
º··Õ� 2

ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ
ã¹º·¹Õ�¨ÐÍ¸ÔºÒÂ¶Ö§¤ÇÒÁÊÓ¤Ñ¢Í§ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ (timing recovery) ¾ÃéÍÁ·Ñ�§Í¸ÔºÒÂËÅÑ¡¡ÒÃ
·Ó§Ò¹¢Í§ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕáºº·Õ�ãªé¡Ñ¹·Ñ�Çä» (conventional timing recovery) «Ö�§ÍÂÙèº¹¾×�¹°Ò¹¢Í§
Ç§¨Ãà¿ÊÅçÍ¡ÅÙ» (PLL: phased�lock loop) ¹Í¡¨Ò¡¹Õ�ÂÑ§Í¸ÔºÒÂ¶Ö§ ÇÔ¸Õ¡ÒÃÍÍ¡áºº¤èÒ¾ÒÃÒÁÔàµÍÃì
¢Í§Ç§¨Ãà¿ÊÅçÍ¡ÅÙ» â´Âãªéáºº¨ÓÅÍ§¡ÒÃ·Ó§Ò¹¢Í§Ç§¨Ãà¿ÊÅçÍ¡ÅÙ»áººàªÔ§àÊé¹ (linearized PLL
model) ÃÇÁ·Ñ�§áÊ´§¼Å¡ÒÃ·´ÅÍ§à¾×�ÍãËéàËç¹¶Ö§¤ÇÒÁÊÓ¤Ñ¢Í§ÃÐººä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ

2.1 º·¹Ó
ã¹»�¨¨ØºÑ¹¹Õ�¤ÇÒÁà¨ÃÔ¡éÒÇË¹éÒ·Ò§´éÒ¹à·¤â¹âÅÂÕ¡ÒÃÊ×�ÍÊÒÃ (communication) ä´é¾Ñ²¹Òä»ÍÂèÒ§
ÃÇ´àÃçÇ â´Âà©¾ÒÐÍÂèÒ§ÂÔ�§¡ÒÃÊ×�ÍÊÒÃ´Ô¨Ô·ÑÅ·Õ�ãªéã¹ÃÐººµèÒ§æ àªè¹ ÃÐººâ·ÃÈÑ¾·ìà¤Å×�Í¹·Õ� áÅÐÃÐºº
¡ÒÃ»ÃÐÁÇÅ¼ÅÊÑÒ³ÀÒÂã¹ÍØ»¡Ã³ìÎÒÃì´´ÔÊ¡ìä´Ã¿ì à»�¹µé¹ à¾ÃÒÐ©Ð¹Ñ�¹ ¤ÇÒÁµéÍ§¡ÒÃ·Õ�¨Ðà¾Ô�Á
»ÃÐÊÔ·¸ÔÀÒ¾â´ÂÃÇÁ¢Í§ÃÐºº¨Ö§à»�¹ÊÔ�§·Õ�¨Óà»�¹ÁÒ¡ à¾ÃÒÐÇèÒ¨Ðä´éÊÒÁÒÃ¶ÃÑºáÅÐÊè§¢éÍÁÙÅä´éÍÂèÒ§
¹èÒàª×�Í¶×ÍÁÒ¡ÂÔ�§¢Ö�¹

