
º··Õ� 1

º·¹Ó
ã¹º·¹Õ�¨ÐÍ¸ÔºÒÂ¶Ö§ÀÒ¾ÃÇÁ¢Í§ÃÐºº¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅ¢Í§ÍØ»¡Ã³ìÎÒÃì´´ÔÊ¡ìä´Ã¿ì (hard disk drive)
à¾×�Íà»�¹¡ÒÃàµÃÕÂÁ¤ÇÒÁ¾ÃéÍÁãËé¼ÙéÍèÒ¹à¢éÒã¨¶Ö§¾×�¹°Ò¹µèÒ§æ ·Õ� à¡Õ�ÂÇ¢éÍ§¡ÑºÃÐºº¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅ
áºº´Ô¨Ô·ÑÅ ÃÇÁ·Ñ�§ËÅÑ¡¡ÒÃ·Ó§Ò¹¢Í§¡ÃÐºÇ¹¡ÒÃà¢ÕÂ¹áÅÐ¡ÒÃÍèÒ¹¢éÍÁÙÅã¹ÎÒÃì´´ÔÊ¡ìä´Ã¿ì ¡èÍ¹
·Õ�Í¸ÔºÒÂà¡Õ�ÂÇ¡Ñº¡ÒÃÇÔà¤ÃÒÐËìÃÐºº¡ÒÃ»ÃÐÁÇÅ¼ÅÊÑÒ³áÅÐ¡ÒÃÍÍ¡áººÇ§¨ÃÀÒ¤ÃÑº¢Í§ÎÒÃì´
´ÔÊ¡ìä´Ã¿ìã¹º·µèÍä»

1.1 ¾×�¹°Ò¹¢Í§¡ÒÃºÑ¹·Ö¡ÃÐººààÁèàËÅç¡ààºº´Ô¨Ô·ÑÅ
¡ÒÃºÑ¹·Ö¡ÃÐººáÁèàËÅç¡ (magnetic recording) ¤×Í ¡ÒÃ¨Ñ´à¡çº¢éÍÁÙÅºÔµãËéÍÂÙèã¹ÃÙ»¢Í§¡ÒÃà»ÅÕ�Â¹
á»Å§ÃÐ´ÑºÊÀÒ¾¤ÇÒÁà»�¹áÁèàËÅç¡ (magnetization) ã¹Ê×�ÍºÑ¹·Ö¡ «Ö�§ÊÒÁÒÃ¶áºè§ÍÍ¡à»�¹ 2 áºº
[1] ¤×Í áººáÍ¹ÐÅçÍ¡ (analog) áÅÐáºº´Ô¨Ô·ÑÅ (digital) ã¹Ë¹Ñ§Ê×ÍàÅèÁ¹Õ�¨Ð¾Ô¨ÒÃ³Òà©¾ÒÐ¡ÒÃ
ºÑ¹·Ö¡ÃÐººáÁèàËÅç¡áºº´Ô¨Ô·ÑÅ·Õ�ãªéÊÓËÃÑºÎÒÃì´´ÔÊ¡ìä´Ã¿ìà·èÒ¹Ñ�¹ â´Â·Õ� ¡ÒÃºÑ¹·Ö¡ÃÐººáÁèàËÅç¡
áºº´Ô¨Ô·ÑÅ¨Ðãªé»ÃÐâÂª¹ì¨Ò¡ÊÁºÑµÔ¢Í§¤ÇÒÁà»�¹áÁèàËÅç¡¢Í§ÇÑÊ´ØºÒ§ª¹Ô´ ·Õ�àÁ×�ÍÍÂÙèã¹Ê¶Ò¹ÐÍÔ�ÁµÑÇ
(saturated) áÅéÇ ¨Ð·ÓãËéÊÀÒ¾¤ÇÒÁà»�¹áÁèàËÅç¡ã¹Ê×�ÍºÑ¹·Ö¡ÁÕ·ÔÈ·Ò§ªÕ�ä»ã¹·ÔÈ·Ò§ã´·ÔÈ·Ò§Ë¹Ö�§
ËÃ×Íã¹·ÔÈ·Ò§µÃ§¡Ñ¹¢éÒÁ «Ö�§ÅÑ¡É³Ð¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅáºº¹Õ� ¨ÐàËÁÒÐÊÓËÃÑº¡ÒÃà¡çº¢éÍÁÙÅ´Ô¨Ô·ÑÅ·Õ�
ÁÕ 2 Ê¶Ò¹Ð ¤×Í ºÔµ �1� áÅÐºÔµ �0� ËÃ×Í·Õ�àÃÕÂ¡¡Ñ¹ÇèÒ �¢éÍÁÙÅäº¹ÒÃÕ (binary data)� à¾ÃÒÐ©Ð¹Ñ�¹
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ÃÙ»·Õ� 1.1: ËÅÑ¡¡ÒÃ¾×�¹°Ò¹¢Í§¡ÒÃºÑ¹·Ö¡ÃÐººáÁèàËÅç¡

