩❷Ô❘➔➋➄✏➓②➙✏⑩➜➄➃Õ✝➙✏➉➋➄✏➒➜❸➌➓

α
➄➃❸

β
❺➈➫➃➇❿➄✏➒➈❺➈➄✏➒➜❸✍❺➈❶ ➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶♥❶❹❸➌➉➋➔➋➉➏➓➁➫❾➴✢➷⑤➄✼❸➪❼❾❽➈➔➋➄☞❼❾❶ ✠➈➴ ✝Ñ➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄è➙✏➄✏➓❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓❱➨❾❼❾➔➏➄✏❶➈➀➁➓✦➇❿⑩❷❶➈➀✩❸➌➀➁⑩❷➉➋➓✢❸Ø➯P➇✹➄✏➓❢❺➈➄❬➊❥❼➎❸➌➫✏➀➁➉➬❼❾❶P➅❏❮❿➐❥➓➌❼☞➨➩⑩❷➉➋➀✩➔➹❻ ➻❱➀➁➓➁➫✏➒➈➉➋❶➈➀➁➄✫❺➈➄☎✃♦❼❾➔➋➔➋➉➏❶➈➊ ➻❱➓➪✃♦❼❹❮
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➳✔ô✥➾➵õ×➥✧➧P➨✥➪♥➌❀÷❣ûá➩➯➭■➲P➚❣➪ ➭➍➪❊➨✥➼➍➳✔➪✫õ➫➧➸➥✖➩➯➦

Eg(273K) α β➻✩➓➆✃♦❼
1.519 5.405 · 10−4 204➼P➉
1.170 4.73 · 10−4 636✃❢➄
0.7437 4.774 · 10−4 235✰✡✱✳✲✳☎❨✠➈➴ ✝ ✝ →✽❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓➟❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➓➟❺➈➄♦➔➹❻ ➫✏➒➈➄✏➀➁➍❷➉➋➄❢❺➈➄✫✃♦❼❾➇❞➴

➔➋➄✸➼P➉➋➔➋➉➋➙✏➉➏❶➈➊✵➼P➉⑤➄➃❸✩➔➋➄✸✃❢➄✏➀➁➊❥❼❾➒➈➉➋❶➈➊✵✃❢➄➷➶ ➑②➄✏➊ ✞ ✠✜➘➹➴➷✳❼✸➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫➟➄✏➔➋➔➋➄✢➊❷✢✏➊✝➄✢➄✏➓➭❸✭➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒✝❺➈➄✩➔➬❼❢❸➌➄✏➊✝➇❿➫✏➀➌❼➎❸➌❶➈➀➁➄✩➄➃❸✺➙✏➄➃❸➁❸➌➄✩❺➈➫✏➇❿➄✏➒➈❺➱❼❾➒➈➙✏➄✦➓➁➄✩❸➌➀➌❼❾❺➈❶➈➉➏❸✥➇➱❼❾➀➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✠➈➴ ÿ ✆❹➴✹➷✳❼❤➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫❢➄✏➓➭❸✩➇➈➀➁⑩❷➇❿⑩❷➀➭❸➌➉➋⑩❷➒➈➒➈➄✏➔➋➔➏➄♦➐☎➔➋❼❬➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒✯❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄♦❺➈➄♦➔➬❼❤➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀❺❞❻ ⑩❷➒➈❺➈➄❾➴
δR

R
=

δλ(T )

λ

❤ ✠➈➴ ÿ ✆✧✐
➵✫❻ ❶➈➒è❼❾❶❹❸➌➀➁➄❤➙ ✤ ❸➌➫❾❮⑤➔➬❼✯➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫❬❺➈➄✦➂➭⑩❷➒➈➙➃❸➌➉➋⑩❷➒✍➨➎❼❾➀➁➉➋➄❬❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✏➊✝➄✏➒➩❸☞❮❞➄✏➒✼➄➃❰❏➄➃❸✸➔➬❼✯➙☞❼❾➇➱❼❾➙➃➉➏❸➌➫

Cj(0)➄✏➓➭❸❱❺➈⑩❷➒➈➒➈➫✏➄✸➐❤❶➈➒➈➄♦❸➌➄✏➊✝➇✹➫✏➀➌❼➎❸➌❶➈➀➁➄♦❺➈⑩❷➒➈➒➈➫✏➄❾➴
➉✭✠❳❲❦✠☞☛ Ó❋✑❅❄✞✤✓✔✗✑✓✘✛✔✥✒✓✤üP✓❧❈✤✓✦✵★

➷⑤➄✫❽➈➀➁❶➈➉➏❸❱❼❾➇➈➇➱❼❾➀➌❼✖✱➋❸❱❺➱❼❾➒➈➓✩❸➌⑩❷❶❹❸❱➓➭➯P➓➭❸➌➳✏➊✝➄❬❺➈➄✸❸➌➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓✏❮➱➙✏➄✏➇❿➄✏➒➈❺➱❼❾➒➩❸❢➓➁⑩❷➒✍➉➋➒❇❆➱❶➈➄✏➒➈➙✏➄➄✏➓➭❸❤❽❿➄☞❼❾❶➈➙✏⑩❷❶➈➇◆➇➈➔➋❶➈➓✫➉➋➊✝➇✹⑩❷➀➭❸➪❼❾➒➜❸➌➄☎➓➁❶➈➀❬❶➈➒ü➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀✏❮✪➇➈❶➈➉➋➓➁➛➜❶➈➄❥➙✏➄✯❺➈➄✏➀➁➒➈➉➋➄✏➀✫➉➋➒➩❸➌➄✏➀➁➇➈➀➁➳➃❸➌➄✯❶➈➒ü➓➁➉➋➍❷➒➱❼❾➔❼❾➓➁➓➁➄ ❂ ➣➘❼❾➉➋❽➈➔➋➄❾➴❾➵✦❼❾➒➈➓✥➒➈⑩❾❸➌➀➁➄➥➙☞❼❾➓✟❺➈➄✏❶P➅❤❸Ò➯P➇❿➄✏➓✥❺➈➄➟❽➈➀➁❶➈➉➏❸☞❮❾➔➋➄➥❽➈➀➁❶➈➉➏❸✟❺➈➄➟➍❷➀➁➄✏➒➱❼❾➉➋➔➋➔➏➄✺➄➃❸✥➔➋➄➥❽➈➀➁❶➈➉➏❸✽❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❾❮➓➁⑩❷➒➜❸✩➔➋➄✏➓✢➇➈➔➋❶➈➓✢➉➋➊✝➇✹⑩❷➀➭❸➪❼❾➒➜❸➌➓✏➴❹⑨✡⑩❷❶❹❸➌➄➃➣↔⑩❷➉➋➓✢➔➋➄❢❽➈➀➁❶➈➉➏❸✢❺➈➄✸➍❷➀➁➄✏➒➱❼❾➉➋➔➋➔➏➄✦➇❿➄✏❶❹❸❱➓➁➄♦❺➈➉➏➨P➉➋➓➁➄✏➀✢➄✏➒②❺➈➄✏❶P➅✎❸Ø➯P➇❿➄➃➓ Ï ➔➋➄❽➈➀➁❶➈➉➏❸✢➛➜❶➱❼❾➒➜❸➌➉➋➛➜❶➈➄♦⑩❷❶✎➇➈➲➈⑩❾❸➌⑩❷➒➈➉➋➛➜❶➈➄♦➄➃❸✢➔➋➄❢❽➈➀➁❶➈➉➏❸✢❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫❾➴➷✟❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✓✠➈➴ ÿ ❺➈➫✏➙✏➀➁➉➏❸➥➔➬❼✸➙✏⑩❷➒➩➨❷➄✏➀➁➓➁➉➋⑩❷➒q❺➈➄✦➔➬❼♦➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄❢⑩❷➇❹❸➌➉➋➛➜❶➈➄❱➄✏➒✯❶➈➒q➙✏⑩❷❶➈➀➌❼❾➒➩❸☞❮P➊❥❼❾➉➋➓✭➓➌❼❾➒➈➓✺❸➌➄✏➒➈➉➋➀➙✏⑩❷➊✝➇❹❸➌➄Ð❺➈❶❍❽➈➀➁❶➈➉➏❸☞➴✺➽Ò➔❱➣➘❼❾❶❹❸✎❼❾➔➏⑩❷➀➁➓✯➫➃❸➌❶➈❺➈➉➋➄✏➀✯➔➋➄✏➓✯➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✏➓q❺➈➄Ð➙➪➲➱❼❾➛➜❶➈➄✼❽➈➀➁❶➈➉➏❸✯➄➃❸✎➄✏➒❍❸➌➄✏➒➈➉➋➀➙✏⑩❷➊✝➇❹❸➌➄♦❺➱❼❾➒➈➓✢➔➹❻ ➫➃❸➌❶➈❺➈➄♦❺➈❶q➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➜❸✢❺➈➄♦➔➬❼❬➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄❾➴
✮ ❘ ✩ ❘ ✎ ❘➘ø ● ì➎î✡êýé✝å✳ä✜ò✹ì✖ä ô á➱ê➘ã➘ã↔ä
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SG(f) = q(Iph + Id)
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G = 2q · (Iphoto + Idk) · ∆f
❤ ✠➈➴✂✁ ✞ ✐

➷⑤➄✸❽➈➀➌❶➈➉ ❸❱❺➈➄✫➍❷➀➁➄✏➒➱❼❾➉➋➔➋➔➋➄♦❼❾❶➈➍❷➊✝➄✏➒➜❸➌➄✫❼☞➨➩➄✏➙✸❸➌⑩❷❶❹❸➌➄❬❼❾❶➈➍❷➊✝➄✏➒➩❸➪❼➎❸➌➉➋⑩❷➒②❺➈❶✍➙✏⑩❷❶➈➀➌❼❾➒➩❸✦⑩❷❶✜❺➈➄✫➔➬❼☎❽➱❼❾➒➈❺➈➄❬➇➱❼❾➓Ø➡➓➌❼❾➒➩❸➌➄➥➄➃❸✟➉➋➔P➄✏➓➭❸✥➊✝➉➋➒➈➉➏➊❥❼➎➔➜➛➜❶➱❼❾➒➈❺☎➔➬❼✩➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩P❺➈➄✺➒❞❻ ➄✏➓➭❸✟➇➱❼❾➓✟➉➋➔➋➔➏❶➈➊☎➉➏➒➈➫✏➄ ❤ ➓➁➄✏❶➈➔➈➔➋➄✺➙✏⑩❷❶➈➀➌❼❾➒➩❸✟❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫➄✏➓➭❸✩➇➈➀➁➫✏➓➁➄✏➒➩❸✽✐➆➴
✮ ❘ ✩ ❘ ✎ ❘ ✎ ● ì➎î✡êýé❤é✙✕✳ä➜ì➎çüê✘✗❞î✳ä

➷⑤➄➟❽➈➀➁❶➈➉➏❸✪❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❾❮➩❼❾➇➈➇❿➄✏➔➋➫✢❼❾❶➈➓➁➓➁➉➱➔➋➄➥❽➈➀➁❶➈➉➏❸✟❺➈➄❱↕❾⑩❷➲➈➒➈➓➁⑩❷➒☎⑩❷❶☎➔➋➄➟❽➈➀➁❶➈➉➏❸✟❺➈➄ ➸ ➯P➛➜❶➈➉➋➓➭❸☞❮➩➄✏➓➭❸✭❺➈×✝❼❾❶P➅➊✝⑩❷❶❹➨❷➄✏➊✝➄✏➒➩❸➌➓✩❼➎➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄✏➓➥❺➈➄✏➓✢➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➓ ❤ ❼❾➍❷➉➏❸➪❼➎❸➌➉➏⑩❷➒❥❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✟✐➆➴➱➷⑤➄❢❽➈➀➁❶➈➉➏❸➥❸➪➲➈➄➃➀➌➊☎➉➋➛➜❶➈➄❢➄✏➓➭❸✩➙✏⑩❷➒➈➓➁➉ ➡❺➈➫✏➀➁➫✢➙✏⑩❷➊✝➊✝➄➥❶➈➒☎➇➈➀➁⑩P➙✏➄✏➓➁➓➁❶➈➓✺❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄✺❺➈➄✢❺➈➉➋➓➭❸➌➀➁➉➋❽➈❶❹❸➌➉➋⑩❷➒❬➍➩❼❾❶➈➓➁➓➁➉➋➄✏➒➈➒➈➄✢❺➈⑩❷➒➜❸✥➔➬❼✦❺➈➄✏➒➈➓➁➉➏❸➌➫✢➓➁➇✹➄✏➙➃❸➌➀➌❼❾➔➋➄✢➄✏➓➭❸❺➈⑩❷➒➈➒➈➫✏➄♦➇➱❼❾➀✢➔➘❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✠➈➴✂✁ ÿ ➶ ➻❱➍❷➀ ✞ ✁✟➘➯➶ ⑨✡⑩❾➣ ✞❹ÿ ➘➹➴
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➄✏➓➭❸✭➔➬❼✦➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✢❺➈➄✢➙➪➲➱❼❾➀➁➍❷➄➛➜❶➈➉⑤➒❞❻ ➄✏➓➭❸❱❼❾❶❹❸➌➀➁➄♦➛➜❶➈➄✸➔➬❼❬➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄♦➫✏➛➜❶➈➉➏➨❾❼❾➔➋➄✏➒➩❸➌➄✸➐❤➔➹❻ ➄✏➒➩❸➌➀➌➫➃➄♦❺➈❶②➇➈➀➁➫➆➡Ø❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀✏➴➦ ➒②➓➁➄✸❽➱❼❾➓➌❼❾➒➩❸❱➓➁❶➈➀✩➔➬❼✫➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒②❺❞❻ ❼❾❶❹❸➌⑩➜➙✏⑩❷➀➁➀➁➫✏➔➬❼➎❸➌➉➋⑩❷➒q➔➬❼❬➨❾❼❾➀➁➉➬❼❾➒➈➙✏➄♦❺➈❶②❽➈➀➁❶➈➉➏❸✢❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄♦➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫✏➄➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✵✠➈➴✂✁✚✁P➴
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➦ ➒②➊✝⑩P❺➈➫✏➔➏➉➋➓➌❼➎❸➌➉➋⑩❾➒ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿❮➱➒➈⑩❷❶➈➓✩❼☞➨❷⑩❷➒➈➓✢❶❹❸➌➉➋➔➋➉➏➓➁➫✦➔➬❼✫❸➌➄✏➙➪➲➈➒➈➉➋➛➜❶➈➄♦❺➈➄♦❽✹⑩✣➅➜➡➭➑②❶➈➔➋➔➋➄✏➀➥❺➈➫✏➙✏➀➁➉➏❸➌➄❢❺➱❼❾➒➈➓➔➋➄❢➙➆➲➱❼❾➇➈➉➏❸➌➀➁➄➫✁P❮➈➇❿⑩❷❶➈➀✩❼☞➨❷⑩❷➉➋➀➟❶➈➒➈➄♦❺➈➉➋➓➭❸➌➀➁➉➋❽➈❶❹❸➌➉➋⑩❷➒✯➍➩❼❾❶➈➓➁➓➁➉➋➄✏➒➈➒➈➄❾➴➦ ➒✼❸➌➄✏➒➱❼❾➒➜❸✸➙✏⑩❾➊✝➇❹❸➌➄☎❺➈❶❆❽➈➀➁❶➈➉➏❸☞❮❞❶➈➒➈➄☎➒➈⑩❷❶❹➨❷➄✏➔➋➔➋➄❤➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄❤❺➈➄☎➔➬❼✎→✟➽ ➸ ➄✏➓➭❸✸❺➈➫➃❒➱➒➈➉➋➄ Ï ➉➋➔✪➓✏❻ ❼❾➍❷➉➏❸❺➈➄❥➔➬❼✎➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄❥➫✏➛➜❶➈➉➏➨❾❼❾➔➋➄✏➒➩❸➌➄✯❼❾❶è❽➈➀➁❶➈➉➏❸ ➸❱➦ → Ï ➴ ➦ ➔➋➔➋➄☎➄✏➓➭❸❬❺➈➫➃❒➱➒➈➉➋➄✝➙✏⑩❷➊✝➊✝➄✝➔➬❼✎➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄❥➄➃Õ✝➙☞❼❾➙✏➄❺➈❶▲❆➱❶P➅②➔➋❶➈➊✝➉➋➒➈➄✏❶P➅ ❤ ❆➱❶P➅✜➀➁➄❲❺✏❶✜➇➱❼❾➀✩➔➋➄♦❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀➀✐✢➛➜❶➈➉✳➣↔⑩❷❶➈➀➁➒➈➉➏❸✩➄✏➒✜➓➁⑩❷➀➭❸➌➉➋➄✸❶➈➒✜➇➈➲➈⑩❾❸➌⑩➎➡Ò➙✏⑩❷❶➈➀➌❼❾➒➩❸✩➫✏➍➩❼❾➔❼❾❶ü➙✏⑩❷❶➈➀➌❼❾➒➩❸✫➓➁➇❿➄✏➙➃❸➌➀➌❼❾➔✺❺➈❶è❽➈➀➁❶➈➉➏❸ ❤

SNR = 1
✐➆➴✽➷⑤➄ ➸❱➦ → ➄✏➓➭❸❤❺➈⑩❷➒➈➒➈➫❥➇➱❼❾➀✸➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ ✠➈➴✂✁✜✝②➄➃❸✫➄✏➓➭❸➄➆➅❹➇➈➀➁➉➋➊✝➫♦➍❷➫✏➒➈➫✏➀➌❼❾➔➏➄✏➊✝➄✏➒➜❸✢➄✏➒
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➷⑤➄ ➸❱➦ →❴❺➈➫✏➇✹➄✏➒➈❺◆❺➈➄❥➔➬❼②❽➱❼❾➒➈❺➈➄❥➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄✯❺➈❶ü➓➭➯P➓➭❸➌➳✏➊✝➄◆þ✽➇❿⑩❷❶➈➀✸➄➆➅❹➇➈➀➁➉➋➊✝➄✏➀✫➙✏➄➃❸➁❸➌➄❥❺➈➫✏➇❿➄✏➒➈❺➱❼❾➒➈➙✏➄✯⑩❷➒❺➈➉➏➨P➉➋➓➁➄✢➔➹❻ ➄➆➅❹➇➈➀➁➄✏➓➁➓➁➉➋⑩❷➒✇✠➈➴✂✁✜✝♦➇➱❼❾➀✥➔➬❼❢➀➌❼❾➙✏➉➋➒➈➄✢➙☞❼❾➀➁➀➁➫✏➄✩❺➈➄✩➔➬❼❢❽➱❼❾➒➈❺➈➄✩➇➱❼❾➓➁➓➌❼❾➒➜❸➌➄❾➴ ➢ ➄✏➙✏➉❿➒➈⑩❷❶➈➓✭❺➈⑩❷➒➈➒➈➄✩➔➋➄ ➸❱➦ →➄➆➅❹➇➈➀➁➉➋➊✝➫♦➄✏➒
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➴✹➷⑤➄ ➸❱➦ →✇➇➈➀➁➫✏➓➁➄✏➒➜❸➌➄✫❼❾❶➈➓➁➓➁➉✳❶➈➒➈➄✸➒➈⑩❷➒②➔➋➉➋➒➈➫☞❼❾➉➋➀➁➉ ❸➌➫✦➄✏➒✎➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒✎❺➈➄✸➔➬❼❤➔➋⑩❷➒➈➍❷❶➈➄✏❶➈➀❺❞❻ ⑩❷➒➈❺➈➄✸➙✏⑩❷➊✝➊✝➄✦❺➱❼❾➒➈➓✢➔➋➄❢➙☞❼❾➓✢❺➈➄♦➔➬❼❤➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫❾➴➵✫❻ ❼❾❶❹❸➌➀➁➄✏➓✩➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄✏➓➟❺➈➫✏➙✏⑩❷❶➈➔➋➄✏➒➩❸✩❺➈❶ ➸❱➦ → Ï ➔➬❼❬❺➈➫➃❸➌➄✏➙➃❸➌➉➏➨P➉➏❸➌➫
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D∗ ➛➜❶➈➉✡➄✏➓➭❸✦❶➈➒✜➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄♦❺➈➄✫➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫❢➀➁➄✏➔➬❼➎❸➌➉➏➨➩➄♦❶❹❸➌➉➋➔➋➉➏➓➁➫♦➇❿⑩❷❶➈➀✩➙✏⑩❷➊✝➇➱❼❾➀➁➄✏➀✢➔➋➄✏➓➇❿➄✏➀➭➣↔⑩❷➀➁➊❥❼❾➒➈➙✏➄✏➓✢❺➈➄✏➓✩❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➓➟❸Ø➯P➇✹➄✏➓✩❺➈➄✸❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀➁➓✏➴ ➢ ➄♦➣➘❼❾➙➃❸➌➄✏❶➈➀✢➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫✸➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✠➈➴✂✁✖✠➄➃❸✩➄✏➓➭❸✩➄➆➅❹➇➈➀➁➉➋➊✝➫♦➄✏➒
W−1cm