ã¹ÃÐººÊ×�ÍÊÒÃ´Ô¨Ô·ÑÅ (digital communication system) ¡ÒÃÊè§ÊÑÒ³¨Ò¡µé¹·Ò§ä»ÂÑ§»ÅÒÂ
·Ò§ ÍØ»¡Ã³ìµé¹·Ò§¨Ð·ÓË¹éÒ·Õ�à»ÅÕ�Â¹ÊÑÒ³´Ô¨Ô·ÑÅ (digital) ãËéà»�¹ÊÑÒ³áÍ¹ÐÅçÍ¡ (ana�
log) ¡èÍ¹·Õ�¨Ð¶Ù¡Êè§ÍÍ¡ä»ÂÑ§»ÅÒÂ·Ò§ àÁ×�ÍÊÑÒ³áÍ¹ÐÅçÍ¡ÁÒ¶Ö§·Õ�ÍØ»¡Ã³ì»ÅÒÂ·Ò§ ¡ç¨Ð¶Ù¡Êè§
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ä»ÂÑ§Ç§¨ÃªÑ¡µÑÇÍÂèÒ§ (sampler) à¾×�Í·Ó¡ÒÃá»Å§ÊÑÒ³áÍ¹ÐÅçÍ¡ãËé¡ÅÑºä»à»�¹ÊÑÒ³´Ô¨Ô·ÑÅ
ã¹ÃÙ»¢Í§ �¢éÍÁÙÅÇÔÂØµ (discrete data)� ËÃ×Í·Õ�àÃÕÂ¡¡Ñ¹ÇèÒ �á«Áà»�Å (sample)� ¡ÒÃªÑ¡µÑÇÍÂèÒ§
(sampling) ÊÑÒ³áÍ¹ÐÅçÍ¡·Õ�¼Ô´¨Ñ§ËÇÐ¨Ð·ÓãËéà¡Ô´¼ÅàÊÕÂËÒÂÍÂèÒ§ÁÒ¡¡Ñº»ÃÐÊÔ·¸ÔÀÒ¾â´ÂÃÇÁ
¢Í§ÃÐºº ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ¨Ð·ÓË¹éÒ·Õ�ã¹¡ÒÃà¢éÒ¨Ñ§ËÇÐ (synchronize) Ç§¨ÃªÑ¡µÑÇÍÂèÒ§¡ÑºÊÑÒ³
áÍ¹ÐÅçÍ¡·Õ�ä´éÃÑº à¾×�ÍãËéä´é¢éÍÁÙÅá«Áà»�Å·Õ�´Õ·Õ�ÊØ´ÍÍ¡ÁÒ ¡èÍ¹·Õ�¨Ð¹Ó¢éÍÁÙÅá«Áà»�ÅàËÅèÒ¹Ñ�¹ä»·Ó
¡ÒÃ»ÃÐÁÇÅ¼Å¢Ñ�¹µèÍä» àªè¹ Êè§µèÍä»ÂÑ§ÍÕ¤ÇÍäÅà«ÍÃì (equalizer) áÅÐÇ§¨Ã¶Í´ÃËÑÊ (decoder)
à»�¹µé¹ ´Ñ§¹Ñ�¹ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ¨Ö§¹Ñºä´éÇèÒà»�¹Í§¤ì»ÃÐ¡Íº·Õ�¤ÇÒÁÊÓ¤ÑÁÒ¡ÍÂèÒ§Ë¹Ö�§ã¹ÃÐººÊ×�ÍÊÒÃ
´Ô¨Ô·ÑÅ à¾ÃÒÐÇèÒ ¶éÒÇ§¨ÃªÑ¡µÑÇÍÂèÒ§·Ó§Ò¹äÁè´Õ ¡ç¨ÐÊè§¼Å·ÓãËé¢éÍÁÙÅá«Áà»�Å·Õ�ä´éäÁèÁÕ¤Ø³ÀÒ¾ËÃ×Í
ÁÕ¢éÍ¼Ô´¾ÅÒ´ÁÒ¡ áÅÐàÁ×�ÍÊè§¢éÍÁÙÅá«Áà»�ÅàËÅèÒ¹Õ�ä»ÂÑ§ÍÕ¤ÇÍäÅà«ÍÃìáÅÐÇ§¨Ã¶Í´ÃËÑÊ ¡ç¨Ð·ÓãËé
¼ÅÅÑ¾¸ì·Õ�ä´éÁÕ¢éÍ¼Ô´¾ÅÒ´ÁÒ¡ ¹Ñ�¹¤×Í ÍÑµÃÒ¢éÍ¼Ô´¾ÅÒ´ºÔµ (BER: bit�error rate) ¢Í§ÃÐºº¨ÐÁÕ¤èÒ
ÊÙ§ «Ö�§à»�¹ÊÔ�§·Õ�¤ÇÃ¨ÐËÅÕ¡àÅÕ�Â§