ÇÑÊ´ØàËÅèÒ¹Õ�¨Ö§¶Ù¡¹ÓÁÒ·Óà»�¹Ê×�ÍºÑ¹·Ö¡à¾×�Íà¡çº¢éÍÁÙÅäº¹ÒÃÕ à¹×�Í§¨Ò¡¢éÍÁÙÅã¹»�¨¨ØºÑ¹ÊèÇ¹ÁÒ¡¨Ð
ÍÂÙèã¹ÃÙ»¢Í§¢éÍÁÙÅ´Ô¨Ô·ÑÅ àªè¹ ¢éÍÁÙÅã¹à¤Ã×�Í§¤ÍÁ¾ÔÇàµÍÃì áÅÐ¢éÍÁÙÅ·Õ�ÃÑºÊè§¼èÒ¹à¤Ã×Í¢èÒÂÍÔ¹à·ÍÃì
à¹çµ à»�¹µé¹ ¹Í¡¨Ò¡¹Õ� ¢éÍÁÙÅáÍ¹ÐÅçÍ¡¡çÊÒÁÒÃ¶·Õ�¨Ð¶Ù¡á»Å§ãËéÍÂÙèã¹ÃÙ»¢Í§¢éÍÁÙÅ´Ô¨Ô·ÑÅä´éà¾×�ÍãËé
§èÒÂµèÍ¡ÒÃ¨Ñ´à¡çº¢éÍÁÙÅ â´Â¼èÒ¹¢Ñ�¹µÍ¹¡ÒÃ¡Å�ÓÃËÑÊ¾ÑÅÊì (PCM: pulse code modulation) [2]
à¾ÃÒÐ©Ð¹Ñ�¹ ¡ÒÃºÑ¹·Ö¡ÃÐººáÁèàËÅç¡áºº´Ô¨Ô·ÑÅ¨Ö§àËÁÒÐÊÁ¡Ñº¡ÒÃà¡çº¢éÍÁÙÅã¹»�¨¨ØºÑ¹

ã¹»�¨¨ØºÑ¹¹Õ� ¤ÇÒÁµéÍ§¡ÒÃà¹×�Í·Õ�ã¹¡ÒÃ¨Ñ´à¡çº¢éÍÁÙÅ¢Í§ÍØ»¡Ã³ìÍÔàÅç¡·ÃÍ¹Ô¡ÊìµèÒ§æ ä´éá¡è ¤ÍÁ
¾ÔÇàµÍÃì, â·ÃÈÑ¾·ìà¤Å×�Í¹·Õ�, à¤Ã×�Í§àÅè¹à¾Å§áºº¾¡¾Ò, áÅÐ¡ÅéÍ§¶èÒÂÃÙ»´Ô¨Ô·ÑÅ à»�¹µé¹ ÁÕÁÒ¡¢Ö�¹
àÃ×�ÍÂæ à·¤â¹âÅÂÕ¡ÒÃºÑ¹·Ö¡ÃÐººáÁèàËÅç¡áºº´Ô¨Ô·ÑÅ ¶×Íä´éÇèÒà»�¹ ÇÔ¸Õ¡ÒÃËÅÑ¡·Õ�ãªéã¹¡ÒÃ¨Ñ´à¡çº
¢éÍÁÙÅ¢Í§§Ò¹»ÃÐÂØ¡µì (application) µèÒ§æ ÃÇÁä»¶Ö§ á¼è¹ºÑ¹·Ö¡áÁèàËÅç¡ (magnetic �oppy disk),
á¶ººÑ¹·Ö¡áÁèàËÅç¡ (magnetic tape), ÎÒÃì´´ÔÊ¡ìä´Ã¿ì, á¼è¹«Õ´Õ (CD: compact disc), áÅÐá¼è¹
´ÕÇÕ´Õ (DVD: digital versatile disc) à»�¹µé¹ ÍÂèÒ§äÃ¡çµÒÁ ·Ø¡§Ò¹»ÃÐÂØ¡µì¨ÐµÑ�§ÍÂÙèº¹¾×�¹°Ò¹¢Í§
ËÅÑ¡¡ÒÃ·Ó§Ò¹à´ÕÂÇ¡Ñ¹«Ö�§à¡Õ�ÂÇ¢éÍ§¡Ñº ËÑÇÍèÒ¹ (read head), ËÑÇà¢ÕÂ¹ (write head), áÅÐÊ×�ÍºÑ¹·Ö¡
áÁèàËÅç¡ (magnetic media) ´Ñ§áÊ´§ã¹ÃÙ»·Õ� 1.1 àÁ×�Í ËÑÇÍèÒ¹áÅÐËÑÇà¢ÕÂ¹áººÍÔ¹´Ñ¡·Õ¿ (inductive
head) ¨Ð·ÓÁÒ¨Ò¡ÊÒÃáÁèàËÅç¡ÃÙ»à¡×Í¡ÁéÒ·Õ�ÁÕ¤èÒÊÀÒ¾ÅºÅéÒ§áÁèàËÅç¡ (coercivity) µ�Ó áÅÐ¤èÒÊÀÒ¾
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ãËé«ÖÁ¼èÒ¹ä´é (permeability) ÊÙ§ [1, 3] â´Â¨ÐÁÕ¢´ÅÇ´¾Ñ¹ÍÂÙèÃÍºæ áÅÐÊ×�ÍºÑ¹·Ö¡¨Ð·ÓÁÒ¨Ò¡ÊÒÃ
áÁèàËÅç¡·Õ�ÁÕ¤èÒÊÀÒ¾ÅºÅéÒ§áÁèàËÅç¡ÊÙ§