√
Hz

➴✹→✟➔➋❶➈➓➟➔➬❼❬➨➎❼❾➔➋➄✏❶➈➀
D∗ ➄✏➓➭❸❱➫✏➔➋➄➃➨❷➫✏➄❾❮➱➊✝➄✏➉➋➔➋➔➏➄✏❶➈➀➥➄✏➓➭❸✩➔➋➄❢❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀✏➴

D∗ =

√
A

NEP
=

√
A · D

❤ ✠➈➴✂✁✖✠✯✐
⑩❷Ô

A
➄✏➓➭❸❱➔➬❼❬➓➁❶➈➀➭➣➘❼❾➙✏➄♦➓➁➄✏➒➈➓➁➉➋❽➈➔➋➄♦❺➈❶②➇➈➲➈⑩❾❸➌⑩➎➡Ò❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀✏➴➦ ➒✇➄➃❰❏➄✏➙➃❸➌❶➱❼❾➒➩❸❥❶➈➒✇❼❾➍❷➀➌❼❾➒➈❺➈➉➋➓➁➓➁➄✏➊✝➄✏➒➜❸☎➓➁❶➈➀✝➔➋➄q➙✏⑩❷❶➈➀➌❼❾➒➩❸✝❺➈➄②➔➬❼Ð➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄✎→✟➽ ➸ ❮✥➒➈⑩❷❶➈➓✝➊☎⑩❷➒➜❸➌➀➁⑩❷➒➈➓➔➹❻ ➉➋➒❇❆➱❶➈➄✏➒➈➙✏➄✜❺➈❶✉❽➈➀➁❶➈➉➏❸❥➓➁❶➈➀❥➔➬❼❆→✟➽ ➸ ❮✭➙✏⑩❷➊✝➊✝➄②➔➹❻ ➉➋➔➏➔➏❶➈➓➭❸➌➀➁➄✏➒➜❸✝➔➋➄✏➓☎❒➱➍❷❶➈➀➁➄✏➓✓✠➈➴ ÿ❷ÿ ➄➃❸✇✠➈➴ ÿ ✁ ➶ Ó♦➵ ➢

+
✞ ✝❾➙❽➘➹➴➸ ⑩❷❶➈➓✺➀➁➄✏➊❥❼❾➀➁➛➜❶➈⑩❷➒➈➓✺➫✏➍➩❼❾➔➋➄✏➊✝➄✏➒➩❸✭➛➜❶➈➄✦➔➋➄✢❽➈➀➁❶➈➉➏❸✺➄✏➓➭❸➥➇➈➔➋❶➈➓✭➉➋➊✝➇❿⑩❷➀➭❸➪❼❾➒➩❸✭➇✹⑩❷❶➈➀✺➔➋➄✢➒➈➉➏➨➩➄☞❼❾❶❥➲➱❼❾❶❹❸✺➛➜❶➈➄✦➇✹⑩❷❶➈➀➔➋➄❢➒➈➉➏➨➩➄☞❼❾❶✎❽➱❼❾➓✏➴ ➦ ➒②➄➃❰❏➄➃❸☞❮➱❺➱❼❾➒➈➓✩➔➏➄❢➓➁➄✏➙✏⑩❷➒➈❺✜➙☞❼❾➓✢➔➋➄❢➙✏⑩❷❶➈➀➌❼❾➒➜❸✢➇➈➲➈⑩❾❸➌⑩❷➒➈➉➋➛➜❶➈➄♦➄✏➓➭❸✩➒➜❶➈➔➹➴➷✳❼❢❒➱➍❷❶➈➀➁➄✥✠➈➴ ÿ ✝❢➀➁➄✏➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄❱➔➋➄➟❺➈➉➬❼❾➍❷➀➌❼❾➊✝➊☎➄➥❺➈➄✢➔➹❻ Ù♦➉➋➔❹❺➈➄✢➔➬❼❢➇➈➲➈⑩❾❸➌⑩➜❺➈➉➋⑩P❺➈➄✢→✟➽ ➸ ➊☎➄➃❸➁❸➆❼➎➒➜❸✥➄✏➒✝➫➃➨P➉➋❺➈➄✏➒➈➙✏➄➔➹❻ ➉➋➒❇❆➱❶➈➄✏➒➈➙✏➄♦❺➈➄✏➓✩❽➈➀➁❶➈➉➏❸➌➓➟❺➈➄♦➍❷➀➁➄✏➒➱❼❾➉➋➔➋➔➏➄✦➄➃❸✢❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❾➴

Ð❥➡❣➙❽➎ ➟ ➆✩❚❀Ù❲➐✙➎ ✶➀➊✽→ ➆❥➄❲➅❣➒❇➙✫✥➸➆❥➉
© Mohamed Karray, Télécom Paris - Décembre 2004

✆✚✄



➌❀÷❝①✯÷✈➳✔ôå➩✫➥✌❯❫➭▲➲ õ✫ôå➩❞➧➯➩➯➨✥➼➍➳✔➪✫õ➫➧P➪✻➲P➨

ÿ✁�✄✂❦☎➔✠➈➴ ÿ❷ÿ✞✝ ➮ ⑩P⑩❷➊ ❺➈❶②➒➈➉➏➨❷➄☞❼❾❶②❽➱❼❾➓➟❺➈➄✸➔➋❼☎→✟➽ ➸ ➴

ÿ✁�✄✂✆☎➔✠➈➴ ÿ ✁ ✝ ➮ ⑩P⑩❷➊ ❺➈❶②➒➈➉➏➨❷➄☞❼❾❶②➲➱❼❾❶❹❸✢❺➈➄♦➔➬❼☎→✟➽ ➸ ➴

ÿ✁�✄✂✆☎➔✠➈➴ ÿ ✝ ✝ ➵❱➉➬❼❾➍❷➀➌❼❾➊✝➊✝➄✦❺➈➄♦➔➹❻ Ù♦➉➋➔❿❺➈➄♦➔➬❼☎→✟➽ ➸ ➴
© Mohamed Karray, Télécom Paris - Décembre 2004

✆✧☎



➳✔ô✥➾➵õ×➥✧➧P➨✥➪♥➌❀÷❣ûá➩➯➭■➲P➚❣➪ ➭➍➪❊➨✥➼➍➳✔➪✫õ➫➧➸➥✖➩➯➦
➍✵ã④➍ ♦q♣❞r⑨➦❞t⑦➬✔s❣❰❲í❣í➞t✥⑧✓➬ë➮✈♣❞⑧✓➬◆ì❞r✻s❇❆❇s❣t✥r⑨í➞❰❽♣✻r

➻✩❒➱➒✉❺➈➄✜➀➁➄✏➊✝➫✏❺➈➉➋➄✏➀❥➐è➔➬❼✼➊✝⑩P❺➈➄✏➓➭❸➌➄✜➓➁➄✏➒➈➓➁➉➋❽➈➉➋➔➋➉➏❸➌➫✎❺➈➄✜➔➬❼❆➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄✜→✟➽ ➸ ❮✺➔➋➄②➇➈➲➈⑩❾❸➌⑩❷➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀➄✏➓➭❸✫➓➁⑩❷❶❹➨➩➄✏➒➩❸❤❼❾➙✏➙➃⑩❷➊✝➇➱❼❾➍❷➒➈➫✝❺❞❻ ❶➈➒❆➇➈➀➁➫➆➡Ø❼❾➊✝➇➈➔➋➉➏❒➱➙☞❼➎❸➌➄✏❶➈➀✏➴ ➢ ➄✝❺➈➄✏➀➁➒➈➉➋➄✏➀♦➇❿➄✏➀➁➊✝➄➃❸✸❺➈➄✝➙✏⑩❷➒➩➨❷➄✏➀➭❸➌➉➋➀✫❼❾❶➈➓➁➓➁➉✥➔➋➄➙✏⑩❷❶➈➀➌❼❾➒➜❸➥❺➈➄❱➔➬❼✸➇➈➲➈⑩❾❸➌⑩P❺➈➉➋⑩➜❺➈➄❱➄✏➒✯❶➈➒➈➄❱❸➌➄✏➒➈➓➁➉➋⑩❷➒❥➙✏⑩❷➊✝➊✝➄✩➔➹❻ ➉➋➔➋➔➏❶➈➓➭❸➌➀➁➄✢➔➋➄❱➓➁➙➪➲➈➫✏➊❥❼✫❽➈➔➋⑩P➙✩❺➈➄✦➔➬❼♦❒➱➍❷❶➈➀➁➄➵✠➈➴ ÿ ✠➈❮➉➋➔❞➓✏❻ ❼❾➍❷➉➏❸✢❺❞❻ ❶➈➒②➫✏➔➋➫✏➊✝➄✏➒➩❸✢➉➋➊✝➇❿⑩❷➀➭❸➪❼❾➒➩❸➟❺➈❶②➊✝⑩➜❺➈❶➈➔➋➄❢❺➈➄♦➀➁➄✏➙✏➄✏➇❹❸➌➉➋⑩❷➒❞➴
Convertisseur


Tension


Courant


ÿ✁�✄✂✆☎❨✠➈➴ ÿ ✠ ✝ ➼P➙➪➲➈➫✏➊❥❼☎❽➈➔➋⑩P➙❢❺❞❻ ❶➈➒②➙✏⑩❷➒➩➨❷➄✏➀➭❸➌➉➋➓➁➓➁➄✏❶➈➀✩➙✏⑩❷❶➈➀➌❼❾➒➜❸➭➡ ❸➌➄✏➒➈➓➁➉➋⑩❷➒❞➴
⑨✡⑩❷❶❹❸➌➄➃➣↔⑩❷➉➋➓❬➉➋➔✭➄➆➅❹➉➋➓➭❸➌➄q❺➈➄➃❶P➅◆❸Ò➯P➇❿➄✏➓❤❺➈➄✯➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✏➓☎➛➜❶➈➉✺❺➈➉➏❰❏➳✏➀➁➄✏➒➜❸❬➇➱❼❾➀❬➔➋➄✝❸Ø➯P➇✹➄q❺➈➄q➙✏⑩❷➒➩❸➌➀➁➄➆➡Ò➀➁➫☞❼❾➙➃❸➌➉➋⑩❷➒❶❹❸➌➉➋➔➋➉➋➓➁➫✏➄ Ï ➓➁⑩❷➉➏❸✡❶➈➒❤❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀✡➐✩➲➱❼➎❶❹❸➪➄✭➉➋➊✝➇❿➫➃❺➱❼❾➒➈➙✏➄❾❮✖➓➁⑩❷➉➏❸✽❶➈➒❬❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀✳❺➈➄✭❸➌➀➌❼❾➒➈➓➁➉➋➊✝➇✹➫✏❺➱❼❾➒➈➙✏➄
➶ Ó✸➼➈➑ ✞ ✁✙➘➯➶ ➑②➉➋➄ ✞❹ÿ ➘➹➴
➉✭✠r➉✭✠✌✟ ⑥ ♦r✎✢✜ ✫✞♠✧✦④➝✞✘✛✎✩★✪✔✗✤✭❧❉❈✣✇✓✎✡✤❦★✪✔✕✦✌✜ ✫➂q✗✒✓✎✡✑✓✘✛✔
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1 + A

Rf

1 + p
Rf Cin

1+A
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➷⑤➄✯⑨➟➽Ò➻✵➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✎❼❾➔➋⑩❷➀➁➓✫❶➈➒◆➍➩❼➎➉➋➒ü❺➈➄✯➔➹❻ ⑩❾➀➌❺➈➀➁➄✝❺➈➄✯➓➌❼✍➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✯❺➈➄✯➙✏⑩❷➒➩❸➌➀➁➄➆➡Ò➀➁➫☞❼❾➙➃❸➌➉➋⑩❷➒
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❼➎❰❏➄✏➙➃❸➌➫❺❞❻ ❶➈➒➈➄✯➙✏⑩❷➒➈➓➭❸➪❼❾➒➩❸➌➄✯❺➈➄✝❸➌➄✏➊✝➇➈➓✫➛➜❶➈➉✥➨➎❼❾❶❹❸ Rf Cin

1+A

➴✽➷✳❼✎➣↔➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄q❺➈➄❥➙✏⑩❷❶➈➇➈❶➈➀➁➄✯➐ −3dB
➄✏➓➭❸❬❺➈⑩❷➒➈➒➈➫✏➄➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✵✠➈➴✂✁✜✄❹➴

f3dB ≃ 1

2π

A

RfCin
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➵✦❼❾➒➈➓✩➔➋➄♦➙☞❼❾➓✢❺❞❻ ❶➈➒✍❼❾➊✝➇➈➔➋➉➏❒➱➙☞❼✖❸➪➄➃❶➈➀➟❺➈❶✜➓➁➄✏➙✏⑩❷➒➈❺✜⑩❷➀➁❺➈➀➁➄❾❮➱➔➋➄♦➍➩❼❾➉➋➒✎➓➁➄✏➀➌❼☎➄➆➅❹➇➈➀➁➉➋➊✝➫♦➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒⑨✠➈➴✂✁✚☎P❮⑩❷Ô

w0

➄✏➓➭❸✩➔➋➄❢➇ ✤ ➔➋➄❢❺➈➄♦➔➹❻ ❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀➥➔➋❶➈➉❞➊❷✢✏➊✝➄❾➴
A(p) =

A0

1 + p/w0

❤ ✠➈➴✂✁✚☎✚✐
➵✦❼❾➒➈➓✭➙✏➄✢➙☞❼❾➓✏❮➩➔➋➄➟➍➩❼❾➉➋➒❤❺➈➄✢➔➹❻ ❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀✪❺➈➄➟❸➌➀➌❼❾➒➈➓➁➉➋➊✝➇❿➫✏❺➱❼❾➒➈➙✏➄➟➓➁➄✏➀➌❼♦➄➆➅❹➇➈➀➁➉➋➊✝➫➟➇➱❼❾➀✥➔➘❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➷✠➈➴✂✁✜✆➄✏➒②➓➁❶➈➇➈➇❿⑩❷➓➌❼❾➒➩❸❱➛➜❶➈➄

A0 >> 1
➴

Vout

Iin

=
−A0

1 + p/w0

Rf

1 + pRfCin

❤ ✠➈➴✂✁✜✆✧✐
➸ ⑩❷❶➈➓☎❼✣➨❷⑩❷➒➈➓❤➫➃❸➌❶➈❺➈➉➋➫✯➔➋➄✯➊✝⑩❷➒➩❸➪❼❾➍❷➄✯❺➈➄q➔➹❻ ❼❾➊✝➇➈➔➏➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀❬➐✍➓➁⑩❷❶➈➀➁➙✏➄✎➙✏⑩❷➊✝➊❬❶➈➒➈➄✯➓➁❶➈➉➏➨P➉✺❺❞❻ ❶➈➒④➓➁❶➈➉➏➨➩➄✏❶➈➀✏❮❺➈⑩❷➒➈➒➈➫✸➇➱❼❾➀➟➔➬❼✫❒➱➍❷❶➈➀➁➄➹✠➈➴ ÿ ✆⑨➶ →✡➄ ❂ ✞❹ÿ ➘➹➴➷⑤➄♦➍➩❼❾➉➋➒

Av
❺➈➄♦➔➹❻ ❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀➥➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫♦➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✵✠➈➴✂✁ ☛ ➴

Av = −gm1Rd
gm2Rs

1 + gm2Rs

❤ ✠➈➴✂✁ ☛ ✐
⑩❷Ô

gm

❺➈➫✏➓➁➉➋➍❷➒➈➄♦➔➬❼✫❸➌➀➌❼❾➒➈➓➁➙✏⑩❷➒➈❺➈❶➈➙➃❸➪❼❾➒➈➙✏➄✸❺➈❶✎❸➌➀➌❼❾➒➈➓➁➉➋➓➭❸➌⑩❷➀✩➑✍➞♦➼❿➴➷⑤➄♦➍➩❼❾➉➋➒✎❺➈➄♦➙✏➄➆❸➌❸➌➄♦➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✸❺➈➄♦⑨➟➽Ò➻❴➄✏➒②➇❿➄➃❸➌➉➏❸✢➓➁➉➋➍❷➒➱❼❾❶P➅q➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫✸➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✵✠➈➴ ✝ ✞ ➴
G =

Vs

Ie

=
Rs1 − gm1Rd1gm2Rs1Rf

1 + gm2Rs1(1 + gm1Rd1)

❤ ✠➈➴ ✝ ✞ ✐
© Mohamed Karray, Télécom Paris - Décembre 2004
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ÿ✁�✄✂✆☎❨✠➈➴ ÿ ✆ ✝ ➼P➙➪➲➈➫✏➊❥❼☎❺➈❶ ➢ ➑✍➞♦➼q⑨➟➽Ò➻✫➴
➞✦➀⑤➔➬❼✺❸➌➀➌❼❾➒➈➓➁➙✏⑩❷➒➈❺➈❶➈➙➃❸➪❼❾➒➈➙✏➄✭❺➈➄✏➓⑤❸➌➀➌❼❾➒➈➓➁➉➋➓➭❸➪⑩❾➀➌➓✡➑✍➞♦➼✦➄✏➓➭❸✽➓➁❶❹Õ✝➓➌❼❾➊✝➊☎➄✏➒➜❸✳➍❷➀➌❼❾➒➈❺➈➄✥❺➈➄➃➨➎❼❾➒➜❸✡➔➋➄✏➓⑤➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✏➓❺➈➄❬➇✹⑩❷➔➬❼❾➀➁➉➋➓➌❼➎❸➌➉➏⑩❷➒✜➄➃❸✦❺➈➄❬➙✏⑩❷➒➩❸➌➀➁➄➆➡Ò➀➁➫☞❼❾➙➃❸➌➉➋⑩❷➒Ð❼➎❒➱➒Ð❺➈➄❬➓➁➉➋➊☎➇➈➔➋➉➏❒➱➄✏➀✩➔➘❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒ü✠➈➴ ✝ ✞ ➄➃❸✦❺➈➄❬➔➬❼✝➀➁➄✏➊✝➇➈➔➬❼❾➙✏➄✏➀➇➱❼❾➀➟➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✵✠➈➴ ✝ ÿ ➴