â´Â·Ñ�Çä»ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ¨Ð·Ó§Ò¹ÍÂÙèº¹¾×�¹°Ò¹¢Í§Ç§¨Ãà¿ÊÅçÍ¡ÅÙ» (PLL) [4] «Ö�§»ÃÐ¡Íºä»
´éÇÂ Ç§¨ÃµÃÇ¨ËÒ¢éÍ¼Ô´¾ÅÒ´·Ò§àÇÅÒ (TED: timing error detector), Ç§¨Ã¡ÃÍ§ÅÙ» (loop �lter),
áÅÐÇ§¨Ã VCO (voltage�controlled oscillator) ã¹·Ò§»¯ÔºÑµÔ â¤Ã§ÊÃéÒ§¢Í§ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ¨ÐÁÕÍÂÙè
2 ÃÙ»áºº ¤×Í áºº¹ÔÃ¹ÑÂ (deductive) áÅÐáººÍØ»¹ÑÂ (inductive) â´Â¨Ð¢Ö�¹ÍÂÙè¡ÑºÇèÒ ¢éÍÁÙÅ·Ò§àÇÅÒ
¶Ù¡´Ö§ÍÍ¡ÁÒãªé ³ µÓáË¹è§¡èÍ¹ËÃ×ÍËÅÑ§Ç§¨ÃªÑ¡µÑÇÍÂèÒ§ ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕáºº¹ÔÃ¹ÑÂ (deductive
timing recovery) ¨Ð´Ö§¢éÍÁÙÅ·Ò§àÇÅÒ ·Õ�àÃÕÂ¡¡Ñ¹ÇèÒ �timing tone� [16] ¨Ò¡ÊÑÒ³áÍ¹ÐÅçÍ¡·Õ�
´éÒ¹¢Òà¢éÒ¢Í§Ç§¨ÃªÑ¡µÑÇÍÂèÒ§ µÒÁÃÙ»·Õ� 2.1 â´Â·Õ� Ç§¨Ã PLL ¶Ù¡¹Óãªéà¾×�ÍÅ´¼Å¡ÃÐ·º¢Í§ä·ÁÁÔ�§
¨ÔµàµÍÃì1 (timing jitter) ·Õ�á½§ÍÂÙèã¹ÊÑÒ³áÍ¹ÐÅçÍ¡ ã¹¢³Ð·Õ� ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕáººÍØ»¹ÑÂ (in�
ductive timing recovery) ¨ÐãªéÇ§¨Ã PLL áºº»�Í¹¡ÅÑº (feedback) à¾×�Í·ÓË¹éÒ·Õ�ã¹¡ÒÃ´Ö§¢éÍÁÙÅ
·Ò§àÇÅÒ¨Ò¡ÊÑÒ³áÍ¹ÐÅçÍ¡·Õ�´éÒ¹¢ÒÍÍ¡¢Í§Ç§¨ÃªÑ¡µÑÇÍÂèÒ§ ´Ñ§·Õ�áÊ´§ã¹ÃÙ»·Õ� 2.2 ¢éÍ´Õ¢Í§
ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕáººÍØ»¹ÑÂ ¤×Í ·Ø¡ÊèÇ¹»ÃÐ¡Íº¢Í§ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕáºº¹Õ�ÊÒÁÒÃ¶·Õ�¨Ð¶Ù¡ÊÃéÒ§ãËé
à»�¹áºº´Ô¨Ô·ÑÅä´é à¹×�Í§¨Ò¡ ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕáººÍØ»¹ÑÂà»�¹·Õ�¹ÔÂÁãªé§Ò¹¡Ñ¹ÁÒ¡ ´Ñ§¹Ñ�¹ ã¹Ë¹Ñ§Ê×Í
àÅèÁ¹Õ�¨ÐàÃÕÂ¡ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕáºº¹Õ�ÇèÒ �ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕáºº·Õ�ãªé¡Ñ¹·Ñ�Çä» (conventional timing

1ä·ÁÁÔ�§¨ÔµàµÍÃì ¤×Í ÊÑÒ³Ãº¡Ç¹ÀÒÂã¹Ç§¨ÃªÑ¡µÑÇÍÂèÒ§ «Ö�§¨Ð·ÓãËé¨Ñ§ËÇÐ¢Í§àÇÅÒ·Õ�¨Ð·Ó¡ÒÃªÑ¡µÑÇÍÂèÒ§áµèÅÐ
¤ÃÑ�§à¡Ô´¤ÇÒÁ¤ÅÒ´à¤Å×�Í¹ä»¨Ò¡µÓáË¹è§·Õ�µéÍ§¡ÒÃ
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recovery)� ÊÓËÃÑºÃÒÂÅÐàÍÕÂ´à¡Õ�ÂÇ¡Ñºä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕáºº¹ÔÃ¹ÑÂÊÒÁÒÃ¶ÈÖ¡ÉÒà¾Ô�ÁàµÔÁä´é¨Ò¡ [20]