G =
Vs

Ie

= −Rf

❤ ✠➈➴ ✝ ÿ ✐
➷✟❻ ❼❾➒➈➒➈➄➆➅❹➄✫✃ ➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✸❶➈➒➈➄✸❼❾➒➱❼❾➔➏➯P➓➁➄♦❺➈➫➃❸➪❼❾➉➋➔➋➔➏➫✏➄❢❺➈➄♦➔➹❻ ❼❾➀➁➙➪➲➈➉➏❸➌➄✏➙➃❸➌❶➈➀➁➄❢❺➈❶②⑨➟➽Ò➻✫➴➸ ⑩❷❶➈➓❱❺➈⑩❷➒➈➒➈⑩❷➒➈➓✦➓➁❶➈➀❱➔➬❼☎❒➱➍❷❶➈➀➁➄❞✠➈➴ ÿ✟☛ ➔➬❼✝➙☞❼❾➀➌❼❾➙➃❸➌➫✏➀➁➉➋➓➭❸➌➉➋➛➜❶➈➄✫❺❹➯P➒➱❼❾➊✝➉➏➛➜❶➈➄✫❺➈➄❬➔➹❻ ❼❾➊✝➇➈➔➏➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀✩❺➈➄✸❸➌➀➌❼❾➒P➡➓➁➉➋➊✝➇✹➫✏❺➱❼❾➒➈➙✏➄❾❮✽➒➈⑩❷❶➈➓❬⑩❷❽❹❸➌➄✏➒➈⑩❷➒➈➓❬➄✏➒ü➓➁➉➋➊❤❶➈➔➬❼➎❸➁➉➋⑩❾➒è❶➈➒ü➍➩❼❾➉➋➒è❺➈➄

46dBΩ
➄➃❸❬❶➈➒➈➄✯❽➱❼❾➒➈❺➈➄✯➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄q❺➈➄

15GHz
❮✡➙✏➄❥➛➜❶➈➉✭➄✏➓➭❸❬➔➬❼❾➀➁➍❷➄✏➊✝➄✏➒➩❸✸➓➁❶❹Õ✝➓➌❼❾➒➜❸❬➇❿⑩❷❶➈➀✸➒➈⑩❾❸➌➀➁➄✝❸Ò➯P➇❿➄❥❺➈➄✝❸➌➀➌❼❾➒➈➓➁➊✝➉➋➓➁➓➁➉➋⑩❷➒❞➴ ➸ ⑩❾❸➌⑩❷➒➈➓✫➛➜❶➈➄❥➔➋➄✏➓➊✝⑩➜❺➈➳✏➔➋➄✏➓q❺➈➄✏➓q❸➌➀➌❼❾➒➈➓➁➉➋➓➭❸➌⑩❷➀➁➓②➑✍➞♦➼✉❶❹❸➌➉➋➔➋➉➋➓➁➫✏➓✯➓➁⑩❷➒➩❸②❺➈➄✏➓✎➊✝⑩➜❺➈➳✏➔➋➄✏➓

BSIM3
➣↔⑩❷❶➈➀➁➒➈➉➋➓q➇➱❼❾➀q➻❢➑✍➼✪❵✎➄✏➒❸➌➄✏➙➪➲➈➒➈⑩❷➔➋⑩❷➍❷➉➋➄

0.35µm
➴

➍✵ã✷➑ Ø ❐❮é⑨③❽❰✓●▲➮⑦ì❸s❣t✥⑧✓➬ë①✵t☞❐❮❰❲í➞t☞t✥r■❍✖♣➹➬◆❐❮t
➷⑤➄✯➊✝⑩P❺➈❶➈➔➋➄❥❺➈➄q➀➁➫✏➙✏➄✏➇❹❸➌➉➋⑩❷➒◆➄✏➓➭❸☎➙✏⑩❷➒➈➓➁➉➋❺➈➫✏➀➁➫✯➙✏⑩❷➊✝➊✝➄❥❶➈➒➈➄q➉➋➒➜❸➌➄✏➀➭➣➘❼❾➙➃➄✯➄✏➒➜❸➌➀➁➄✯➔➬❼②❒➱❽➈➀➁➄q⑩❷➇❹❸➌➉➋➛➜❶➈➄✯➄➃❸➔➋➄✎➓➭➯P➓➭❸➌➳✏➊✝➄②➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄◆þ✥➔➋➄✎➓➁➉➋➍❷➒➱❼❾➔➟⑩❷➇❹❸➌➉➋➛➜❶➈➄❾❮✥❼❾➇➈➀➁➳✏➓❥❼☞➨➩⑩❷➉➋➀❤➫➃❸➌➫②➙✏⑩❷➒➩➨➩➄✏➀➭❸➌➉✢➄✏➒✇❶➈➒✇➙✏⑩❷❶➈➀➌❼❾➒➩❸ ❤ ➇➱❼❾➀➔➹❻ ➉➋➒➩❸➌➄✏➀➁➊✝➫✏❺➈➉➋❼❾➉➏➀➁➄✢❺➈➄✩➔➬❼✸→✟➽ ➸ ✐✥➇➈❶➈➉➋➓✥➄✏➒✯❶➈➒➈➄✩❸➌➄✏➒➈➓➁➉➋⑩❷➒ ❤ ➇➱❼❾➀✥➔➋➄✩⑨➟➽Ò➻❸✐➆❮P❺➈⑩❷➉➏❸➯✢➃❸➌➀➁➄❱❼❾➊✝➇➈➔➋➉ ❒➱➫✩➐✸❶➈➒❥➒➈➉➏➨❷➄☞❼❾❶❼❾❺➈➫✏➛➜❶➱❼➎❸✪➇✹⑩❷❶➈➀✽➔➋➄✥❸➌➀➌❼❾➉➏❸➌➄✏➊✝➄➃➒➜❸✡➒➜❶➈➊✝➫✏➀➁➉➋➛➜❶➈➄✺❺➈❶✫➓➁➉➋➍❷➒➱❼❾➔➹➴✖➠✩➒❬➇✹⑩❷➓➭❸➁➡Ø❼➎➊✝➇➈➔➋➉➏❒➱➙☞❼➎❸➌➄✏❶➈➀✳➄✏➓➭❸✟❼❾➔➋⑩❷➀➁➓✳➒➈➫✏➙✏➄✏➓➁➓➌❼❾➉➋➀➁➄➇✹⑩❷❶➈➀✢➄➃❰❏➄✏➙➃❸➌❶➈➄✏➀✩➙✏➄➃❸➁❸➌➄♦➊✝➉➋➓➁➄❢➄✏➒✎➣↔⑩❷➀➁➊✝➄❾➴➠✩➒Ð➇❿⑩❷➓➭❸➭➡Ø❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀❱❺➈⑩❷➉➏❸❢➓➌❼➎❸➌➉➋➓➭➣➘❼❾➉➋➀➁➄✫➙✏➄✏➀➭❸➪❼❾➉➋➒➈➄✏➓❢➙✏⑩❷➒➩❸➌➀➌❼❾➉➋➒➩❸➪➄➃➓❢❺➈➄❤➙✏⑩❷➒➈➙✏➄✏➇❹❸➌➉➋⑩❷➒❞➴⑤➷✳❼✯➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫❬➄✏➒➄✏➒➩❸➌➀➁➫✏➄✩❺➈⑩❷➉➏❸➯✢➃❸➌➀➁➄✩➔➬❼❢➇➈➔➋❶➈➓✟➣➘❼❾➉➋❽➈➔➋➄➟➇✹⑩❷➓➁➓➁➉➋❽➈➔➋➄✢➇❿⑩❷❶➈➀✥➒➈➄✩➇➱❼❾➓✭❺➈➉➋➊✝➉➋➒➜❶➈➄✏➀✟➔➬❼❢❽➱❼❾➒➈❺➈➄✩➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄❱❺➈❶❥⑨➟➽Ò➻✫➴P➷✳❼
❜ Ø❣➐ ➟ ➅➇➉➇➎✂➊⑦↕❸➎ ➈Ò➉➇➙✥ÑÒÕ ➟ ➅➇➆❥Ó⑦➆◆➂✷➄❲➅➇➆❥➉➇➄✖➊➀➅➇➎ ➙❽➄✖➊✽→✯Ø✼✛
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❽➱❼❾➒➈❺➈➄✸➇➱❼❾➓➁➓➌❼❾➒➩❸➌➄✸❺➈➄♦➙✏➄➃❸❱❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀➥❺➈⑩❷➉➏❸✥✢➃❸➌➀➁➄♦➇➈➔➋❶➈➓➟➍❷➀➌❼❾➒➈❺➈➄♦➛➜❶➈➄✸➙✏➄✏➔➋➔➋➄✦❺➈❶②⑨➟➽Ò➻ ❤ ➊☎➉➋➓➁➄❢➄✏➒②➙☞❼❾➓Ø➡➙☞❼❾❺➈➄✢❺➈➄✢❺➈➄✏❶P➅✝➫➃❸➪❼❾➍❷➄✏➓➀✐➆➴➜➵✫❻ ❶➈➒❥❼❾❶❹❸➌➀➁➄➟➙ ✤ ❸➌➫❾❮➩➔➋➄➟➍➩❼❾➉➋➒❤❺➈❶✝➇➈➀➁➄✏➊✝➉➋➄✏➀✪➫➃❸➪❼❾➍❷➄✢❺➈❶☎➇❿⑩❷➓➭❸➭➡Ø❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀✪❺➈⑩❷➉➏❸
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❮✹❺➈➄✫➀➌➫➃➓➌➉➏➓➭➡❸➪❼❾➒➈➙✏➄✢❺➈➄➟➓➁⑩❷➀➭❸➌➉➋➄
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➄➃❸✭❼☞➯➩❼❾➒➜❸✟➙✏⑩❷➊✝➊✝➄➥➙➪➲➱❼❾➀➁➍❷➄➟❶➈➒➈➄➟➙☞❼❾➇➱❼❾➙✏➉➏❸➌➫
Cl
❮❷➙✏⑩❷➊✝➊✝➄✺➔➋➄➥➊✝⑩❷➒➜❸➌➀➁➄➥➔➬❼✩❒➱➍❷❶➈➀➁➄❶✠➈➴✂✁ ✞ ➴➷✳❼✸➣↔⑩❷➒➈➙➆❸➪➉➏⑩❷➒❥❺➈➄✩❸➌➀➌❼❾➒➈➓➭➣↔➄✏➀➭❸✺❺➈➄❱➙➆➲➱❼❾➛➜❶➈➄❱❽➈➔➋⑩P➙✩➄✏➓➭❸➥➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄✩➇➱❼❾➀✺➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❾➒✇✠➈➴ ✝✧✁P❮➜⑩❷Ô

w0

❺➈➫✏➓➁➉➋➍❷➒➈➄✩➔➬❼➇➈❶➈➔➋➓➌❼➎❸➌➉➋⑩❷➒✎❺➈➄♦➙✏⑩❷❶➈➇➈❶➈➀➁➄❾➴
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ÿ✁�✄✂✆☎❨✠➈➴✂✁ ✞➂✝ ➼P➙➪➲➈➫✏➊❥❼☎❽➈➔➋⑩➜➙❢❺❞❻ ❶➈➒②➫➃❸➪❼❾➍❷➄♦❺❞❻ ❶➈➒✜❼❾➊✝➇➈➔➋➉➏❒➱➙☞❼✖❸➪➄➃❶➈➀➟❺➈➄♦➊✝➉➋➓➁➄✦➄✏➒✎➣↔⑩❷➀➁➊✝➄❾➴

H(p) =
A0

1 + p
w0

❤ ✠➈➴ ✝✧✁✚✐
➷✳❼ü➇➈❶➈➔➋➓➌❼➎❸➌➉➋⑩❷➒✇❺➈➄✍➙✏⑩❷❶➈➇➈❶➈➀➁➄✍❺➈➄✏➓q❺➈➄✏❶P➅✉➫➃❸➪❼❾➍❷➄✏➓q➄✏➓➭❸✎❼❾➔➋⑩❷➀➁➓✝➄➆➅❹➇➈➀➁➉➋➊✝➫✏➄✍➇➱❼❾➀❥➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒❘✠➈➴ ✝✚✝❹❮✭➒➈⑩❷❶➈➓➀➁➄✏➊❥❼❾➀➁➛➜❶➈⑩❷➒➈➓✺❺➈⑩❷➒➈➙❱➛➜❶➈➄✦➔➬❼♦➊✝➉➋➓➁➄✩➄✏➒✯➙☞❼❾➓➁➙☞❼❾❺➈➄✦❺➈➄❱❺➈➄✏❶P➅✯➫➃❸➪❼❾➍❷➄✏➓✺➀➁➫✏❺➈❶➈➉➏❸➥➔➬❼♦❽➱❼❾➒➈❺➈➄❱➇➱❼❾➓➁➓➌❼❾➒➜❸➌➄❱❺➈➄

36%
❮➄➃❸✫❺❞❻ ❶➈➒➈➄☎➣➘❼✜❺✏⑩❷➒❆➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄☎➛➜❶➈➄✝➔➬❼q➣↔➀➁➫✏➛➜❶➈➄✏➒➈➙✏➄❥❺➈➄✝➙✏⑩❾❶➈➇➈❶➈➀➌➄✝❺➈➄☎➔➬❼✎➊✝➉➏➓➌➄❤➄✏➒è➙☞❼❾➓➁➙☞❼❾❺➈➄✝❺➈➄

N
➫➃❸➪❼❾➍❷➄✏➓

❣❥Ø❣➐✟➅➇➙❽Ó❶➊➀➅➇➎✂➏✜✛◆➊✽➎ ➄➹➌❀➙❽➄❲➅➇➉➇➙❽→
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w−3dB = w0

√√
2 − 1

❤ ✠➈➴ ✝✚✝✧✐
w−3dB = w0

√

N
√

2 − 1
❤ ✠➈➴ ✝✜✠✯✐
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15%
❮❏❺➈⑩❷➒➈➙❬❸Ø➯P➇➈➉➏➛➜❶➈➄✏➊✝➄✏➒➜❸❢➙✏➉➋➒➈➛✜➫➃❸➪❼❾➍❷➄✏➓❢➓➁⑩❷➒➩❸♦❶❹❸➌➉➋➔➋➉➏➓➁➫✏➓✦➇✹⑩❷❶➈➀♦❼☞➨❷⑩❷➉➋➀❶➈➒②❽✹⑩❷➒②➍➩❼❾➉➋➒q➄➃❸✩❶➈➒➈➄♦❽❿⑩❷➒➈➒➈➄♦❽➱❼❾➒➈❺➈➄♦➇➱❼❾➓➁➓➌❼❾➒➩❸➪➄❷➶ ➧ ❼ ❂ ✞ ✝✖➘➹➴➷✳❼✦❒➱➍❷❶➈➀➁➄❶✠➈➴✂✁ ÿ ➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✩❶➈➒✝➫✏➔➋➫✏➊✝➄✏➒➩❸✥❺➈➄✢➔➬❼✦➙➪➲➱❼✖✱➬➒➈➄✢❺❞❻ ❼❾➊✝➇➈➔➋➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀✪➊✝➉➋➓✪➄✏➒✝➙☞❼❾➓➁➙☞❼❾❺➈➄✩➇✹➄✏➀➁➊✝➄➃❸➁❸➪❼❾➒➜❸❺❞❻ ❼❾➊✝➇➈➔➋➉ ❒➱➄✏➀➥➔➋➄❢➓➁➉➋➍❷➒➱❼❾➔❞➉➋➓➁➓➁❶②❺➈➄♦➔➹❻ ❼❾➊✝➇➈➔➏➉ ❒➱➙☞❼➎❸➌➄✏❶➈➀➟❺➈➄❢❸➌➀➌❼❾➒➈➓➁➉➋➊✝➇✹➫✏❺➱❼❾➒➈➙✏➄❾➴
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➍✵ã✌➞ è t✥í✛➮✈❰✽➬◆➮⑦⑧⑨❰✽s✔í❊①✵t❫①✵⑤✥➮✈❰❲í➞❰❽♣✻r②t⑦s❘①✵t ➬➱⑤✥➮⑦⑧✵é❯⑤⑦➬◆ì❸s❣❰❽♣✻r ① ④✧Û✵♣➹➬➱③❽♣➂✐➫t

t⑦sñ①✵t✃①✵♣❞r⑨r✵⑤❶t✥í
➷⑤➄✏➓❱❺➈⑩❷➒➈➒➈➫➃➄✏➓✦➀➁➄❲❺✏❶➈➄✏➓❱➇➱❼❾➀✩➔➋➄♦➇➈➲➈⑩❾❸➌⑩➎➡Ò➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀❱➄➃❸✦❼❾➊✝➇➈➔➋➉ ❒➱➫✏➄✏➓✩➇➱❼❾➀✢➔➋➄✏➓✩➫➃❸➪❼❾➍❷➄✏➓❱❺❞❻ ❼❾➊✝➇➈➔➏➉➏❒➱➙☞❼➎❸➌➉➋⑩❾➒➓➁⑩❷➒➩❸✝❽➈➀➁❶➈➉➏❸➌➫✏➄✏➓✏➴✭➷✟❻ ➲➈⑩❷➀➁➔➋⑩❷➍❷➄q❺➈⑩❷➉➏❸å✢➃❸➌➀➁➄②➄➆➅P❸➌➀➌❼❾➉➏❸➌➄✎❺➈➄✎➙✏➄✏➓✝❺➈⑩❷➒➈➒➈➫✏➄✏➓❥➇✹⑩❷❶➈➀☎➀➁➄✏➙✏⑩❷➒➈➓➭❸➌➉➏❸➌❶➈➄✏➀✝➔➋➄q➊✝➄✏➓➁➓➌❼❾➍❷➄➒➜❶➈➊✝➫✏➀➁➉➋➛➜❶➈➄❾➴ ➢ ❻ ➄✏➓➭❸❱➔➋➄❢➀ ✤ ➔➋➄❢❺➈❶②➙✏➉➋➀➁➙✏❶➈➉➏❸➟❺➈➄♦➀➁➫✏➙✏❶➈➇❿➫✏➀➌❼➎❸➌➉➋⑩❷➒✎❺❞❻ ➲➈⑩❷➀➁➔➋⑩❷➍❷➄❢➄➃❸✩❺➈➄♦❺➈⑩❷➒➈➒➈➫✏➄✏➓ ➢ ➵ ➧ ➃✣➴➈➻❱➇➈➀➁➳✏➓❼☞➨❷⑩❷➉➋➀✩➀➁➫✏➙✏❶➈➇❿➫✏➀➁➫❤➔➹❻ ➲➈⑩❷➀➁➔➋⑩❾➍❷➄❾❮✹➔➋➄✏➓❱❺➈⑩❷➒➈➒➈➫✏➄✏➓❱❸➌➀➌❼☞➨➩➄✏➀➁➓➁➄✏➒➩❸❢❶➈➒➈➄❬❽➱❼❾➓➁➙✏❶➈➔➋➄
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VCO

Filtre de


boucle

Donnée


d’entrée


Horloge
Detecteur de


Phase


ÿ✁�✄✂✆☎➔✠➈➴✂✁✜✝ ✝ ➼➜❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄♦❺❞❻ ❶➈➒➈➄✸→✥➷✳➷✟➴
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∆T
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❮❿➉➋➒➈➙✏➔➋❶➱❼❾➒➜❸✦❼❾❶➈➓➁➓➁➉✪➔➹❻ ➄➃❰❏➄➃❸▼✯➀✴✄❊❳❊⑥✸❽✶❥➄➆❸⑤➷❻❺✧✸✝✮✟➴❏➷✳❼❥❒❹➡➍❷❶➈➀➁➄➹✠➈➴✂✁✜✆❤➇➈➀➁➫✏➓➁➄✏➒➩❸➌➄✫➔➋➄❢❺➈➉➋❼❾➍❷➀➌❼❾➊✝➊☎➄✦❺➈➄♦➔➹❻ Ù♦➉➋➔❏❺➈❶②➓➁➉➋➍❷➒➱❼❾➔❞➄✏➒②➄✏➒➩❸➌➀➁➫✏➄✫❼❾❶ ➢ ➵ ➧ ➴➷⑤➄❬➙☞❼❾➔➋➙✏❶➈➔✽❺➈❶✼➝ ➦✥➧ ➄✏➓➭❸❢➔➋➉➋➫✫❼❾❶Ð➀➌❼❾➇➈➇❿⑩❷➀➭❸✦➓➁➉➋➍❷➒➱❼❾➔✽➐❥❽➈➀➌❶➈➉ ❸♦➼ ➸❱➧ ➙✏⑩❷➊✝➊✝➄✫➒➈⑩❷❶➈➓✦➔➹❻ ❼☞➨➩⑩❷➒➈➓✩➨P❶❆❼❾❶✍➙➪➲➱❼✖➡➇➈➉➏❸➌➀➁➄❸✁P➴❹➷✳❼✸➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❾➒❥❺➈❶✎➼ ➸❱➧ ➄✏➓➭❸➟➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➩❸➥➇➈➀➁➫✏➓➁➄✏➒➜❸➌➫✏➄❢➄✏➒❥➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒✯❺➈❶❥❸➪❼❾❶P➅✯❺❞❻ ➄➆➅P❸➌➉➋➒➈➙➃❸➌➉➋⑩❷➒

ξ
➛➜❶➈➉⑤➄✏➓➭❸❱➔➋➄❢➀➌❼❾➇➈➇✹⑩❷➀➭❸✩❺➈➄❢➔➬❼❤➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄♦⑩❷➇❹❸➌➉➋➛➜❶➈➄♦❺❞❻ ❶➈➒②➒➈➉➏➨❷➄☞❼❾❶②➲➱❼❾❶❹❸✢➄➃❸✩➙✏➄✏➔➋➔➋➄❢❺❞❻ ❶➈➒②➒➈➉➏➨❷➄☞❼❾❶②❽➱❼❾➓✏❮➱➙✏➄➇➱❼❾➀➌❼❾➊✝➳➃❸➌➀➁➄❢➄✏➓➭❸❱➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊☎➄✏➒➜❸✢➄➆➅❹➇➈➀➁➉➋➊✝➫❢➄✏➒

dB
➄➃❸✩➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫♦➇➱❼❾➀✢➔➹❻ ➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒✵✠➈➴ ✝✧�P➴

ξ = 10 · log(
P1

P0

)
❤ ✠➈➴ ✝✧�✚✐

© Mohamed Karray, Télécom Paris - Décembre 2004
☛ ✄



➌❀÷✧◆✙÷❣ø❇➥✹û❊➲P➚➞➾➹➧➸➥✖➩➯➦q➭■➲ ûá➩➯➭■➲P➚❣➪

ÿ✁�✄✂❦☎➔✠➈➴✂✁✚☎ ✝ ➵❱➉➏❰❏➫✏➀➁➄✏➒➜❸➌➓✢➓➁➉➋➍❷➒➱❼❾❶P➅q❺❞❻ ➄✏➒➩❸➌➀➁➫✏➄✸➄➃❸✩❺➈➄♦➓➁⑩❷➀➭❸➌➉➋➄❢❺➈❶②➊✝⑩P❺➈❶➈➔➋➄❾➴

© Mohamed Karray, Télécom Paris - Décembre 2004
☛ ☎



➳✔ô✥➾➵õ×➥✧➧P➨✥➪♥➌❀÷❣ûá➩➯➭■➲P➚❣➪ ➭➍➪❊➨✥➼➍➳✔➪✫õ➫➧➸➥✖➩➯➦

ÿ✁�✄✂✆☎➔✠➈➴✂✁✜✆ ✝ ➵❱➉➬❼❾➍❷➀➌❼❾➊✝➊✝➄✦❺➈➄♦➔➹❻ Ù♦➉➋➔❿❺➈❶②➊✝⑩P❺➈❶➈➔➋➄❾➴
➸ ⑩❷❶➈➓❥➄✏➒➩➨P➉➋➓➌❼❾➍❷➄✏➀➁⑩❷➒➈➓✯❺❞❻ ➫➃❸➌❶➈❺➈➉➋➄✏➀❥➔➹❻ ➉➋➒❇❆➱❶➈➄✏➒➈➙✏➄②❺➈➄✏➓✯❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓✯➓➁⑩❷❶➈➀➁➙✏➄✏➓✯❺➈➄✜❽➈➀➁❶➈➉➏❸❥➓➁❶➈➀✯➔➏➄②➣↔⑩❷➒➈➙➆➡❸➌➉➋⑩❷➒➈➒➈➄✏➊✝➄✏➒➜❸✎❺➈❶❘➇➈➲➈⑩❾❸➌⑩❷➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀✏➴ ➸ ⑩❷❶➈➓✎➇➈➀➁⑩P➙✏➫✏❺➈⑩❷➒➈➓✜❼❾➔➋⑩❷➀➁➓✯➙✏⑩❷➊✝➊✝➄Ð➓➁❶➈➉➏❸ Ï ➒➈⑩❷❶➈➓✜❼❾➒➈➒➜❶➈➔➋⑩❷➒➈➓q➔➋➄✏➓❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➄✏➓✦➓➁⑩❷❶➈➀➁➙✏➄✏➓❢❺➈➄✫❽➈➀➌❶➈➉ ❸✦❺➱❼❾➒➈➓✦➒➈⑩❾❸➌➀➁➄❬➊✝⑩➜❺➈➳✏➔➋➄✫➄➃❸✦➒➈⑩❷❶➈➓✦➒❞❻ ➄✏➒Ð➍➩❼❾➀➁❺➈⑩❷➒➈➓✦➛➜❶❞❻ ❶➈➒➈➄❤➓➁➄✏❶➈➔➋➄❾❮❏➙➃➄❤➛➜❶➈➉➒➈⑩❷❶➈➓☎➇❿➄✏➀➁➊✝➄➃❸☎❺➈➄✎➓➌❼☞➨❷⑩❷➉➋➀❤➔➹❻ ➉➋➒❇❆➱❶➈➄✏➒➈➙✏➄q❺➈➄✎➙➃➄➃❸➁❸➪➄q➓➁⑩❷❶➈➀➁➙✏➄②❺➈➄q❽➈➀➁❶➈➉➏❸☎➓➁❶➈➀❤➔➋➄q➊✝⑩P❺➈❶➈➔➏➄❾➴✟➵✦❼❾➒➈➓☎➙➪➲➱❼❾➛➜❶➈➄➙☞❼❾➓✺➒➈⑩❷❶➈➓✺➫✏➔➬❼❾❽❿⑩❷➀➁⑩❷➒➈➓✭❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓➥➓➁➉➋➊❬❶➈➔➬❼➎❸➌➉➏⑩❾➒➈➓✭➇✹⑩❷❶➈➀✺❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓✭➨❾❼❾➔➋➄✏❶➈➀➁➓✭❺➈❶❥❸➪❼❾❶P➅❥❺❞❻ ➄➆➅P❸➌➉➋➒➈➙➃❸➌➉➋⑩❷➒❥➄➃❸➇❿⑩❷❶➈➀✢❶➈➒➈➄♦➇➈❶➈➉➋➓➁➓➌❼❾➒➈➙✏➄♦➊✝⑩✖➯❷➄✏➒➈➒➈➄♦➫✏➍➩❼❾➔➋➄♦➐

0.25mW
➴➵✦❼❾➒➈➓✯❶➈➒✉➇➈➀➁➄✏➊✝➉➋➄✏➀❤❸➪➄➃➊✝➇➈➓✏❮✭➒➈⑩❷❶➈➓❥➍➩❼❾➀➁❺➈⑩❷➒➈➓❥❶➈➒➈➉➋➛➜❶➈➄✏➊✝➄✏➒➩❸✯➔➬❼❆➓➁⑩❷❶➈➀➁➙✏➄✜❺➈➄✜❽➈➀➁❶➈➉➏❸❥➛➜❶➱❼❾➒➩❸➌➉➋➛➜❶➈➄❾❮✺➒➈⑩❷❶➈➓⑩❷❽❹❸➌➄✏➒➈⑩❷➒➈➓✫❶➈➒➈➄✝➨❾❼❾➔➋➄✏❶➈➀♦➊✝⑩✖➯❷➄✏➒➈➒➈➄❥❺➈❶◆➼ ➸❱➧ ➫✏➍➩❼❾➔➋➄✝➐

46.717dB
❮✡➒➈⑩❷❶➈➓✸➉➋➔➋➔➋❶➈➓➭❸➌➀➁⑩❷➒➈➓♦➙✏➄➆❸➌❸➌➄✝➇➈➀➁➄✏➊✝➉➋➳✏➀➁➄➫➃❸➌❶➈❺➈➄❬➇➱❼❾➀✩➔➬❼☎➙✏⑩❷❶➈➀➁❽❿➄✫❺➈➄✸➔➬❼☎❒➱➍❷❶➈➀➁➄➫✠➈➴✂✁ ☛ ❮✹➛➜❶➈➉✡➊✝⑩❷➒➩❸➌➀➁➄✸➔➬❼❤➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❾➒②❺➈❶✼➼ ➸❱➧ ➀➁➫✏➓➁❶➈➔➏❸➪❼❾➒➩❸❱❺➈❶✍❽➈➀➁❶➈➉➏❸➛➜❶➱❼❾➒➜❸➌➉➋➛➜❶➈➄♦➄✏➒✎➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒q❺➈❶✎❸➪❼❾❶P➅✎❺❞❻ ➄➆➅P❸➌➉➋➒➈➙➃❸➌➉➋⑩❷➒❞➴➵✦❼❾➒➈➓✩❶➈➒✜➓➁➄✏➙✏⑩❷➒➈❺②❸➌➄✏➊✝➇➈➓✏❮✹➒➈⑩❷❶➈➓✩➇➈➀➁⑩➜➙✏➫✏❺➈⑩❷➒➈➓❱❺➈➄♦➊❷✢✏➊✝➄♦➄✏➒②➀➌➄➃➊✝➇➈➔➬❼✜❺☞❼❾➒➜❸✢➔➬❼❤➓➁⑩❷❶➈➀➁➙✏➄✸❺➈➄✸❽➈➀➁❶➈➉➏❸✢➛➜❶➱❼❾➒P➡❸➌➉➋➛➜❶➈➄✦➇➱❼❾➀➥➙✏➄✏➔➋➔➋➄❱❺➈❶✎❽➈➀➁❶➈➉➏❸➥❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫❾❮❹➙✏➄❢➛➜❶➈➉❞➒➈⑩❷❶➈➓➥❺➈⑩❷➒➈➒➈➄❢❶➈➒➈➄❱➨❾❼❾➔➋➄✏❶➈➀➥➊✝⑩✣➯❷➄✏➒➈➒➈➄❢❺➈❶②➼ ➸❱➧ ➫✏➍➩❼❾➔➋➄➐

144.05dB
➴➩➷✳❼✦➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❾➒❤❺➈❶❥➼ ➸❱➧ ❺➈×✝❼❾❶☎❽➈➀➁❶➈➉➏❸✟❺❞❻ ⑩❷❽➈➓➁➙✏❶➈➀➁➉➏❸➌➫➟➄✏➒☎➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒❤❺➈❶❤❸➪❼❾❶P➅❤❺❞❻ ➄➆➅P❸➌➉➋➒➈➙➃❸➌➉➋⑩❷➒➄✏➓➭❸❱❺➈⑩❷➒➈➒➈➫✏➄♦➓➁❶➈➀✢➔➬❼❬❒➱➍❷❶➈➀➁➄➹✠❹➴ ✝ ✞ ➴➵✦❼❾➒➈➓✫❶➈➒✼❸➌➀➁⑩❷➉➋➓➁➉➋➳✏➊✝➄❬❸➌➄✏➊✝➇➈➓✏❮⑤➒➈⑩❷❶➈➓✸➒➈⑩❷❶➈➓✸➉➋➒➩❸➪➫➃➀➌➄➃➓➌➓➁⑩❷➒➈➓✫➐✎➔➬❼q➓➁⑩❷❶➈➀➁➙✏➄❥❺➈➄☎❽➈➀➁❶➈➉➏❸♦❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❾❮⑤➙✏➄✏➔➋➔➋➄➆➡Ò➙✏➉❺➈⑩❷➒➈➒➈➄❥❶➈➒④➼ ➸❱➧ ➊✝⑩✣➯❷➄✏➒ü➫➃➍➩❼❾➔✺➐

61.05dB
➴✡➷✳❼✎➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❾➒❆❺➈❶◆➼ ➸❱➧ ❺➈×◆❼❾❶è❽➈➀➁❶➈➉➏❸♦❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄✝➄✏➓➭❸➊✝⑩❷➒➜❸➌➀➁➫✏➄❢➓➁❶➈➀✢➔➬❼✫❒➱➍❷❶➈➀➁➄➹✠➈➴ ✝ ÿ ➴➢ ➄✏➓✦❺➈➉➏❰❏➫✏➀➁➄✏➒➩❸➌➄✏➓❱➫➃❸➌❶➈❺➈➄✏➓❱➊✝➄➃❸➁❸➌➄✏➒➜❸❱➄✏➒✜➫➃➨P➉➋❺➈➄✏➒➈➙✏➄❬➛➜❶➈➄✫➔➬❼☎➓➁⑩❷❶➈➀➁➙✏➄✫❺➈➄✸❽➈➀➁❶➈➉➏❸❱❺➈⑩❷➊✝➉➋➒➱❼❾➒➩❸➌➄♦➄✏➓➭❸✦➙✏➄✏➔➋➔➏➄✸❺➈❶❽➈➀➁❶➈➉➏❸✢➛➜❶➱❼❾➒➜❸➌➉➋➛➜❶➈➄➎➴
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ÿ✁�✄✂✆☎➔✠➈➴ ✝ ÿ✞✝ ➽Ò➒❇❆➱❶➈➄✏➒➈➙✏➄✫❺➈❶②❽➈➀➁❶➈➉➏❸➟❸➌➲➈➄✏➀➁➊✝➉➋➛➜❶➈➄❾➴
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➳✔ô✥➾➵õ×➥✧➧P➨✥➪♥➌❀÷❣ûá➩➯➭■➲P➚❣➪ ➭➍➪❊➨✥➼➍➳✔➪✫õ➫➧➸➥✖➩➯➦
↕❾❶➈➓➁➛➜❶➈➄❬➔➬➐❹❮➱➒➈⑩❷❶➈➓❱➒❞❻ ❼✣➨❷⑩❷➒➈➓✦➇➱❼❾➓✩➙✏⑩❷➒➈➓➁➉➋❺➈➫✏➀➁➫❬➔➬❼☎➓➁⑩❷❶➈➀➁➙✏➄✫❺➈➄✫❽➈➀➁❶➈➉➏❸❱❺➈❶ ➧ ➽ ➸ ❺➈❶ ➶❱➢ ➼ ➦ ➷✟➴❏➷⑤➄ ➧ ➽ ➸➛➜❶➈➉✳➄✏➓➭❸❱❺➈➄♦➔➹❻ ⑩❷➀➁❺➈➀➁➄❢❺➈➄ −122dB/Hz

➓➁➄✏➀➌❼☎➔➋➄♦➇➈➔➋❶➈➓➟❺➈⑩❷➊✝➉➋➒➱❼❾➒➜❸➟➇➈❶➈➉➋➓➁➛➜❶➈➄✸➔➋➄✸➼ ➸❱➧ ➀➁➫✏➓➁❶➈➔➏❸➪❼❾➒➩❸✩➊✝⑩✣➯➩➄✏➒➄✏➓➭❸❱➫✏➍➩❼❾➔✡➐
23dB

❮➱➙✏⑩❷➊✝➊✝➄❢⑩❷➒②➔➋➄❢➨❷⑩❷➉➏❸✩➓➁❶➈➀✩➔➬❼❤➙✏⑩❷❶➈➀➁❽✹➄✸❺➈➄✸➔➬❼❬❒➱➍❷❶➈➀➁➄➫✠➈➴ ✝✧✁❬➛➜❶➈➉✳➊✝⑩❷➒➜❸➌➀➁➄❢➔➬❼❬➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒❺➈❶✍➼ ➸❱➧ ❺➈×✜❼❾❶ ➧ ➽ ➸ ➄✏➒✎➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒q❺➈❶✎❸➪❼❾❶P➅q❺❞❻ ➄➆➅P❸➌➉➋➒➈➙➃❸➌➉➋⑩❷➒❞➴ ➸ ⑩❷❶➈➓➟➨❷⑩✣➯➩⑩❷➒➈➓✩❼❾❶➈➓➁➓➁➉⑤➓➁❶➈➀✢➔➬❼❬➙✏⑩❷❶➈➀➁❽❿➄♦❺➈➄➔➬❼☎❒➱➍❷❶➈➀➁➄❞✠➈➴ ✝✚✝✝➔➬❼☎➨➎❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒②❺➈❶✼➼ ➸❱➧ ➍❷➔➋⑩❷❽➱❼❾➔➘❮➱➛➜❶➈➉✽➄✏➓➭❸✦➄➆➅➈❼❾➙➃❸➌➄✏➊✝➄✏➒➩❸❢➔➬❼✝➊❷✢✏➊✝➄✸➛➜❶➈➄✫➙✏➄✏➔➋➔➋➄✸❺➈❶✼➼ ➸❱➧❺➈×✜❼❾❶ ➧ ➽ ➸ ➴
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ÿ✁�✄✂✆☎➔✠➈➴ ✝✚✝ ✝ ➼ ➸❱➧ ➍❷➔➋⑩❷❽➱❼❾➔❏❺➈❶②➊✝⑩P❺➈❶➈➔➋➄❾➴
➸ ⑩❷❶➈➓✫➇➈➀➁➫✏➓➁➄✏➒➩❸➌⑩❷➒➈➓❬➐②➔➬❼✯❒➱➍❷❶➈➀➁➄✇✠➈➴ ✝✜✠②➔➬❼✯➨❾❼❾➀➁➉➬❼➎❸➌➉➋⑩❷➒✼❺➈❶ü➝ ➦✥➧ ➄✏➒è➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒✼❺➈❶è❸➪❼❾❶P➅❆❺❞❻ ➄➆➅P❸➌➉➋➒➈➙➃❸➌➉➋⑩❷➒❞❮➒➈⑩❷❶➈➓✪➀➁➄✏➊❥❼❾➀➁➛➜❶➈⑩❷➒➈➓✽➛➜❶➈➄➥➔➬❼✢➨❾❼❾➔➋➄➃❶➈➀✽❺➈➄