2.2 ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕààºº·Õ�ãªé¡Ñ¹·Ñ�Çä»
¾Ô¨ÒÃ³Òáºº¨ÓÅÍ§ªèÍ§ÊÑÒ³ÍØ´Á¤µÔ (ideal channel model) ã¹ÃÙ»·Õ� 2.2 ÅÓ´Ñº¢éÍÁÙÅÍÔ¹¾Øµ
ak ∈ {±1} «Ö�§ÁÕ¤ÒºàÇÅÒ¢Í§ºÔµ T ¶Ù¡Êè§¼èÒ¹ä»ÂÑ§ªèÍ§ÊÑÒ³ H(D) =

∑ν
k=0 hkD

k â´Â·Õ� hk

¤×Í ¤èÒÊÑÁ»ÃÐÊÔ·¸Ô�µÑÇ·Õ� k ¢Í§ªèÍ§ÊÑÒ³, D ¤×Í µÑÇ´Óà¹Ô¹¡ÒÃË¹èÇ§àÇÅÒ (delay operator), áÅÐ
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ν ¤×Í Ë¹èÇÂ¤ÇÒÁ¨Ó¢Í§ªèÍ§ÊÑÒ³ ´Ñ§¹Ñ�¹ ÊÑÒ³ read�back ÊÒÁÒÃ¶à¢ÕÂ¹à»�¹ÊÁ¡ÒÃä´é ¤×Í

p(t) =
∑

k

rkq(t− kT − τk) + n(t) (2.1)

â´Â·Õ� rk =
∑

i ak−ihi ¤×Í ¢éÍÁÙÅàÍÒµì¾Øµ¢Í§ªèÍ§ÊÑÒ³·Õ�»ÃÒÈ¨Ò¡ÊÑÒ³Ãº¡Ç¹, q(t) =

sin(πt/T )/(πt/T ) ¤×Í ¿�§¡ìªÑ¹«Ô§¡ì (sinc function) ËÃ×ÍÊÑÒ³¾ÑÅÊìä¹¤ÇÔµÊì (Nyquist pulse)
·Õ�ÁÕáº¹´ìÇÔ´·ìà¡Ô¹à»�¹ÈÙ¹Âì (zero�excess�bandwidth) [16], τk ¤×Í ÍÍ¿à«µ·Ò§àÇÅÒ·Õ�äÁè·ÃÒº¤èÒ
(unknown timing o�set) µÑÇ·Õ� k, áÅÐ n(t) ¤×Í ÊÑÒ³Ãº¡Ç¹à¡ÒÊìÊÕ¢ÒÇáºººÇ¡ (AWGN:
additive white Gaussian noise) ·Õ�ÁÕ¤ÇÒÁË¹Òá¹è¹Êà»¡µÃÑÁ¡ÓÅÑ§ (power spectrum density)
áººÊÍ§´éÒ¹à·èÒ¡Ñº N0/2 ã¹Ë¹Ñ§Ê×Í¹Õ� ÍÍ¿à«µ·Ò§àÇÅÒ τk ¨Ð¶Ù¡¨ÓÅÍ§ãËéÁÕÅÑ¡É³Ðà»�¹ �¡ÒÃ
à´Ô¹áººÊØèÁ2 (random walk)� «Ö�§¹ÔÂÒÁâ´Â [21]

τk+1 = τk + wk (2.2)

àÁ×�Í wk ¤×Í µÑÇá»ÃÊØèÁà¡ÒÊìà«ÕÂ¹áºº i.i.d. (independent and identically distributed) ·Õ�ÁÕ¤èÒà©ÅÕ�Â
(mean) à·èÒ¡Ñº¤èÒÈÙ¹Âì áÅÐÁÕ¤èÒ¤ÇÒÁá»Ã»ÃÇ¹ (variance) à·èÒ¡Ñº σ2

w ËÃ×Íà¢ÕÂ¹á·¹ä´é´éÇÂ wk ∼
N (0, σ2

w) â´Â¤èÒ σw ¨Ðà»�¹µÑÇ¡ÓË¹´ÃÐ´Ñº¤ÇÒÁÃØ¹áÃ§¢Í§ä·ÁÁÔ�§¨ÔµàµÍÃì
·Õ�Ç§¨ÃÀÒ¤ÃÑº ÊÑÒ³ read�back ¨Ð¶Ù¡Êè§¼èÒ¹ä»ÂÑ§Ç§¨Ã¡ÃÍ§¼èÒ¹µ�Ó3 (LPF) ·Õ�ÁÕ¼ÅµÍºÊ¹Í§