10−12
➇❿⑩❷❶➈➀✽➔➋➄✺➝ ➦✥➧ ➄✏➓➭❸✥❼➎❸➁❸➌➄✏➉➋➒➩❸➌➄➥❼☞➨❷➄✏➙➥❶➈➒✫❸➪❼❾❶P➅❬❺❞❻ ➄➆➅P❸➌➉➋➒➈➙➃❸➌➉➋⑩❷➒❺➈➄♦➔➹❻ ⑩❷➀➁❺➈➀➁➄❢❺➈➄

9dB
❤ ➍❷➫✏➒➈➫✏➀➌❼❾➔➋➄✏➊✝➄✏➒➩❸✢❶➈➒➈➄♦➨➎❼❾➔➋➄✏❶➈➀✢❺➈➄

6dB
➐

7dB
➄✏➓➭❸✩❶❹❸➌➉➋➔➋➉➏➓➁➫✏➄✟✐➆➴
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➌❀÷P❖✯÷✈➳❶➩➯➦å➳✔➚➍➲➞ø❇➥✖➩➯➦
➍✵ã✁◗ ♦q♣❞r⑨➮✈③❲⑧⑨í➞❰❽♣✻r

➸ ⑩❷❶➈➓♦❼☞➨❷⑩❷➒➈➓✦➨P❶❆❺➱❼❾➒➈➓❢➙➃➄☎➙➪➲➱❼❾➇➈➉➏❸➌➀➁➄❬➔➋➄✏➓✦❺➈➉➏❰❏➫✏➀➁➄✏➒➜❸➌➓✦➫✏➔➋➫✏➊✝➄✏➒➜❸➌➓✦➙✏⑩❷➒➈➓➭❸➌➉➏❸➌❶➱❼❾➒➩❸♦➔➏➄❬➀➁➫✏➙✏➄✏➇❹❸➌➄✏❶➈➀✏➴✳→✟➔➋❶P➡➓➁➉➋➄✏❶➈➀➁➓✫❸Ò➯P➇❿➄✏➓☎❺➈➄✯➇➈➲➈⑩❾❸➌⑩P❺➈➫➃❸➌➄✏➙➃❸➌➄✏❶➈➀➁➓☎⑩❷➒➩❸❤➫➃❸➌➫✯➇➈➀➁➫✏➓➁➄✏➒➜❸➌➫✏➓✏➴ ➦ ➒④➇➱❼❾➀➭❸➌➉➋➙✏❶➈➔➋➉➏➄✏➀✏❮✡➔➋➄✏➓❬➇➈➲➈⑩➎❸➪⑩➜❺➈➉➋⑩P❺➈➄✏➓❤→✟➽ ➸ ❮➛➜❶➈➉⑤➓➁⑩❷➒➜❸✩❺➈➄✏➓✩➓➭❸➌➀➁❶➈➙➃❸➌❶➈➀➁➄✏➓✩❸➌➀➁➳✏➓✢➇❿➄✏➀➭➣↔⑩❷➀➁➊❥❼❾➒➩❸➌➄✏➓✢➄✏➒✜❽➱❼❾➒➈❺➈➄♦➇➱❼❾➓➁➓➌❼❾➒➜❸➌➄✸➄➃❸✩➄✏➒✜➙➃⑩❷❶➈➀➌❼❾➒➜❸✩❺➈➄♦➓➌❼➎❸➌❶➈➀➌❼➎❸➌➉➋⑩❷➒❞➴➵✫❻ ❼❾❶❹❸➌➀➁➄✢➇➱❼❾➀➭❸✣❮➩➔➹❻ ➫✏➔➏➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄✩❼❾➓➁➓➁⑩P➙✏➉➋➫➃➄❱❼♦➫➃❸➌➫✩❺➈➫✏➙✏➀➁➉➏❸➌➄➟❸➌➄✏➔➋➔➋➄➟➛➜❶➈➄✩➔➋➄✢⑨➟➽Ò➻❘➄➃❸✭➔➋➄✢➇✹⑩❷➓➭❸➭➡Ø❼❾➊✝➇➈➔➋➉➏❒➱➙☞❼➎❸➌➄✏❶➈➀✏➴➷✳❼❥➀➁➫✏➙✏❶➈➇❿➫✏➀➌❼➎❸➌➉➋⑩❷➒Ð❺❞❻ ➲➈⑩❷➀➁➔➋⑩❷➍❷➄✫➄➃❸♦❺➈➄✏➓❢❺➈⑩❷➒➈➒➈➫✏➄✏➓❢➙✏⑩❷➒➈➓➭❸➌➉➏❸➌❶➈➄❤❼❾❶➈➓➁➓➁➉✪❶➈➒➈➄❤➇➱❼❾➀➭❸➌➉➋➄✫➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄❬❺➈❶✼➀➁➫✏➙✏➄✏➇P➡❸➌➄✏❶➈➀✏➴ ➢ ➄♦➙✏➉➋➀➁➙✏❶➈➉➏❸➟➙✏⑩❷➊✝➇❿⑩❷➀➭❸➌➄♦➐❤➔➬❼❬➣↔⑩❷➉➋➓➥❺➈➄✏➓✢➣↔⑩❷➒➈➙➃❸➌➉➋⑩❷➒➈➓✢❼❾➒➱❼❾➔➋⑩❷➍❷➉➏➛➜❶➈➄✏➓➟➄➃❸✩➒➜❶➈➊✝➫✏➀➁➉➋➛➜❶➈➄✏➓✏➴
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➶ ➻❱➍❷➀ ☛ ✠✜➘ ✃❢⑩✣➨P➉➋➒➈❺✍→✡➴❿➻❱➍❷➀➌❼Ò❝➟❼❾➔➹➴➍øP✸♣❶å✴☞❹➀✼✖✾❀✿✌❩❑❹♣❊⑥✼✖✶❸➚✗❃ê➷✟✸❽✶✷➷➹õ✆❃ê➷♣❊✄➴➯õ✈✶✹✸❻➷✟✸❽✾❑❊✄➴❦❃✜✾❀✿❱➐❬❩◗❊✔❩❂✶➀✸➃➴✩➻❱➽Ø→→ ➧✩➦ ➼➈➼❿❮ ÿ✟☛✚☛ ✠➈➴
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➶ ➻❱➔➬❼ ☛ ✆✖➘ ➞✦❶➈➓➁➓➌❼❾➊❥❼ ➻❱➔➬❼❾➔➋➉➘➴ ❫➇û ✼Ò✿❵❴♣❅ ✴✽➷ç❃❆❊✘✴➇✼✖✾ ➸➸ô➽➭➍➚☎✻✘➾➵û▲ø ❃✜✾❄❃❆❅ ✼✹❁✜✴✔❛✾❩➔✸❵✸♣❊↕➷❽✴✄❶❪❩◗❅❸❃❆❊✘✴➇✼✖✾

ø❻õ×➥✖➳✔➪❜❫Ò➴❱→✟➲➱➵ ❸➌➲➈➄✏➓➁➉➋➓✏❮ ➦ ➙✏⑩❷➔➋➄ ➸ ❼➎❸➌➉➋⑩❷➒➱❼❾➔➋➄✫➼P❶➈➇❿➫✏➀➁➉➋➄✏❶➈➀➁➄✫❺➈➄✏➓✦⑨➟➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➋⑩❷➒➈➓✏❮ÿ✟☛✚☛ ✆❹➴✟→✟➲❞➴ ➵ ➵❱➉➋➓➁➓➁➄✏➀➭❸➪❼➎❸➌➉➋⑩❷➒❞➴
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➳➯✼✖✾❞✎❲✸❽✶✹✸❽✾✛❹➀✸❸ûü✴ ❉✯✿✯✸❻➷➹➭✻✸❻➷❽✴ ❁✜✾ ✼✁✎➵➥✽✾❑❊⑥✸➃❁✜✶◆❃❋❊⑥✸✹✿ü➳◆✴✷✶✷❹✝❩❂✴✄❊✄➷ ❃✜✾❀✿✇ø✶❳á➷♣❊⑥✸♣❶⑤➷➃❮❞✃❢❺❹➯P➒➈➉➬❼❹❮❿→✡⑩➎➡➔➋⑩❷➍❷➒➈➄❾❮➎➂➭❶➈➉❣✁ ✞✚✞✚✞ ➴
➶ ➢ ➼➈↕ ✞ ✝✖➘ ➧ ➽➭➼➈➼➈➞ ➸ ➼✉➻✫➴ ➢ ➞ ➸ ➼P⑨✡➻ ➸ ⑨ ➼❿➴➟❼❾➒➈❺ ➑✍➞❢➷✳➷⑤➽ ➦✥➧ ↕❹➴ ➢ ➴ ➑②⑩P❺➈➫✏➔➋➉➋➓➌❼➎❸➌➉➋⑩❷➒✇➫✏➔➋➄✏➙➃❸➌➀➁⑩➎➡⑩❷➇❹❸➌➉➋➛➜❶➈➄✸❺➈➄✸➊✝⑩P❺➈❶➈➔➋➄➃➓✩❺➱❼➎❸➪❼❾➙✏⑩❷➊✝➓✩➐☎❽➱❼❾➓➁➄✫❺➈➄✸➔➬❼❾➓➁➄✏➀❱➐☎➙☞❼☞➨P➉➏❸➌➫♦➨❷➄✏➀➭❸➌➉➋➙☞❼❾➔➋➄✸➄➆❸❱➫✏➊✝➄➃❸➁❸➪❼❾➒➜❸➇➱❼❾➀✦➔➬❼✯➓➁❶➈➀➭➣➘❼❾➙✏➄☎➐✵✆✧� ✞ ➒➈➊②➴✸➽Ò➒ ➳➯✼❁❅✄❅ ✼❡❛✾❩➔✸➫➥✽✾❑❊⑥✸❽✶✽✾❄❃❆❊✘✴➇✼✖✾❄❃❆❅ ✸✵➩❭✣❄❊✘✴✔❛✾❩➔✸❞ô➫✸❽✶❍❊❝⑩❲✴➇✸❽✾➔✾➸✸✇✸♣❊

➭➹✴❢❴♣❅ ✸❻❹♣❊✘✶✽✴✔❛✾❩➔✸❻➷➃❮➱➼P➄✏➇❹❸❸✁ ✞✚✞ ✝❹➴
➶ ➵✦Ó ➢➥➤ ✞ ✁❾❼✖➘❴→✡➴⑤➵❱➄✏➓➁➍❷➀➁➄➃➯P➓✏❮✽➑❆➴⑤Ó♦❼❾➀➁➀➌❼☞➯❷❮⑤↕✖➡➭↕❹➴ ➢ ➲➱❼❾➀➁➔➋⑩❾❸☞❮❞❼❾➒➈❺✜➾❤➴ ➤ ➄✏➀➭➨❷➫❾➴☎➑②⑩P❺➈➳✏➔➋➄✫❸➌➲➈➄✏➀➁➊✝⑩➎➡Ò⑩❷➇❹❸➌⑩➎➡➫✏➔➋➄✏➙➃❸➌➀➁➉➋➛➜❶➈➄❥❺❞❻ ❶➈➒➈➄✯❺➈➉➋⑩P❺➈➄ ➶❱➢ ➼ ➦ ➷♥➄✏➒ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿➴✍➽Ò➒ ➧❇✶◆❃✜✴✄❊⑥✸♣❶✇✸❽✾❑❊✥➾➽✾❄❃❆❅ ✼✹❁✜✴✔❛✾❩➔✸

✿✯✸✿❅◆✾ ➥✽✾❞✎❲✼✖✶❍❶❱❃❆❊✘✴➇✼✜✾◗➴➯✿✌❩⑨ø❨✴ ❁✜✾❄❃❆❅✔✸♣❊✬➷✟✸❻➷➵➾❣✣❵✣❄❅ ✴☞❹✷❃❆❊✘✴➇✼✖✾✪➷➃❮➈→✽❼❾➀➁➉➋➓✏❮✹Ö➱➀➌❼❾➒➈➙✏➄❾❮➈➓➁➄✏➇❢✁ ✞✚✞ ✁P➴
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➝✺➽Ø➝➥➷⑤➽➭➞♦✃ ➧ ➻✦→ ➤ ➽ ➦
➶ ➵✦Ó ➢➥➤ ✞ ✁➎❽❇➘♥→✡➴⑤➵❱➄✏➓➁➍❷➀➁➄➃➯P➓☞❮✽➑❆➴✳Ó♦❼❾➀➁➀➌❼☞➯❷❮✡↕✖➡➭↕❹➴ ➢ ➲➱❼❾➀➁➔➋⑩❾❸☞❮❞❼❾➒➈❺Ð➾❤➴ ➤ ➄✏➀➭➨❷➫❾➴❥➞✦➇❹❸➌⑩➎➡Ò➄✏➔➋➄✏➙➃❸➌➀➁⑩➎➡ ❸➌➲➈➄✏➀➁➊❥❼❾➔➊✝⑩➜❺➈➄✏➔➩⑩❾➣➱❼➟➨❷➙✏➓➁➄✏➔❹❼❾➀➁➀➌❼☞➯❢❶➈➓➁➉➋➒➈➍➟➨P➲➈❺➈➔ ➡Ø❼❾➊✝➓✏➴❷➽Ò➒å➥✹➪✫➪✫➪❯➥✽✾❑❊➃÷×✲➷✼✖✶✷❺á➷❻●➔✼✫✣✵✼✖✾⑦❇➍✸❻●❈❃❆❏✟✴➇✼✖✶◆❃❆❅ ➴

û ✼Ò✿✯✸♣❅ ✴✷✾❂❁í❃✜✾❀✿➷ø❨✴✄❶❪❩◗❅❸❃❆❊✘✴➇✼✖✾➱❮✹➼❹❼❾➒➩❸➪❼ ➧ ⑩❷➓➌❼❹❮ ➢ ➻✫❮ ➦ ❸➪❼➎❸➌➓Ø➡Ø➠✩➒➈➉➋➓✏❮➈⑩P➙➃❸➍✁ ✞✜✞ ✁P➴
➶ ➵✦Ó✸➼

+
✞ ✠✜➘ →✡➴❹➵❱➄✏➓➁➍❷➀➁➄➃➯P➓✏❮✹➑❆➴❹Ó♦❼❾➀➁➀➌❼✣➯❷❮❹➼❿➴➈➼P➒➱❼❾➉➋❺➈➄✏➀➁⑩➈❮➩➾❤➴ ➤ ➄✏➀➭➨❷➫❾❮➈❼❾➒➈❺✎↕❹➴➈➞✦❶➈❺➈➉➋➒➈⑩❾❸☞➴✡➼P⑩ ➢ ➊✝⑩P❺➈➄✏➔ ➡➔➋➉➋➒➈➍♦➣↔⑩❷➀✥➨P➉➋➀➭❸➌❶➱❼❾➔✹➇➈➀➁⑩❾❸➌⑩❾❸Ò➯P➇➈➉➋➒➈➍➫❝✢➉➏❸➌➲ ➶❢➤ ➵✦➷❏➡Ò➻❢➑✍➼❿➴✳➽Ò➒õ➐❣✼✖✶✓❩◗❶❵✼✖✾ ➷✚✣➔✸❻❹❽✴ ❤✁❹✷❃❆❊✘✴➇✼✖✾✪➷❥✐

➭✻✸❻➷❽✴ ❁✜✾⑨➚✗❃✜✾❂❁✌❩❈❃✟❁✯✸❻➷➃❮➱➷⑤➉➋➔➋➔➏➄❾❮➈Ö➱➀➌❼❾➒➈➙✏➄❾❮➱➓➁➄✏➇ü✁ ✞✚✞ ✠➈➴
➶ ➵❢➼ ☛ �✙➘ ➵✦❼☞➨P➉➋❺ ➦ ➴➜➵❱⑩P❺➈❺➈➓✺❼❾➒➈❺❥➑❆➴ ↕❹➴P➼P➉➋➄✏❽❿➄✏➒❞➴❏Ö✹❼❾❽➈➀➭➯➩➡Ø→✽➄✏➀➁⑩❾❸✭➷✳❼❾➓➁➄✏➀✭➵❱➉➋⑩➜❺➈➄❱➑②⑩P❺➈➄✏➔➋➉➋➒➈➍➈➴❀➥➀➪✫➪✫➪

õ✡●➔✼❁❊⑥✼✖✾➔✴☞❹❻➷✵➧❨✸❻❹❻●❂✾➸✼❁❅ ✼✹❁✌❳✻➚❣✸♣❊❳❊⑥✸❽✶✷➷➃❮❀☎ ❤ ✝✧✐ Ï ✁✚�✖✠ ✝ ✁✚�✜✄P❮➈➊❥❼❾➀➁➙➪➲ ÿ✟☛✚☛ �P➴
➶ ➵❱⑨✢Ó ➢ ✞ ✝✖➘ →✡➴❷➵❱➄✏➓➁➍❷➀➁➄➃➯P➓✏❮ ➮ ➴➎⑨✡⑩❾❰❞❼❾➒➈⑩➈❮❷➑❆➴❷Ó♦❼❾➀➁➀➌❼✣➯❷❮❾❼❾➒➈❺✝↕❹➴ ➡➭↕❹➴ ➢ ➲➱❼❾➀➁➔➋⑩❾❸☞➴✹➑②⑩➜❺➈➳✏➔➋➄✢➑②❶➈➔➏❸➌➉➋❺➈⑩❷➊❥❼❾➉➏➒➈➄➄➃❸✸✃❢➫✏➒➈➫✏➀➁➉➋➛➜❶➈➄❤➓➁❶➈➀❢➔➋➄✏➓❢➵❱⑩❷➒➈➒➈➫✏➄✏➓ ➢ ⑩❷➒➈➓➭❸➌➀➁❶➈➙➃❸➌➄✏❶➈➀♦❺❞❻ ❶➈➒➈➄☎➝➥❼❾➀➁➀➁➄➃❸➁❸➌➄❤❺➈➄ ➶♦➢ ➼ ➦ ➷⑤➓✏➴❬➽Ò➒

Ï➔✼❝❩❂✶✽✾❬❴➀✸❻➷■ø✻❹❽✴➇✸❽✾❑❊✘✴ ❤❦❛✾❩➔✸❻➷ ➐P✶◆❃✜✾✛❹➀✼✫✣❑●➔✼✖✾➸✸❻➷➆❮✥➇➱❼❾➍❷➄✏➓⑨✁✚�✚✁ ✝ ✁✚�✚☎P❮✥⑨✡⑩ ❂ ➄✏❶➈➀✏❮✺⑨✡❶➈➒➈➉➋➓➁➉➋➄❾❮✭❺➈➄✏➙✁ ✞✚✞ ✝❹➴
➶ Ö✟➑ ➸ ➘ ➐▼❴✹✿❵❴❽✶◆❃❆❊✘✴➇✼✖✾⑨ûü✴☞❹❽✶✹✼❝✻➵✸♣❊×➦✿❃✜✾➸✼❝✻Ò➧❀✸❻❹❻●❂✾➸✼❁❅ ✼✹❁✖✴➇✸❻➷➃➴❧♥♠❵♠✞♦q♣✁r❵r✌s✉t❵✈♥♠▼✇✁①②✈④③⑥⑤❡✈✘⑦❦✇✧s❵⑧ ➴
➶ ✃❢⑩❾➣ ☛✚☛ ➘ ➵✦❼☞➨P➉➋❺ ➧ ➴➩✃❢⑩❾❰✽➴❄➐✫✴✘✺✽✸❽✶❸➩❭✣❄❊✘✴☞❹⑦➨✥✸✔✎❲✸❽✶✹✸❽✾✛❹➀✸➹➺▼❩❂✴✘✿✯✸➃➴✹➝✺❶❹❸➁❸➌➄✏➀❥❝✺⑩❷➀➭❸➌➲P➡ ➤ ➄✏➉➋➒➈➄✏➊❥❼❾➒➈➒❞❮ ÿ✟☛✚☛✚☛ ➴
➶ ✃❢➀➁⑩ ✞❹ÿ ➘ ➑②➻➽æ✦➽➭➑ ➤ ➉➋➍❷➲P➡ØÖ➱➀➁➄✏➛➜❶➈➄✏➒➈➙➃➯❈➟❾Ö✽➉➋❽✹➄✏➀ ➢ ⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➏⑩❷➒➈➓✝✃❢➀➁⑩❷❶➈➇❞➴❿Ï❂✴✄❊❳❊⑥✸❽✶■✴✷✾ ➭➹✴ ❁✜✴✄❊✵❃❆❅

➳➯✼❁❶⑨❶❪❩❂✾➔✴☞❹✷❃❆❊✘✴➇✼✖✾■ø✶❳á➷♣❊⑥✸♣❶⑤➷❻➴◆õ✆❃✜✶❍❊⑦ö❾❮❀✁ ✞✚✞❹ÿ ➴
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➶ Ó♦Ó ☛✚☛ ➘ Ö➱⑩❷❶➱❼❾❺ ➦ ➴➎Ó❢➉➬❼❾➊✝➉➏➄✏➔ ➨❢❼❾➒➈❺✫➻❱➓➁➲➈⑩❷➚ ➶ ➴➎Ó❢➀➁➉➋➓➁➲➈➒➱❼❾➊✝⑩P⑩❷➀➭❸➌➲➩➯❷➴❷➻Ñ➲➈➉➋➍❷➲P➡➭➼P➇❿➄✏➄✏❺❞✝✧✁✣➡ ➢ ➲➱❼❾➒➈➒➈➄✏➔➢ ➑✍➞♦➼ ➶✦➢ ➼ ➦ ➷❆➵❱➀➁➉➏➨➩➄✏➀✈❝✢➉➏❸➌➲q➝✺❶➈➉➋➔➏❸➭➡Ò➽Ò➒q➼P➄✏➔➏➣➬➡Ò⑨✡➄✏➓➭❸✢❼❾➒➈❺ ➢ ➔➋⑩P➙➪➚✯✃❢➄✏➒➈➄✏➀➌❼➎❸➌➉➋⑩❷➒ ➢ ➉➋➀➁➙✏❶➈➉ ➡❸➌➀➭➯❷➴×➥✹➪✫➪✫➪➫Ï➔✼✖✶✽✾❄❃❆❅❣✼✁✎➽øP✸♣❅ ✸❻❹♣❊⑥✸✹✿ü➧❀✼✫✣❀✴☞❹❻➷➍✴✷✾✈❀▼❩❈❃✜✾❑❊✔❩◗❶à➪✁❅ ✸❍❹♣❊✘✶✹✼✖✾➔✴☞❹❻➷➃❮❻� ❤ ✁✚✐ Ï ✁✜✆✧☎ ✝ ✁ ☛ �P❮➻❱➇➈➀➁➉➋➔ ÿ✟☛✚☛✚☛ ➴
➶ Ó✸➑ ☛ ✄✖➘ ➻❱➓➁➲➈⑩❷➚ ➶ ➴❞Ó❢➀➁➉➋➓➁➲➈➒➱❼❾➊✝⑩P⑩❷➀➭❸➌➲➩➯✜❼❾➒➈❺✼➵✦❼☞➨P➉➋❺✼➻✫➴ ➝❱➴⑤➑②➉➋➔➋➔➋➄✏➀✏➴♦➼P➙☞❼❾➔➋➉➋➒➈➍q➞✦➇❹❸➌⑩P➄✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➙➆➡➶ ➷✡➼P➽ ➢ ➉➋➀➁➙✏❶➈➉➏❸➌➓✳➉➋➒➩❸➌⑩➟❸➌➲➈➄⑦✁ ÿ ➓➭❸ ➢ ➄➃➒➜❸➌❶➈➀➭➯ Ï ➻④⑨✡➄✏➙➪➲➈➒➈⑩❷➔➋⑩❷➍❾➯ ➧ ⑩➩❼❾❺➈➊❥❼❾➇❞➴✯➥✹➪✫➪✫➪óÏ➔✼❝❩❂✶✽✾❄❃❆❅

✼✁✎➵øP✸♣❅ ✸❻❹♣❊⑥✸➀✿❢➧❀✼✫✣❀✴☞❹❻➷➹✴✷✾ð❀▼❩❈❃✜✾❑❊✔❩◗❶➻➪✁❅ ✸❻❹♣❊✘✶✹✼✖✾➔✴☞❹❻➷➃❮❨✁ ❤ ÿ ✐ Ï �✚� ✝ ☎✜✄❹❮❹➻❱➇➈➀➁➉➋➔ ÿ✟☛✚☛ ✄❹➴
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ÿ✟✞ ☎



➝✺➽Ø➝➥➷⑤➽➭➞♦✃ ➧ ➻✦→ ➤ ➽ ➦
➶ Ó✸➼➈➑ ✞ ✁✙➘ ↕❷❼❾➀➁⑩❆➼➜❸➌➉➋➊✝➊❥❼✍Ó♦❼❾➀➁➔✢➼P➙➪➲➈➀✏❿P❺➈➉➋➒➈➍❷➄✏➀☎❼❾➒➈❺✉➑✜❼❾➒❹➣↔➀➁➄✏❺✇➑✜❼❾❶❹❸➌➲➈➄❾➴◆➻✻Ö➱❶➈➔➋➔➏➯❆➽Ò➒➜❸➌➄✏➍❷➀➌❼➎❸➌➄✏❺➢ ➑✍➞♦➼ ➧ ➄✏➙✏➄✏➉➏➨❷➄✏➀❬Ö➱➀➁⑩❷➒➩❸➭➡ ➦ ➒➈❺❆➣↔⑩❷➀❬➞✦➇❹❸➌➉➋➙✯✃❢➉➋➍➩❼❾❽➈➉ ❸ ➦ ❸➌➲➈➄✏➀➁➒➈➄➃❸☞➴ü➥✹➪✫➪✫➪ Ï➸➩å➲P➨✥➦✥➾➵➚

➩✢➐❘ø✔➩➯➚➞➥✹➭➀✻➃ø×➧✧➾➫➧P➪q➳❣➥✹➨➫➳➍➲➸➥✯➧Pø✹❮➔✝✧☎ ❤ ☎✚✐ Ï ✆✧☎✖✠ ✝ ✆✚✆ ✞ ❮➱↕❾❶➈➔➏➯■✁ ✞✚✞ ✁P➴
➶ ➑✜➵❢➑ ☛ ☎✙➘ ➵✫➴➈➷✟➴➈➑✜❼➎❸➌➲➈➉➋➒➈➄❾❮ ➧ ➴➈➵❱➀➁⑩➜⑩❷➇➱❼❾❺❞❮➈❼❾➒➈❺②✃❤➴ ➸ ➴➈➑✜❼❾➀➌❼❾➙☞❼❾➓✏➴✽➻ ➶ ➄✏➀➭❸➌➉➋➙☞❼❾➔ ➡ ➢ ❼☞➨P➉➏❸Ò➯❥➼P❶➈➀➭➣➘❼❾➙✏➄➆➡➦ ➊✝➉➏❸➁❸➌➉➏➒➈➍❱➷✳❼❾➓➁➄✏➀✽➻❱➇➈➇➈➔➋➉➋➛➜❶➈➄✏❺✸❸➌⑩❢❼ ✞ ➴ ✆✖➡

µm
➸ ➑✍➞♦➼❬➵❱➀➁➉➏➨❷➄✏➀✏➴➔➥✹➪✫➪✫➪ õ✡●➔✼❁❊⑥✼✖✾➔✴☞❹❻➷❞➧❨✸❻❹❻●♥✻

✾➸✼❁❅ ✼✹❁✌❳✻➚❣✸♣❊❳❊⑥✸❽✶✷➷➃❮ ☛ ❤ ☎✚✐ Ï ✆✚✄ ☛ê✝ ✆✧☎ ÿ ❮❹➻❱➇➈➀➁➉➋➔ ÿ✟☛✚☛ ☎P➴
➶ ➑✜➵✦→

+
☛ ✆✖➘ ↕❹➴✺➑②⑩❷➀➁➉➋➚➜❶➈➒➈➉➹❮✺✃❤➴✭➵✦❼❾➀➁➄❾❮✺→✡➴ ➑②➄✏➒➱❼❹❮✭➻✫➴ ➤ ❼❾➀➭❸➌⑩❷➒❞❮✭❼❾➒➈❺✉Ó❤➴ ý ➯➜❼➎❸➁❸☞➴ ➼P➉➋➊❬❶➈➔➬❼✖❸➌➉➏⑩❷➒Ñ⑩❾➣⑩❷➇❹❸➌➉➋➙☞❼❾➔✟➉➋➒➩❸➌➄✏➀➁➙✏⑩❷➒➈➒➈➄✏➙➃❸❬❺➈➄➃➨P➉➋➙✏➄✏➓✏❮✽➙✏➉➋➀➁➙✏❶➈➉➏❸➌➓✏❮✡❼❾➒➈❺è➓➭➯P➓➭❸➌➄✏➊✝➓❬❶➈➓➁➉➋➒➈➍✍❼❾➒➱❼❾➔➋⑩❷➍②❽✹➄✏➲➱❼✣➨P➉➋⑩❷➀➌❼❾➔➊✝⑩➜❺➈➄✏➔➋➉➋➒➈➍❬❸➌⑩➜⑩❷➔➋➓✏➴✟➇➱❼❾➍❷➄✏➓➵✁✜✝✧� ✝ ✁✜✝✚✄❹❮ ÿ✟☛✚☛ ✆❹➴

➶ ➑②➄✏➊ ✞ ✠✜➘ ➼P➲➱❼❾➊❥❼❾➒✜➑②➄✏➊❬❽❿➄✏➀➁➓✏➴⑦➨✆❃✓✣✞✣➔✼✖✶❍❊✶❤×✾❄❃❆❅✔✿✌❩✓õ✈✶➀✼✁✯❲✸♣❊×ø❻ô✥➾➵û⑨➾➵➦✦➴⑦✁ ✞✚✞ ✠➈➴
➶ ➑②➄✏➒ ☛ ✆✖➘ →✽❼❾❽➈➔➋⑩ ➶ ❼❾➔➋➄✏➒➜❸➌➄Ð➑②➄✏➒➱❼❹➴➁❫✽➳◆✴✷✶✷❹✝❩❂✴✄❊✔✻④❅ ✸♣❏✜✸♣❅❦❶✇✼Ò✿✯✸♣❅ ✴✷✾❂❁ð❃✜✾❀✿✏➷❽✴✄❶❪❩◗❅❸❃❆❊✘✴➇✼✖✾ ✼✁✎ ➷✟✸♣❶å✴☞❹➀✼✖✾✘✻

✿✌❩❑❹♣❊⑥✼✖✶ ❅❸❃ê➷✟✸❽✶✷➷④❫Ò➴④→✟➲➱➵ ❸➌➲➈➄✏➓➁➉➋➓✏❮✭➠✩➒➈➉➏➨❷➄✏➀➁➓➁➉➏❸Ò➯◆⑩❾➣✦➽Ò➔➋➔➋➉➏➒➈⑩❷➉➏➓☎❼✖❸❥➠✩➀➁❽➱❼❾➒➱❼❹❮ ÿ✟☛✚☛ ✆❹➴④→✟➲❞➴ ➵➵❱➉➋➓➁➓➁➄✏➀➭❸➪❼➎❸➌➉➋⑩❷➒❞➴
➶ ➑②➉➋➄ ✞❹ÿ ➘ Ö✹❼❾❽➈➉➋➄➃➒②➑②➉➋➄➃➯❷➄➃➨P➉➋➔➋➔➋➄❾➴➂❫➇û ✼Ò✿❵❴♣❅ ✴✽➷ç❃❆❊✘✴➇✼✖✾ü✿✯✸➘❅ ✴❳❃✜✴✽➷✟✼✖✾✪➷➫✼✫✣❄❊✘✴✔❛✾❩➔✸❻➷❸✴✷✾❑❊⑥✸❽✶✓✻✥✸♣❊✫✴✷✾❑❊✘✶◆❃✌✻✪✣④❩❑❹➀✸❻➷➀❹

●❈❃✌❩◗❊⑦✿❵❴Ò✺❲✴✄❊❝❫Ò➴✥→✟➲➱➵ ❸➌➲➈➄✏➓➁➉➋➓✏❮ ➦ ➙✏⑩❷➔➋➄ ➢ ➄✏➒➩❸➌➀➌❼❾➔➋➄❢❺➈➄✫➷❏➯➩⑩❷➒❞❮❀✁ ✞✚✞❹ÿ ➴✟→✟➲❞➴ ➵ ➵❱➉➋➓➁➓➁➄✏➀➭❸➪❼➎❸➌➉➋⑩❷➒❞➴
➶ ➑✍➑✜Ó

+
☛✚☛ ❼✖➘❥→✡➴ ➶ ➴❹➑②➄✏➒➱❼❹❮P↕➈➴P↕❹➴P➑②⑩❷➀➁➉➋➚➜❶➈➒➈➉➹❮P➼❿➴ ➡➭➑❆➴➜Ó♦❼❾➒➈➍➈❮➩➻✫➴ ➶ ➴ ➤ ❼❾➀➭❸➌⑩❷➒❞❮➜❼❾➒➈❺❥Ó❤➴ ý ➴ ý ➯➜❼➎❸➁❸☞➴❏➻➙✏⑩❷➊✝➇➈➀➁➄✏➲➈➄✏➒➈➓➁➉➏➨❷➄☎➙✏➉➋➀➁➙✏❶➈➉➏❸➭➡Ò➔➏➄➃➨❷➄✏➔✪➊✝⑩➜❺➈➄✏➔✪⑩❾➣✥➨❷➄✏➀➭❸➌➉➋➙☞❼❾➔ ➡Ò➙☞❼✣➨P➉➏❸Ò➯②➓➁❶➈➀➭➣➘❼❾➙✏➄➆➡Ò➄✏➊✝➉➏❸➁❸➌➉➋➒➈➍✯➔➬❼❾➓➁➄✏➀➁➓✏➴

Ï➔✼❝❩❂✶✽✾❄❃❆❅✔✼✁✎➵➚➱✴ ❁ê●◗❊✔✮✢❃❆❏✜✸✵➧❨✸❻❹❻●❂✾➸✼❁❅ ✼➀❁✌❳➎❮ ÿ ☎ ❤ ÿ ✁✚✐ Ï ✁✜✄ ÿ ✁ ✝ ✁✜✄✚✝✧✁P❮❹❺➈➄✏➙✏➄✏➊❬❽❿➄✏➀ ÿ✟☛✚☛✚☛ ➴
➶ ➑✍➑✜Ó

+
☛✚☛ ❽❇➘✫→✡➴ ➶ ➴✽➑②➄✏➒➱❼❹❮✽↕❹➴✽↕❹➴✽➑②⑩❷➀➁➉➋➚➜❶➈➒➈➉➹❮✡➼❿➴ ➡➭➑❆➴✡Ó♦❼❾➒➈➍➈❮✳➻✫➴ ➶ ➴ ➤ ❼❾➀➭❸➌⑩❷➒❞❮✳❼❾➒➈❺üÓ❤➴ ý ➴ ý ➯➩❼➎❸➁❸☞➴➻✻➓➁➉➋➊✝➇➈➔➋➄✎➀➌❼➎❸➌➄➆➡Ò➄✏➛➜❶➱❼➎❸➌➉➋⑩❷➒P➡Ò❽➱❼❾➓➁➄✏❺Ñ❸➌➲➈➄✏➀➁➊❥❼❾➔➟➨❷➙✏➓➁➄✏➔✦➊✝⑩➜❺➈➄✏➔➹➴✕Ï➔✼❝❩❂✶✽✾❄❃❆❅➍✼✁✎✇➚➱✴ ❁ê●◗❊✔✮✢❃❆❏✜✸

➧❨✸❻❹❻●❂✾➸✼❁❅ ✼✹❁✌❳➎❮ ÿ ☎ ❤ �✚✐ Ï ✆✚✄✧� ✝ ✆✧☎✚✁P❮❹➊❥❼☞➯ ÿ✟☛✚☛✚☛ ➴
➶ ➑②➒➈➉ ✞ ✠✜➘ ➤ ❼❾➓➁➓➁➳✏➒➈➄q➑②➒➈➉➏➣Ø➴➃❫✽➳➯✼✖✾❑❊✘✶✽✴✘✺✾❩◗❊✘✴➇✼✖✾✂❹➙❅❸❃õ❶✇✼Ò✿❵❴♣❅ ✴✽➷ç❃❆❊✘✴➇✼✖✾á✿❂✸❻➷ ❊✘✶◆❃✜✾✪➷❽✴✽➷♣❊⑥✼✖✶✷➷✓✺❲✴ ✣➔✼❁❅❸❃✜✴✷✶✹✸❻➷➄❹

●✘❴♣❊✚❴❽✶✹✼✁✯❲✼✖✾✛❹♣❊✘✴➇✼✖✾✻ø❨✴ ➅❨ø❨✴✍➺➽✸✥✸❽✾ ❊⑥✸♣❶✟✣✘❴❽✶◆❃❆❊✔❩❂✶✹✸④❫Ò➴➜→✟➲➱➵④❸➌➲➈➄✏➓➁➉➋➓✏❮➎➠✩➒➈➉➏➨❷➄✏➀➁➓➁➉➏❸➌➫✭❺➈➄✺➝✺⑩❷➀➁❺➈➄☞❼❾❶P➅➽➪❮❨✁ ✞✚✞ ✠➈➴✥→✟➲❞➴ ➵❝➵❱➉➋➓➁➓➌➄➃➀➁❸➪❼➎❸➌➉➋⑩❾➒❞➴
➶ ➞✦❶➈❺ ✞✚✞ ➘ ↕❾➄☞❼❾➒◆➞✦❶➈❺➈➉➋➒➈⑩❾❸☞➴➆❫➇û➇❴♣❊✄●➔✼Ò✿✯✼❁❅ ✼✹❁✜✴➇✸❻➷✇✿✯✸ ❹➀✼✖✾✛❹➀✸✚✣❄❊✘✴➇✼✖✾ ✿■✾ ➾➍ø❇➥✖➳Ü➷ ❶å✴ ❉❋❊⑥✸❻➷í❃❆❏✜✸❻❹✈➸➸ô➽➭➍➚☎✻

➾➵û▲ø➈❫Ò➴❍→✟➲➱➵✻❸➌➲➈➄✏➓➁➉➋➓✏❮ ➦ ➙✏⑩❷➔➋➄ ➸ ❼➎❸➌➉➋⑩❷➒➱❼❾➔➋➄②➼P❶➈➇❿➫✏➀➁➉➋➄✏❶➈➀➁➄②❺➈➄✏➓❥⑨➟➫✏➔➋➫✏➙✏⑩❷➊✝➊❬❶➈➒➈➉➋➙☞❼➎❸➌➉➋⑩❾➒➈➓✏❮
✁ ✞✚✞✚✞ ➴✟→✟➲❞➴ ➵ ➵❱➉➋➓➁➓➁➄✏➀➭❸➪❼➎❸➌➉➋⑩❷➒❞➴