ÍÔÁ¾ÑÅÊìà·èÒ¡Ñº q(t)/T ¹Ñ�¹¤×Í ÁÕ¤ÇÒÁ¶Õ�µÑ´ (cut�o� frequency) à·èÒ¡Ñº 1/(2T ) à¾×�Í·ÓË¹éÒ·Õ�¡Ó¨Ñ´
ÊÑÒ³Ãº¡Ç¹·Õ�ÍÂÙè¹Í¡á¶º¤ÇÒÁ¶Õ� (out�of�band noise) ¨Ò¡¹Ñ�¹ ¡ç¨Ð·Ó¡ÒÃªÑ¡µÑÇÍÂèÒ§ÊÑÒ³
read�back ·Õ�àÇÅÒ kT + τ̂k à¾×�Í·ÓãËéä´éà»�¹¢éÍÁÙÅá«Áà»�Å

yk = y(kT + τ̂k) =
∑

i

riq(kT + τ̂k − iT − τi) + nk (2.3)

2áºº¨ÓÅÍ§¡ÒÃà´Ô¹áººÊØèÁ¹Õ�¶Ù¡¹Óãªé à¾ÃÒÐÇèÒ à»�¹áºº¨ÓÅÍ§·Õ�§èÒÂ áÅÐÊÒÁÒÃ¶ãªéá·¹ÅÑ¡É³Ð¢Í§ªèÍ§ÊÑÒ³
µèÒ§æ ä´é§èÒÂ â´Â¡ÒÃà»ÅÕ�Â¹á»Å§¤èÒ¾ÒÃÒÁÔàµÍÃì σ2

w à¾ÕÂ§µÑÇà´ÕÂÇà·èÒ¹Ñ�¹
3ÊÓËÃÑºÃÐºº·Õ�ÁÕá¶º¤ÇÒÁ¶Õ�¨Ó¡Ñ´ (band�limited system) ¹Ñ�¹¤×Í ¾ÅÑ§§Ò¹¢Í§ÊÑÒ³¨Ð¶Ù¡¨Ó¡Ñ´ãËéÍÂÙèã¹ªèÇ§á¶º

¤ÇÒÁ¶Õ� |f | ≤ 1/(2T ) Ç§¨Ã¡ÃÍ§¼èÒ¹µ�Ó¨Ð·ÓãËé¢éÍÁÙÅàÍÒµì¾Øµ·Õ�ä´éÁÕ¤èÒ·Ò§Ê¶ÔµÔ·Õ�¾Íà¾ÕÂ§ (su�cient statistic) [23]
àËÁ×Í¹¡Ñº¡ÒÃãªéÇ§¨Ã¡ÃÍ§àËÁÒÐÊØ´ (matched �lter) [16]
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àÁ×�Í τ̂k ¤×Í ¤èÒ»ÃÐÁÒ³¢Í§ τk ËÃ×Í·Õ�àÃÕÂ¡ÇèÒ ÍÍ¿à«µ·Ò§à¿Ê (phase o�set) µÑÇ·Õ� k ¢Í§¡ÒÃ
ªÑ¡µÑÇÍÂèÒ§, áÅÐ nk ¤×Í AWGN ·Õ�ÁÕ¤èÒà©ÅÕ�Âà·èÒ¡Ñº¤èÒÈÙ¹Âì áÅÐ¤èÒ¤ÇÒÁá»Ã»ÃÇ¹à·èÒ¡Ñº σ2

n =

N0/(2T ) ¹Ñ�¹¤×Í nk ∼ N (0, σ2
n)

Ç§¨Ã TED ¨Ð·ÓË¹éÒ·Õ�ã¹¡ÒÃ¤Ó¹Ç³ËÒ¤èÒ»ÃÐÁÒ³¢Í§¢éÍ¼Ô´¾ÅÒ´·Ò§àÇÅÒ (timing error) εk

= τk − τ̂k «Ö�§¡ç¤×Í ¤èÒ¤ÇÒÁäÁèµÃ§¡Ñ¹ÃÐËÇèÒ§à¿Ê¢Í§ÊÑÒ³áÍ¹ÐÅçÍ¡·Õ�ä´éÃÑº¡Ñºà¿Ê¢Í§ÊÑÒ³
¹ÒÌ�¡Ò¢Í§Ç§¨Ã PLL ã¹·Ò§»¯ÔºÑµÔáÅéÇ Ç§¨Ã TED ÁÕËÅÒÂ»ÃÐàÀ· [4] â´Â¨Ð¢Ö�¹ÍÂÙè¡ÑºÅÑ¡É³Ð
¡ÒÃ¹Ó¢éÍÁÙÅ·Õ�´éÒ¹¢Òà¢éÒ¢Í§Ç§¨Ã TED ÁÒãªé§Ò¹ «Ö�§â´Â·Ñ�Çä»áÅéÇ »ÃÐÊÔ·¸ÔÀÒ¾¢Í§ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ
¨Ð¢Ö�¹ÍÂÙè¡Ñº¤Ø³ÀÒ¾¢Í§Ç§¨Ã TED ã¹Ë¹Ñ§Ê×ÍàÅèÁ¹Õ�¨Ð¾Ô¨ÒÃ³Òà©¾ÒÐÇ§¨Ã TED ·Õ�¹ÔÂÁãªé§Ò¹¡Ñ¹
¹Ñ�¹¤×Í Ç§¨Ã TED áºº Mueller and Müller ËÃ×ÍàÃÕÂ¡ÊÑ�¹æ ÇèÒ M&M TED [24] «Ö�§¨Ð¤Ó¹Ç³
ËÒ¤èÒ»ÃÐÁÒ³¢Í§¢éÍ¼Ô´¾ÅÒ´·Ò§àÇÅÒ ´Ñ§¹Õ�

ε̂k = KT {ykr̂k−1 − yk−1r̂k} (2.4)

â´Â·Õ� r̂k ¤×Í ¤èÒ»ÃÐÁÒ³¢Í§ rk, KT ¤×Í ¤èÒ¤§µÑÇ (constant) ·Õ�¶Ù¡ãªéà¾×�Í·ÓãËéÁÑ�¹ã¨ä´éÇèÒ E[ε̂k|ε]
= ε àÁ×�ÍÃÐ´ÑºÍÑµÃÒÊèÇ¹¤èÒ¡ÓÅÑ§à©ÅÕ�Â¢Í§ÊÑÒ³·Õ�µéÍ§¡ÒÃµèÍ¤èÒ¡ÓÅÑ§à©ÅÕ�Â¢Í§ÊÑÒ³Ãº¡Ç¹
(SNR: signal�to�noise ratio) ÁÕ¤èÒÊÙ§ ËÃ×ÍÍÒ¨¨Ð¡ÅèÒÇä´éÇèÒ ¤èÒ KT ¶Ù¡¹ÓÁÒãªéà¾×�Í·ÓãËé¤ÇÒÁªÑ¹
¢Í§àÊé¹â¤é§ÃÙ»µÑÇàÍÊ (S�curve) [4] ÁÕ¤èÒà·èÒ¡Ñº¤èÒË¹Ö�§ ³ ¨Ø´¡Óà¹Ô´, áÅÐ E[·] ¤×Í µÑÇ´Óà¹Ô¹¡ÒÃ
¤èÒ¤Ò´ËÁÒÂ (expectation operator) [10, 25, 26] ¨Ò¡ÊÁ¡ÒÃ (2.4) ¨ÐàËç¹ä´éÇèÒ »ÃÐÊÔ·¸ÔÀÒ¾
¢Í§Ç§¨Ã TED ¨Ð¢Ö�¹ÍÂÙè¡Ñº¤èÒµÑ´ÊÔ¹ã¨ (decision) {r̂k} ´Ñ§¹Ñ�¹ »ÃÐÊÔ·¸ÔÀÒ¾¢Í§ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ
¨Ðà»�¹¿�§¡ìªÑ¹¢Í§¤ÇÒÁ¹èÒàª×�Í¶×Í¢Í§¤èÒµÑ´ÊÔ¹ã¨áÅÐ SNR ·Õ�ãªé ¨Ö§à»�¹àËµØ¼ÅÇèÒ ·ÓäÁÇ§¨ÃµÃÇ¨ËÒ
ÊÑÅÑ¡É³ì (symbol detector) ·Õ�ãªéã¹ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ ¤×Í Ç§¨ÃµÃÇ¨ËÒÇÕà·ÍÃìºÔ4 (Viterbi detector)
[15] ·Õ�ÁÕ»ÃÔÁÒ³¡ÒÃË¹èÇ§àÇÅÒÊÓËÃÑº¡ÒÃµÑ´ÊÔ¹ã¨ (decision delay) à·èÒ¡Ñº dT Ë¹èÇÂ (àªè¹ d = 4)
á·¹¡ÒÃãªé§Ò¹Ç§¨ÃµÃÇ¨ËÒ¢Õ´àÃÔ�Áà»ÅÕ�Â¹áººËÅÒÂÃÐ´Ñº (multi�level threshold detector) [27]