➶ →✽➄✏➀ ✞ ✠✜➘ ➧ ➉➋➙➪➲➱❼❾➀➁❺✵→✡➄✏➀➁❺➈➀➁➉➬❼❾❶❞➴ ❫➇û➇❴♣❊✄●➔✼Ò✿✯✼❁❅ ✼✹❁✜✴➇✸ ✿✯✸➉✣❀✶▲❴✹✿✜✴☞❹♣❊✘✴➇✼✖✾❵✿✯✸❻➷ ✾➔✴✄❏✜✸✷❃✌❩❆❉ ✿■✾ ❴♣❶å✴✽➷❻➷❽✴➇✼✖✾
❹➀✼✖✾❀✿✌❩❂✴✄❊⑥✸⑨✿ß❃✜✾✪➷ ❅ ✸❻➷➙❹❽✴✷✶✷❹✝❩❂✴✄❊✄➷✵✴✷✾❑❊✚❴➃❁✜✶✫❴❻➷✷➴❥❹ý❅◆✾ ❃✜✴✘✿✯✸⑨✿✯✸✉➸➸ô➽➭➍➚☎✻✘➾➵û▲ø➈❫Ò➴è→✟➲➱➵ ❸➌➲➈➄✏➓➁➉➋➓✏❮➠✩➒➈➉➏➨❷➄✏➀➁➓➁➉➏❸➌➫ ➢ ❼➎❸➌➲➈⑩❷➔➋➉➋➛➜❶➈➄❢❺➈➄✸➷⑤⑩❷❶❹➨❾❼❾➉➋➒❞❮❨✁ ✞✚✞ ✠➈➴✟→✟➲❞➴ ➵ ➵❱➉➋➓➁➓➁➄✏➀➭❸➪❼➎❸➌➉➋⑩❷➒❞➴

➶ →✽➄ ❂ ✞❹ÿ ➘ ➑✜❼➎❸➌➲➈➉➬❼❾➓✫→✡➄ ❂ ➴②➽Ò➒➜❸➌➄✏➀➁➙✏⑩❷➒➈➒➈➄➆➅❹➉➋⑩❷➒➈➓❬⑩❷➇❹❸➌➉➋➛➜❶➈➄➃➓➌➓✏➴ ➧❨✸❻❹❻●❂✾➔✴✔❛✾❩➔✸❻➷✓✿✯✸➣❅◆✾ ➥✽✾❂❁❵❴❽✾➔✴➇✸✝❩❂✶✷➴✭❊✘✶◆❃✜✴✄❊✚❴➼✁❅ ✸❻❹♣❊✘✶✹✼✖✾➔✴✔❛✾❩➔✸➃❮❨✁ ✞✚✞❹ÿ ➴
➶ →✭↕❾➻✟⑨ ✞ ✝✖➘ ✃❢➀➁➄✏➍❷⑩❷➀➭➯✉➵✫➴➟→✡➄➃❸➌➄✏➀➁➓➁⑩❷➒ →✡➄➃❸➌➄✏➀✜↕❹➴✺➻❱➓➁➲➈➄✏➒➈❺➈➄✏➒❐❼❾➒➈❺♥➵✦❼❾➀➁➀➁➄✏➔➋➔❱➻✫➴➥⑨✡➄✏➄✏➍➩❼❾➀➁❺➈➄✏➒❞➴☞➧✻●➔✸
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❊⑥✸❻❹❻●❂✾➸✼❁❅ ✼✹❁✌❳ ❶✇✼Ò✿✯✸♣❅ ✴✷✾❂❁❾➴✥➑②⑩❷➀➁➍➩❼❾➒②Ó♦❼❾❶❹➣↔➊❥❼❾➒✎→✟❶➈❽➈➔➋➉➋➓➁➲➈➄✏➀➁➓✏❮❀✁ ✞✚✞ ✝❹➴

➶ → ý ✃ ➢ ☛✚☛ ➘ ➧ ❶➈➉✥→✟❶❞❮ ➢ ❼❾➀➁➔ ý ➴ ý ➉➋➔➋➊✝➓➁➄✏➒❞❮⑤Ó❢➄✏➒➩❸❬➑❆➴✡✃♦➄➃➉➋❽❞❮✳❼❾➒➈❺èÓ❢➄✏➒➩❸✫➵✫➴ ➢ ➲➈⑩P➛➜❶➈➄➃❸➁❸➌➄❾➴❥⑨➟➲➈➄✏➀Ø➡➊❥❼❾➔✪➀➁➄✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✝⑩❾➣ ➶✦➢ ➼ ➦ ➷ ′ ➓♦❽❿⑩❷➒➈❺➈➄✏❺❆❸➌⑩②➉➋➒➩❸➌➄✏➍❷➀➌❼➎❸➌➄✏❺✼➙✏➉➋➀➁➙✏❶➈➉➏❸➌➓✏➴✇➥✹➪✫➪✫➪ õ✡●➔✼❁❊⑥✼✖✾➔✴☞❹❻➷➧❨✸❻❹❻●❂✾➸✼❁❅ ✼✹❁✌❳✻➚✗❃❆❊❳❊⑥✸❽✶✷➷➃❮ ÿ❷ÿ ❤ ÿ ✁✚✐ Ï ÿ �✚�✖✠ ✝✹ÿ �✚�✜✄❹❮➈➵❱➄✏➙✏➄✏➊❬❽❿➄✏➀ ÿ✟☛✚☛✚☛ ➴
➶ ➧ ❼ ❂ ☛ ✄✖➘ ➝✺➄✏➲ ❂ ❼❾❺ ➧ ❼ ❂ ❼☞➨P➉➹➴✥➻ ✁P➴✂�✣➡➭✃❢❽➠➟➎➓ ÿ �✣➡Ò➊ ý ➢ ➔➋⑩P➙➪➚ ➧ ➄✏➙✏⑩✣➨❷➄✏➀➭➯ ➢ ➉➋➀➁➙✏❶➈➉➏❸☞➴✈➥✹➪✫➪✫➪↕Ï➔✼❝❩❂✶✽✾❄❃❆❅

✼✁✎➵øP✼❁❅ ✴✘✿✯✸✝✻➃ø➠❊✵❃❆❊⑥✸❷➳◆✴✷✶✷❹✝❩❂✴✄❊✄➷➃❮❨✝ ÿ ❤ ✠✯✐ Ï ✠✯☎✚✁ ✝ ✠✧✆ ✞ ❮❹➻❱➇➈➀➁➉➋➔ ÿ✟☛✚☛ ✄❹➴
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➝✺➽Ø➝➥➷⑤➽➭➞♦✃ ➧ ➻✦→ ➤ ➽ ➦
➶ ➧ ❼ ❂ ✞ ✝✖➘ ➝✺➄✏➲ ❂ ❼❾❺ ➧ ❼ ❂ ❼☞➨P➉➹➴➍➭å✸❻➷✽✴ ❁✜✾ ✼✁✎➍➥✽✾❑❊⑥✸➃❁✜✶◆❃❆❊⑥✸✹✿❢➳◆✴✷✶✷❹✝❩❂✴✄❊✄➷▼✎❲✼✖✶✓➩❭✣❄❊✘✴☞❹✷❃❆❅➯➳➯✼❁❶⑨❶❪❩❂✾➔✴☞❹✷❃❆❊✘✴➇✼✖✾✪➷➃➴➑②➙✫✃❢➀➌❼Ò❝ ➤ ➉➋➔➏➔➹❮➔✁ ✞✜✞ ✝❹➴
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✁✜✆ ✞ ✁P❮➱➵❱➄✏➙✏➄✏➊❬❽✹➄✏➀➍✁ ✞✚✞❹ÿ ➴
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✿✜✴➇✼Ò✿✯✸❸➚✗❃ê➷✟✸❽✶✳❹➙❹✷❃❆❏✟✴✄❊✚❴➂❏✜✸❽✶❍❊✘✴☞❹✷❃❆❅ ✸❪❴♣❶✇✸♣❊❳❊✵❃✜✾❑❊❊✣❈❃✜✶➂❅❸❃ ➷✝❩❂✶✦✎♣❃▲❹➀✸❻➋ê➸➱➳➱ø❻➪✫➚✶➌❭❫Ò➴➥→✟➲➱➵❝❸➌➲➈➄➆➡➓➁➉➋➓✏❮ ➦ ➙✏⑩❷➔➋➄ ➸ ❼➎❸➌➉➋⑩❷➒➱❼❾➔➋➄✺➼P❶➈➇✹➫✏➀➁➉➋➄✏❶➈➀➁➄✺❺➈➄✺➔➹❻ ➻➟➫✏➀➁⑩❷➒➱❼❾❶❹❸➌➉➋➛➜❶➈➄✭➄➃❸✪❺➈➄✺➔➹❻ ➦ ➓➁➇➱❼❾➙✏➄✭❺➈➄✺⑨✡⑩❷❶➈➔➋⑩❷❶➈➓➁➄❾❮
✁ ✞✚✞ ✝❹➴✟→✟➲❞➴ ➵ ➵❱➉➋➓➁➓➁➄✏➀➭❸➪❼➎❸➌➉➋⑩❷➒❞➴

➶ ➧ ⑩❷➓ ☛ ☎✙➘ ➷✳❼❾❶➈➀➁➄✏➒➩❸✩➝✺⑩❷➍❷❺➱❼❾➒ ➧ ⑩❷➓➁➉➋➒➈➓➁➚➜➉➹➴❻❫✽➳✡❃✜✶◆❃▲❹♣❊✚❴❽✶✽✴✽➷ç❃❆❊✘✴➇✼✖✾❪➷♣❊✵❃❆❊✘✴✔❛✾❩➔✸✻✸♣❊⑦✿✌❳✖✾❄❃❆❶å✴✔❛✾❩➔✸➫✿✯✸✿❅❸❃ê➷✟✸❽✶✷➷
✸♣❊✩❶❱❃❆❊✘✶✽✴☞❹➀✸❻➷❸✿✯✸✞❅❸❃ê➷✟✸❽✶✷➷➍❹➣❹✷❃❆❏✟✴✄❊✚❴✓❏✜✸❽✶❍❊✘✴☞❹✷❃❆❅ ✸➀❴♣❶✇✸♣❊❳❊✵❃✜✾❑❊④✣❈❃✜✶✓❅❸❃➂➷✝❩❂✶✦✎♣❃▲❹➀✸④❫Ò➴✳→✟➲➱➵❘❸➌➲➈➄✏➓➁➉➋➓✏❮➠✩➒➈➉➏➨❷➄✏➀➁➓➁➉➏❸➌➫♦❺➈➄✸➝✺➀➁➄➃❸➪❼❾➍❷➒➈➄✫➞❱➙✏➙✏➉➋❺➈➄✏➒➜❸➪❼❾➔➋➄❾❮ ÿ✟☛✚☛ ☎P➴✟→✟➲❞➴ ➵ ➵❱➉➋➓➁➓➁➄✏➀➭❸➪❼➎❸➌➉➋⑩❷➒❞➴

➶ ➧❞➶ ☛ ✆✖➘ ➦ ➊✝➊❥❼❾➒➜❶➈➄✏➔ ➧ ⑩❷➓➁➄✏➒➈➙➪➲➈➄✏➀❱❼❾➒➈❺✜➝✺⑩❷➀➁➍❷➄ ➶ ➉➋➒➜❸➌➄✏➀✏➴➹➩❭✣❄❊⑥✼❞❴♣❅ ✸❻❹♣❊✘✶✹✼✖✾➔✴✔❛✾❩➔✸➃➴✥➑✜❼❾➓➁➓➁⑩❷➒❞❮ ÿ✟☛✚☛ ✆❹➴
➶ ➼ ➧ ✞ ✝❷❼✖➘ ↕❷❼➎➣➘❼❾➀✪➼❹❼☞➨➩⑩➎➂✽❼❾➒➈❺❤➝✺➄➃➲ ❂ ❼❾❺ ➧ ❼ ❂ ❼☞➨P➉➹➴P➻ ÿ✟✞ ➡➭✃❢❽➠➟➎➓ ➢ ➑✍➞♦➼ ➢ ➔➋⑩P➙➪➚✸❼❾➒➈❺❤➵✦❼➎❸➪❼ ➧ ➄✏➙✏⑩✖➨❷➄✏➀➭➯➢ ➉➋➀➁➙✏❶➈➉➏❸ ý ➉➏❸➌➲✼❼ ➤ ❼❾➔➏➣➬➡ ➧ ❼➎❸➌➄❬➷⑤➉➋➒➈➄☞❼❾➀❢→✟➲➱❼❾➓➁➄✝➵❱➄➃❸➌➄✏➙➃❸➌⑩❷➀✏➴å➥✹➪✫➪✫➪➻Ï➔✼❝❩❂✶✽✾❄❃❆❅✫✼✁✎❞øP✼❁❅ ✴✘✿✯✸✝✻

ø➠❊✵❃❆❊⑥✸✇➳◆✴✷✶✷❹✝❩❂✴✄❊✄➷➃❮➔✝✚✄ ❤ �✚✐ Ï ☎✜✄ ÿ♣✝ ☎✜✄✧☎P❮➱➑✜❼☞➯▲✁ ✞✜✞ ✝❹➴
➶ ➼ ➧ ✞ ✝❾❽❇➘ ↕❷❼➎➣➘❼❾➀✯➼❹❼☞➨❷⑩➎➂❥❼❾➒➈❺✉➝✺➄✏➲ ❂ ❼❾❺ ➧ ❼ ❂ ❼✣➨P➉➹➴✉➻ ÿÒ✞ ➡➭✃❢❽➠➟➎➓ ➢ ➑✍➞♦➼ ➢ ➔➋⑩P➙➪➚ ➧ ➄✏➙✏⑩✣➨➩➄✏➀➭➯ ➢ ➉➏➀➭➡➙✏❶➈➉➏❸ ý ➉➏❸➌➲②❼ ➤ ❼❾➔➏➣➬➡ ➧ ❼➎❸➌➄♦➝✺➉➋➒➱❼❾➀➭➯✎→✟➲➱❼❾➓➁➄á➟❾Ö➈➀➁➄✏➛➜❶➈➄✏➒➈➙✏➯✜➵✦➄➆❸➪➄➃➙➃❸➌⑩❷➀✏➴✥➥✹➪✫➪✫➪↕Ï➔✼✌❩✯✶❽✾➠❃❋❅➱✼✁✎

øP✼❁❅ ✴✘✿✯✸✝✻➃ø➠❊✵❃❆❊⑥✸❷➳◆✴✷✶✷❹✝❩❂✴✄❊✄➷➃❮➔✝✚✆ ❤ ÿ ✐ Ï ÿ ✝ ✝ ✁ ÿ ❮➱↕❷❼❾➒P❶➱❼❾➀➭➯■✁ ✞✚✞ ✝❹➴
➶ ⑨✡⑩❾➣ ✞Pÿ ➘ ➮ ➄✏➒➈⑩✯⑨✡⑩❾❰❞❼❾➒➈⑩➈➴✓➩❭✣❄❊⑥✼❞❴♣❅ ✸❻❹♣❊✘✶➀✼✖✾➔✴✔❛✾❩➔✸✓➳➯✼❁❶✟✣➔✼á➷ç❃✜✾❑❊✄➷➈✣❑●➔✼❁❊⑥✼✖✾➔✴✔❛✾❩➔✸❻➷➷✸♣❊✼❤✩❅▼❊✘✶➀✸❻➷❷✼✫✣❄❊✘✴✔❛✾❩➔✸❻➷➃➴➦ ➔➋➔➋➉➏➇➈➓➌➄➃➓☞❮❨✁ ✞✚✞❹ÿ ➴
➶ ⑨✢→✥➵

+
✞ ✝✖➘ ➮ ⑨✡⑩❾❰❞❼❾➒➈⑩➈❮➜➑❆➴➜→✡➄ ❂ ❮➜→✡➴➜➵❱➄✏➓➁➍❷➀➁➄➃➯P➓✏❮➩➾❤➴ ➤ ➄✏➀➭➨➩➫❾❮ ➢ ➴➜➷⑤➄✩➝✺➀➁❶➈➒❞❮P↕❹➴ ➡ ➢ ➴➜➑②⑩❷➔➋➔➋➉➋➄✏➀✏❮❷✃❤➴➩➝➥❼❾➀Ø➡❽➱❼❾➀➭➯❷❮❞↕❹➴ ➡➭↕❹➴ ➢ ➲➱❼❾➀➁➔➋⑩❾❸☞❮❏➼❿➴ ➢ ⑩❾➒➈➓➁❸➪❼❾➒➩❸☞❮❿➻✫➴❏➵❱➄✏➓➭❸➌➀➁➄ ❂ ❮⑤➑❆➴❏Ó♦❼❾➀➁➀➌❼✣➯❾❮❞➑❆➴❞➑✜❼❾➀➁➄✏➙❾❮❿➻✫➴ ➧ ➉➋➓Ø➡➓➁⑩❷➒➈➓✏❮✳❼❾➒➈❺❆➼❿➴✳➼P➒➱❼❾➉➋❺➈➄✏➀➁⑩➈➴❬➑②❶➈➔➏❸➌➉➋➔➋➄➃➨❷➄✏➔✪➝✺➄✏➲➱❼✣➨P➉➋⑩❷➀➌❼❾➔✟➼P➉➋➊❬❶➈➔➬❼➎❸➁➉➋⑩❾➒✍⑩❾➣ ➶♦➢ ➼ ➦ ➷❏➡✦➝➥❼❾➓➁➄✏❺➞✦➇❹❸➌⑩P➄✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➙➟➑②⑩P❺➈❶➈➔➋➄✏➓✏➴P➥✹➪✫➪✫➪✙Ï➔✼❝❩❂✶✽✾❄❃❆❅❀✼✁✎✈øP✸♣❅ ✸❻❹♣❊✍✸✹✿✵➧❀✼✫✣❀✴☞❹❻➷❶✴✷✾ ❀▼❩❈❃✜✾❑❊✔❩◗❶❫➪✁❅ ✸❻❹✝✻

❊✘✶✹✼✖✾➔✴☞❹❻➷➃❮ ☛ ❤ ✝✧✐ Ï ☛ ✠ ☛ê✝❂☛ ✄ ✞ ❮✖➂➭❶➈➒➈➄❞✁ ✞✚✞ ✝❹➴
➶ ➶ ❼❾➙ ✞ ✝✖➘ ➻❱➔➬❼❾➉➋➒ ➶ ❼❾➙➪➲➈⑩❷❶P➅❏➴❇û ✼Ò✿❵❴♣❅ ✴✽➷ç❃❆❊✘✴➇✼✖✾❷✿✯✸✫ø✶❳á➷♣❊✚❼♣❶✇✸❻➷◆➾➵✾❄❃❆❅ ✼✹❁✜✴✔❛✾❩➔✸❻➷⑦✸♣❊❨ûü✴ ❉❋❊⑥✸❻➷×➥✽✾❑❊✘✶✹✼Ò✿✌❩❑❹♣❊✘✴➇✼✖✾❹➙➸➸ô➽➭➍➚☎✻✘➾➵û▲ø✹❮✧✁ ✞✚✞ ✝❹➴❹➷✳❼❾❽✹⑩❷➀➌❼➎❸➌⑩❷➉➋➀➁➄✭❺➈➄➟➼➜➯P➓➭❸➌➳✏➊✝➄✏➓✥➑②➉➋➙✏➀➁⑩P➫✏➔➋➄✏➙➃❸➌➀➁⑩❷➒➈➉➋➛➜❶➈➄✏➓✟➼P⑨➟➽➹➡Ø➷✡➼➈➑❆➴
➶ ➶❢➤ ➵ ☛✚☛ ➘ ➥✹➪✫➪✫➪áø➠❊✵❃✜✾❀✿ß❃✜✶✣✿➙➸➸ô➽➭➍➚▲➾➵✾❄❃❆❅ ✼✹❁➂❃✜✾❀✿➵ûü✴ ❉❂✸✹✿✌✻⑥ø➔✴ ❁✜✾❄❃❆❅✧➪✩❉❋❊⑥✸❽✾✪➷❽✴➇✼✖✾✪➷➃❮ ÿ✟☛✚☛✚☛ ➴P➽ ➦✥➦✥➦ ➼➜❸➌❺ÿ✟✞ ☎✜✄❹➴ ÿ ➡ ÿ✟☛✚☛✚☛ ➴
➶ ý ➼❇✆ ☛ ➘ ➢ ➲➜❶➈➒➈➍➎➡Ø→✟➉➋➒➈➍ ý ❼❾➒✉❼❾➒➈❺❍➝✺➉➋➒➈➍ü↕❹➴➥➼P➲➈➄✏❶❞➴♥⑨✡➄✏➊✝➇❿➄✏➀➌❼➎❸➌❶➈➀➁➄✍➵❱➄✏➇✹➄✏➒➈❺➱❼❾➒➈➙✏➄❆➑②⑩P❺➈➄✏➔➋➉➋➒➈➍➣↔⑩❷➀✦➑✍➞♦➼ ➶ ➷✡➼P➽ ➢ ➉➋➀➁➙✏❶➈➉➏❸❢➼P➉➋➊❬❶➈➔➬❼➎❸➌➉➏⑩❾➒❞➴➽➥✹➪✫➪✫➪➻➧❇✶✷❃✜✾✪➷ç❃▲❹♣❊✘✴➇✼✖✾✪➷å✼✖✾ ➳➯✼❁❶✟✣④❩◗❊⑥✸❽✶✓✻✘➾➽✴✘✿❂✸✹✿