ËÅÑ§¨Ò¡¹Ñ�¹ ¤èÒ»ÃÐÁÒ³¢Í§¢éÍ¼Ô´¾ÅÒ´·Ò§àÇÅÒ ε̂k ¨Ð¶Ù¡Êè§¼èÒ¹ä»ÂÑ§Ç§¨Ã¡ÃÍ§ÅÙ» à¾×�Í¡Ó¨Ñ´
ÊÑÒ³Ãº¡Ç¹·Õ�á½§ÍÂÙèã¹ÊÑÒ³¢éÍ¼Ô´¾ÅÒ´·Ò§àÇÅÒ áÅÐÍÍ¿à«µ·Ò§à¿Ê¢Í§¡ÒÃªÑ¡µÑÇÍÂèÒ§
(sampling phase o�set) µÑÇ¶Ñ´ä» τ̂k+1 ¡ç¨Ð¶Ù¡»ÃÑº¤èÒ (update) â´ÂÇ§¨Ã PLL ÍÑ¹´Ñº·Õ�ÊÍ§

4ÈÖ¡ÉÒÃÒÂÅÐàÍÕÂ´ËÅÑ¡¡ÒÃ·Ó§Ò¹¢Í§Ç§¨ÃµÃÇ¨ËÒÇÕà·ÍÃìºÔ ä´éã¹º··Õ� 4
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(second�order PLL) µÒÁ¤ÇÒÁÊÑÁ¾Ñ¹¸ì´Ñ§¹Õ� [4]
θ̂k+1 = θ̂k + βε̂k, (2.5)
τ̂k+1 = τ̂k + αε̂k + θ̂k+1 (2.6)

àÁ×�Í θ̂k ¤×Í ¤èÒ»ÃÐÁÒ³¢Í§¢éÍ¼Ô´¾ÅÒ´·Ò§¤ÇÒÁ¶Õ� (frequency error) [27], áÅÐ α áÅÐ β ¤×Í
¾ÒÃÒÁÔàµÍÃì¢Í§Ç§¨Ã PLL [4] «Ö�§¨Ðà»�¹µÑÇ¡ÓË¹´ áº¹´ìÇÔ´·ì¢Í§ÅÙ» (loop bandwidth) áÅÐÍÑµÃÒ
¡ÒÃÅÙèà¢éÒ (convergence rate) ¡ÅèÒÇ¤×Í ¶éÒ¤èÒ¾ÒÃÒÁÔàµÍÃì¢Í§Ç§¨Ã PLL ÂÔ�§ÁÒ¡ áº¹´ìÇÔ´·ì¢Í§ÅÙ»¡ç
¨Ð¡ÇéÒ§ «Ö�§¨Ð·ÓãËéÍÑµÃÒ¡ÒÃÅÙèà¢éÒ¡ç¨ÐàÃçÇ áµèÊÑÒ³Ãº¡Ç¹·Õ�à¢éÒÁÒã¹Ç§¨Ã PLL ¡ç¨ÐÁÕÁÒ¡ ÊÓËÃÑº
ã¹¡Ã³Õ·Õ� ÃÐººÁÕà©¾ÒÐ¢éÍ¼Ô´¾ÅÒ´·Ò§à¿Ê (phase error) à·èÒ¹Ñ�¹ Ç§¨ÃÀÒ¤ÃÑºÍÒ¨¨Ð¹ÓÇ§¨Ã PLL
ÍÑ¹´Ñº·Õ�Ë¹Ö�§ (�rst�order PLL) ÁÒãªé§Ò¹á·¹Ç§¨Ã PLL ÍÑ¹´Ñº·Õ�ÊÍ§¡çä´é â´Â·Õ� ÍÍ¿à«µ·Ò§à¿Ê
¢Í§¡ÒÃªÑ¡µÑÇÍÂèÒ§µÑÇ¶Ñ´ä» τ̂k+1 ¨Ð¶Ù¡»ÃÑº¤èÒµÒÁ¤ÇÒÁÊÑÁ¾Ñ¹¸ì´Ñ§¹Õ� [4]

τ̂k+1 = τ̂k + αε̂k (2.7)
â´Â·Ñ�Çä» ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ¨Ð·Ó§Ò¹à»�¹ 2 ÀÒÇÐ (mode) ¤×Í
1) ÀÒÇÐ¡ÒÃä´éÁÒ (acquisition mode) ¨Ð·Ó§Ò¹ã¹µÍ¹àÃÔ�Áµé¹¢Í§¡ÃÐºÇ¹¡ÒÃà¢éÒ¨Ñ§ËÇÐ´éÇÂ

¤ÇÒÁªèÇÂàËÅ×Í¢Í§áºº¢éÍÁÙÅ (data pattern) ·Õ�àÃÕÂ¡ÇèÒ �preamble� [27] à¹×�Í§¨Ò¡ ä·ÁÁÔ�§
ÃÔ¤Ñ¿àÇÍÃÕÃÙéá¹è¹Í¹ÇèÒ preamble ÁÕÅÑ¡É³Ðà»�¹ÍÂèÒ§äÃ ¨Ö§·ÓãËéÊÒÁÒÃ¶·ÃÒºä´éÇèÒ ¤èÒ r̂k ·Õ�
¶Ù¡µéÍ§¤×Í¤èÒÍÐäÃ ´Ñ§¹Ñ�¹ã¹ªèÇ§ÀÒÇÐ¡ÒÃä´éÁÒ¹Õ� Ç§¨Ã PLL ¨Ðãªé¤èÒ r̂k = rk ã¹¡ÒÃ¤Ó¹Ç³
ËÒ¤èÒ ε̂k µÒÁÊÁ¡ÒÃ (2.4) (Ç§¨ÃµÃÇ¨ËÒÊÑÅÑ¡É³ì·Õ�ãªéã¹ä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕ¨ÐÂÑ§äÁè¶Ù¡ãªé§Ò¹
ã¹ªèÇ§¹Õ�) «Ö�§¨Ð·ÓãËéä´é¤èÒ·Õ�¶Ù¡µéÍ§ à¾ÃÒÐ©Ð¹Ñ�¹ ¡ÃÐºÇ¹¡ÒÃä·ÁÁÔ�§ÃÔ¤Ñ¿àÇÍÃÕã¹ªèÇ§¹Õ�¨Ö§ÁÕ
¤ÇÒÁ¹èÒàª×�Í¶×ÍÁÒ¡ â´Â¨Ø´»ÃÐÊ§¤ìËÅÑ¡¢Í§ÀÒÇÐ¡ÒÃä´éÁÒ ¡ç¤×Í ¡ÒÃËÒ¤èÒ»ÃÐÁÒ³àÃÔ�Áµé¹¢Í§
ÍÍ¿à«µ·Ò§à¿ÊáÅÐÍÍ¿à«µ·Ò§¤ÇÒÁ¶Õ� (frequency o�set) ·Õ�á½§ÍÂÙèã¹ÊÑÒ³áÍ¹ÐÅçÍ¡
·Õ�¨Ð·Ó¡ÒÃªÑ¡µÑÇÍÂèÒ§

2) ÀÒÇÐ¡ÒÃµÔ´µÒÁ (tracking mode) ¨Ð·Ó§Ò¹µèÍ¨Ò¡ÀÒÇÐ¡ÒÃä´éÁÒ â´Âã¹¢Ñ�¹µÍ¹¹Õ�¤èÒ r̂k ·Õ�
ãªéã¹¡ÒÃ¤Ó¹Ç³ËÒ¤èÒ ε̂k µÒÁÊÁ¡ÒÃ (2.4) ¨Ðä´éÁÒ¨Ò¡Ç§¨ÃµÃÇ¨ËÒÊÑÅÑ¡É³ì·Õ�ãªéã¹ä·ÁÁÔ�§
ÃÔ¤Ñ¿àÇÍÃÕ («Ö�§ÍÒ¨¨ÐÁÕ¤Ø³ÀÒ¾äÁè´Õ àÁ×�Íà·ÕÂº¡Ñº¡ÒÃãªé rk ¨ÃÔ§æ) ´Ñ§¹Ñ�¹ ¨Ø´»ÃÐÊ§¤ìËÅÑ¡¢Í§