➭✻✸❻➷❽✴ ❁✜✾➱❮❻✆ ❤ ÿ✟✞ ✐ Ï ÿ✟✞ ✄✧� ✝✹ÿ✟✞ ☎✜✝❹❮➈➞✦➙➃❸➌⑩❷❽❿➄✏➀ ÿ✟☛ ✆ ☛ ➴
➶ ➾✭❶ ☛✚☛ ➘ ➼❿➴ Ö✺➴➜➾✭❶❞➴ ➸ ⑩❷➒➈➔➋➉➋➒➈➄☞❼❾➀✺❺❹➯P➒➱❼❾➊✝➉➋➙✏➓➥⑩❾➣✳➨❷➄✏➀➭❸➌➉➋➙✏➔ ➡Ò➙☞❼☞➨P➉➏❸Ø➯✝➓➁❶➈➀➭➣➘❼❾➙✏➄➆➡Ò➄✏➊✝➉➏❸➁❸➌➉➋➒➈➍✫➔➬❼❾➓➁➄✏➀➁➓✏➴✫➥✹➪✫➪✫➪

Ï➔✼❝❩❂✶✽✾❄❃❆❅➱✼✁✎⑨❀▼❩❈❃✜✾❑❊✔❩◗❶➻➪✁❅ ✸❻❹♣❊✘✶✹✼✖✾➔✴☞❹❻➷➃❮➔✝✧� ❤ ÿ ✝✧✐ Ï ✝✚✝✧✁ ✝ ✝✜✠ ÿ ❮➱➑✜❼❾➀➁➙➆➲ ÿ✟☛✚☛✚☛ ➴
➶ ➾ ý ➼❹➷ ☛ ✄✖➘ ➼❿➴ Ö✺➴➈➾✭❶❞❮ ý ➴ ➸ ➴ ý ⑩❷➒➈➍➈❮❿→✡➴❞➼P➲➜❶➈➊②❮❿❼❾➒➈❺ ➦ ➴ ➤ ➄✏➀➁❽❿➄✏➀➭❸❢➷⑤➉➹➴✺⑨➟➲➈➄✏⑩❷➀➁➄➃❸➌➉➋➙☞❼❾➔✽❼❾➒➱❼❾➔➏➯P➓➁➉➋➓✢⑩❾➣➊✝⑩P❺➈❶➈➔➬❼➎❸➌➉➏⑩❷➒q➀➁➄✏➓➁➇❿⑩❷➒➈➓➁➄❬❼❾➒➈❺✜➓➁➄✏➙✏⑩❷➒➈❺P➡Ò⑩❷➀➁❺➈➄✏➀✩➲➱❼❾➀➁➊✝⑩❷➒➈➉➋➙❢❺➈➉➋➓➭❸➌⑩❷➀➭❸➌➉➋⑩❷➒✎➉➋➒✎➨❷➄✏➀➭❸➌➉➋➙✏➔ ➡Ò➙☞❼☞➨P➉➏❸Ø➯➓➁❶➈➀➭➣➘❼❾➙✏➄➆➡Ò➄✏➊✝➉➏❸➁❸➌➉➋➒➈➍➟➔➬❼❾➓➁➄✏➀➁➓✏➴❂➥✹➪✫➪✫➪óÏ➔✼❝❩❂✶✽✾❄❃❆❅❻✼✁✎✭❀▼❩❈❃✜✾❑❊✔❩◗❶ ➪✁❅ ✸❻❹♣❊✘✶✹✼✖✾➔✴☞❹❻➷➃❮✙✝✧✁ ❤ ÿ ✁✜✐ Ï ✁ ÿ ✝ ☛ê✝

✁ ÿ ✠✯☎P❮✹➑✜❼❾➀➁➙➪➲ ÿ✟☛✚☛ ✄❹➴
➶ ➮ ➞ ➧ ☛ ✝✖➘ →✡➴ ➼❿➴ ➮ ➞ ➧ ➾❤➴✿❀▼❩✪❃✚✾❈❊❢❩▲❶➎✮✈✸♣❅✄❅✗❅ ❃❁➷Ò✸❽✶❻➷♦➴✟➻➟➙☞❼❾❺➈➄✏➊✝➉➋➙♦→✟➀➁➄✏➓➁➓✏❮ ÿ✟☛✚☛ ✝❹➴
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ÿ✟✞✚☛





➢ ⑥ ⑥❄s ❴ s ➢

❁ ❧ Þ❄ß Ý s ➏ ➐ ➑ ❭➓➒ ➢ ❁ Þ Þ ❪ ➏ Ú Þ ❱ ❭

➷✟❻ ➄✏➒➩❸➌➉➏❸➌➫♦❺➈❶ ➶✦➢ ➼ ➦ ➷è➄✏➓➭❸❱❺➈⑩❷➒➈➒➈➫✏➄♦➇➱❼❾➀➟➔➋➄❢➓➁➙✏➀➁➉➋➇❹❸✩➓➁❶➈➉➏➨➎❼❾➒➜❸☞➴
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ÿ❷ÿ❷ÿ



➾➵➦➽➦➽➪✩❯➍➪ ➾➫÷❣ûá➩➯➭➍ú✫➚❣➪ü➸➸ô➽➭➍➚☎✻✘➾➵û▲ø❢➭■➲ ➸◆➳➱ø❻➚
➷✟❻ ❼❾➀➁➙➪➲➈➉➏❸➌➄✏➙➃❸➌❶➈➀➁➄♦❺➈❶ ➶❱➢ ➼ ➦ ➷ü➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫✏➄♦➇➱❼❾➀✢➔➋➄✏➓➥❸➌➀➁⑩❷➉➋➓➟➓➁➙✏➀➁➉➋➇❹❸➌➓✢➓➁❶➈➉➏➨➎❼❾➒➜❸➌➓✏➴
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ÿ❷ÿ ✁



➾➵➦➽➦➽➪✩❯➍➪ ➾➫÷❣ûá➩➯➭➍ú✫➚❣➪ü➸➸ô➽➭➍➚☎✻✘➾➵û▲ø❢➭■➲ ➸➱➳➱ø❻➚
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ÿ❷ÿ ✝



➾➵➦➽➦➽➪✩❯➍➪ ➾➫÷❣ûá➩➯➭➍ú✫➚❣➪ü➸➸ô➽➭➍➚☎✻✘➾➵û▲ø❢➭■➲ ➸◆➳➱ø❻➚

© Mohamed Karray, Télécom Paris - Décembre 2004
ÿ❷ÿ ✠



➢ ⑥ ⑥❄s ❴ s ❨
❁ ❧ Þ❄ß Ý s ➏ ➐ ➑ ❭➓➒ ➢ ❁ Þ Þ☛✡ ❪ ⑥ ❜❫♠✉⑥♥♠✇✈ Û ⑦✎s ❪ ✈
Þ❄s Ü ✈ ❪ ③❿⑦ ❯ Û❫❪ ⑧q⑧q③❞s✉⑥

➷⑤➄♦➓➁➙✏➀➁➉➋➇❹❸✩➓➁❶➈➉➏➨❾❼❾➒➩❸✩❺➈➫✏➙✏➀➁➉➏❸✢➔➬❼❤➊✝➫➃❸➌➲➈⑩P❺➈➄♦❶❹❸➌➉➋➔➋➉➏➓➁➫✏➄ ❤ ➇❿⑩❷❶➈➀✢➔➋➄❢❽➈➀➁❶➈➉➏❸✢❺➈❶ ➶❱➢ ➼ ➦ ➔✳➄➃❸✩❺➈❶✜→✟➽ ➸ ✐➟➇✹⑩❷❶➈➀➍❷➫✏➒➈➫✏➀➁➄✏➀✢❺➈➄✏➓✩➄➃➒➜❸➌➉➋➄✏➀➁➓✢➀➁➫✏➄✏➔➋➓✢❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄✏➓➥➄➃❸✩➉➋➒➈❺➈➫✏➇❿➄✏➒➈❺➱❼❾➒➩❸➌➓❱❼❾➇➈➇➱❼❾➀➭❸➌➄✏➒➱❼❾➒➩❸❱➐❤➔➹❻ ➉➋➒➩❸➌➄✏➀➭➨❾❼❾➔➋➔➏➄
[−1, 1]

➴
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ÿ❷ÿ �





➢ ⑥ ⑥❄s ❴ s Ú

❁ ❧ Þ❄ß Ý s ➏ ➐ ➑ ❭➓➒ ➢ ❁ Þ Þ☛✡ ❪ ⑥ ❜❫♠✉⑥♥♠✇✈ Û ⑦✎s ❪ ✈
Ü ⑧✯s ❪ Þ♥❧➔➒ Û Ý ♠ Û ⑦⑨❧ ③❞✈②s

➷✟❻ ➄✏➒➩❸➌➉➏❸➌➫♦❺➈❶✎➍❷➫✏➒➈➫✏➀➌❼➎❸➌➄✏❶➈➀✩➇➈➓➁➄✏❶➈❺➈⑩➎➡Ø❼❾➔➋➫☞❼➎❸➌⑩❷➉➋➀➁➄✦➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫✏➄✸➇➱❼❾➀➟➔➋➄❢➓➁➙✏➀➁➉➋➇❹❸✢➓➁❶➈➉➏➨❾❼❾➒➩❸ Ï
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ÿ❷ÿ ☎



➾➵➦➽➦➽➪✩❯➍➪ ➳✫÷➞ûá➩➯➭❸ú✫➚➞➪ü➸➸ô➽➭➍➚☎✻✘➾➵û▲ø❢➭②✾ ➲P➦❵➺➯➼✫➦➽➼✫➨❶➾➹➧P➪✻➲P➨❫õ➯ø❻➪✻➲P➭❷➩▼✻✘➾➵➚❣➼×➾➹➧➯➩✫➥✹➨✥➪
➸ ⑩❷❶➈➓❢❶❹❸➌➉➋➔➋➉➏➓➁⑩❷➒➈➓❱❶➈➒✼➙✏⑩❷➊✝➇✹⑩❷➓➌❼❾➒➜❸ ❤ ➳➯✼❁❶✟✣➔✼✖✾➸✸❽✾❑❊✣✐✢➇✹➄✏➀➁➊✝➄➃❸➁❸➪❼❾➒➜❸❢❺➈➄❤➍❾➫✏➒➈➫✏➀➁➄✏➀♦❺➈➄✏➓❢❽➈➉➏❸➌➓❢❼❾➔➋➫☞❼➎❸➌⑩❷➉➏➀➁➄✏➓❺➈⑩❷➒➈➒➈➫✸➇➱❼❾➀➟➔➋➄❢➊✝⑩P❺➈➳✏➔➏➄❢➓➁❶➈➉➏➨❾❼❾➒➩❸ ⑩ ➴

➁❥➌❀➆◆Ó⑦➙✙➋áâ❥→ ➆×➊ ➝ ➅ ➝ ✒ ➊✽➎ ➅❣➆❥➄➍➏✍➙❽→ →✂➊✽Ö✚➙❽➉➃➊✹➅➇➎ ➙❽➄➵➊✷✶✽➆✣➏◆↕❪→✖Ô❣➆❥➉☞✶ ➝
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ÿ❷ÿ ✆



➾➵➦➽➦➽➪✩❯➍➪ ➳✫÷❣ûá➩➯➭➍ú✫➚❣➪û➸➸ô➽➭➍➚☎✻✘➾➵û▲ø❢➭②✾ ➲P➦❵➺➯➼✫➦➽➼✫➨❶➾➫➧P➪✻➲P➨qõ➯ø❻➪✻➲P➭❷➩▼✻✘➾➵➚❣➼×➾➫➧➯➩✫➥✹➨✥➪
➷✟❻ ❼❾➀➁➙➪➲➈➉➏❸➌➄✏➙➃❸➌❶➈➀➁➄♦❺➈❶②➍❷➫✏➒➈➫✏➀➌❼➎❸➌➄✏❶➈➀✢➄✏➓➭❸✩➔➬❼❤➓➁❶➈➉➏➨➎❼❾➒➜❸➌➄ Ï
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ÿ❷ÿ✟☛





➢ ⑥ ⑥❄s ❴ s ➑

❁ ❧ Þ❄ß Ý s ➏ ➐ ➑ ❭➓➒ ➢ ❁ Þ Þ ❪ ➣✒Û ①✤↔ Û ❜ s
⑦ Û s✇✈✜t ③✗➤ ❪ s Þ ❪ ➏ Ú Þ ❱ ❭
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ÿ ✁ ÿ



➾➵➦➽➦➽➪✩❯➍➪✳➭❞÷➞ûá➩➯➭➍ú✫➚❣➪ü➸➸ô➽➭➍➚☎✻✘➾➵û▲ø❢➭■➲ õ➸➾✻➳❊↕➍➾✻➺➯➪➻➧Pô➽➪✫➨✥û⑨➥❁❀å➲P➪ ➭■➲ ➸➱➳➱ø❻➪✫➚
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ÿ ✁✚✁



➢ ⑥ ⑥❄s ❴ s ❱

➑ ❧ ⑥ ⑥♥♠✇s✉⑧ ①á❧ ⑥ ⑧✝⑦✎✈ ❪ ①è⑦✎s ❪ ✈✜⑧ Þ❄s Ý⑤Û ➣ ❦ ❙ ➢ ➙ Ú
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ÿ ✁✜✝





➢ ⑥ ⑥❄s ❴ s ➛
❁ ❧ Þ❄ß Ý s ➏ ➐ ➑ ❭➓➒ ➢ ❁ Þ Þ❄s Ý⑤Û ➣ ❦ ❙

➷✟❻ ➄✏➒➩❸➌➉➏❸➌➫♦❺➈➄♦➔➬❼❤→✟➽ ➸ ➄✏➓➭❸✩❺➈⑩❷➒➈➒➈➫✏➄✸➇➱❼❾➀➟➔➋➄❢➓➁➙✏➀➁➉➋➇❹❸✩➓➁❶➈➉➏➨➎❼❾➒➜❸ Ï
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ÿ ✁✚�



➾➵➦➽➦➽➪✩❯➍➪➜➐✈÷➞ûá➩➯➭➍ú✫➚❣➪ü➸➸ô➽➭➍➚☎✻✘➾➵û▲ø❢➭➍➪❊➚➞➾ õ×➥✹➦
➷✟❻ ❼❾➀➁➙➪➲➈➉➏❸➌➄✏➙➃❸➌❶➈➀➁➄♦❺➈➄♦➔➬❼❤→✟➽ ➸ ➄✏➓➭❸❱❺➈➉➏➨P➉➋➓➁➫✏➄❢➄✏➒②❺➈➄✏❶P➅②➇➱❼❾➀➭❸➌➉➋➄✏➓➟➙✏⑩❷➊✝➊✝➄❢➓➁❶➈➉➏❸ Ï
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ÿ ✁✜✄



➾➵➦➽➦➽➪✩❯➍➪↕➐✈÷❣ûá➩➯➭➍ú✫➚❣➪û➸➸ô➽➭➍➚☎✻✘➾➵û▲ø❢➭➍➪❊➚➞➾ õ×➥✹➦
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G =
Vs

Ie

=
Rs1 − gm1Rd1gm2Rs1Rf

1 + gm2Rs1(1 + gm1Rd1)

❤ ✃❤➴ ÿ ✐
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⑩❷Ô

Rs1

➙✏⑩❷➀➁➀➁➄✏➓➁➇❿⑩❷➒➈❺✼➐❥➔➬❼✝➀➁➄✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄✫➫✏➛➜❶➈➉➏➨❾❼❾➔➋➄✏➒➩❸➌➄✫❺➈➄❬➔➬❼☎➊✝➉➋➓➁➄✸➄✏➒Ð➇➱❼❾➀➌❼❾➔➋➔➋➳✏➔➏➄♦❺➈➄
Rs

➄➃❸
1/gds1

þ❿❺➈➄➊❷✢✏➊✝➄
Rd1

➄➃❸✢➔➬❼❤➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄♦➫✏➛➜❶➈➉➏➨❾❼❾➔➋➄✏➒➩❸➌➄♦❺➈➄
Rd

➇➱❼❾➀➌❼❾➔➋➔➋➳✏➔➏➄❢➐
1/gds2

➴➷✳❼☎➀➁➫✏➓➁➉➋➓➭❸➪❼❾➒➈➙✏➄♦❺❞❻ ➄✏➒➩❸➌➀➁➫✏➄✸➄➃❸✩❺➈➄♦➓➁⑩❷➀➭❸➌➉➋➄❢➓➁⑩❷➒➩❸✩❺➈⑩❷➒➈➒➈➫✏➄✏➓✩➇➱❼❾➀➟➔➋➄✏➓✢➫✏➛➜❶➱❼➎❸➌➉➋⑩❷➒➈➓✢➀➁➄✏➓➁➇✹➄✏➙➃❸➌➉➏➨➩➄✏➓✦✃❤➴✂✁❬➄➃❸✦✃❤➴ ✝❹➴
Rin = Rf

❤ ✃❤➴✂✁✚✐

Rout =
Rs1

1 + gm2Rs1

❤ ✃❤➴ ✝✧✐
Ø r⑨ì➹③✽ï✓í➞t❥✐➹➬◆ì➫r⑨① í➞❰♣✐❞r⑨ì➹③
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Ie = Vgs1(C6p + gm1) − I1(
C1RD1 p

1 + C5pRD1

+ 1) − gm2Vgs2 + Vs(C2p +
1

Rs1

)
❤ ✃❤➴ ✠➩❼✧✐

Vgs2 =

−Ie

C4p
+ C6

C4

Vgs1 + Vs(C5p + 1

Rs1
)(Rf + 1

Rs1
)

(C3p − gm2)(Rf + 1

C4p
) − 1

❤ ✃❤➴ ✠❷❽❨✐
I1 = −(V s + Vgs2)(C5p +

1

RD1

)
❤ ✃❤➴ ✠❷➙✟✐
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