ã¹Ë¹Ñ§Ê×ÍàÅèÁ¹Õ�¨Ð¡ÅèÒÇ¶Ö§à©¾ÒÐà·¤â¹âÅÂÕ¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅ 2 áºº ¤×Í ¡ÒÃºÑ¹·Ö¡áººá¹Ç
¹Í¹ (longitudinal recording) áÅÐ¡ÒÃºÑ¹·Ö¡áººá¹ÇµÑ�§ (perpendicular recording) â´Â·Õ� à·¤â¹
âÅÂÕ¡ÒÃºÑ¹·Ö¡áººá¹Ç¹Í¹à»�¹à·¤â¹âÅÂÕ·Õ�ãªéã¹¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅ¢Í§ÎÒÃì´´ÔÊ¡ìä´Ã¿ìµÑ�§áµèÍ´Õµ¨¹
¶Ö§»�¨¨ØºÑ¹ ¹Ñ�¹¤×Í ÊÀÒ¾¤ÇÒÁà»�¹áÁèàËÅç¡¢Í§Ê×�ÍºÑ¹·Ö¡¨Ð¢¹Ò¹¡ÑºÃÐ¹Òº¢Í§¨Ò¹ºÑ¹·Ö¡áÁèàËÅç¡
(magnetic disk) ´Ñ§·Õ�áÊ´§ã¹ÃÙ»·Õ� 1.1 ã¹¢³Ð·Õ� à·¤â¹âÅÂÕ¡ÒÃºÑ¹·Ö¡áººá¹ÇµÑ�§ä´éàÃÔ�Á·Õ�¨Ð¹ÓÁÒãªé
ÊÓËÃÑº¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅ¢Í§ÎÒÃì´´ÔÊ¡ìä´Ã¿ìã¹»�¨¨ØºÑ¹ â´ÂÊÀÒ¾¤ÇÒÁà»�¹áÁèàËÅç¡¢Í§Ê×�ÍºÑ¹·Ö¡¨Ð
µÑ�§©Ò¡¡ÑºÃÐ¹Òº¢Í§¨Ò¹ºÑ¹·Ö¡áÁèàËÅç¡ «Ö�§ã¹»�¨¨ØºÑ¹¹Õ� §Ò¹ÇÔ¨ÑÂ·Ò§´éÒ¹à·¤â¹âÅÂÕ¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅ
áººá¹ÇµÑ�§ä´é´Óà¹Ô¹ä»ÍÂèÒ§ÃÇ´àÃçÇ à¾ÃÒÐÇèÒ à·¤â¹âÅÂÕ¡ÒÃºÑ¹·Ö¡áººá¹Ç¹Í¹à¢éÒã¡Åé �¢Õ´¨Ó¡Ñ´
«Ùà»ÍÃì¾ÒÃÒáÁ¡à¹µÔ¡ (superparamagnetic limit)� [1, 3, 4, 10] ·ÓãËéäÁèÊÒÁÒÃ¶à¾Ô�Á¤ÇÒÁ¨Ø¢éÍÁÙÅ
¢Í§ÎÒÃì´´ÔÊ¡ìä´Ã¿ìä´éÁÒ¡¡ÇèÒ 1 à·ÃÐäºµì (TB: terabyte) ¹Í¡¨Ò¡¹Õ� à·¤â¹âÅÂÕ¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅ
áººá¹ÇµÑ�§ÊÒÁÒÃ¶ªèÇÂà¾Ô�Á¢¹Ò´¤ÇÒÁ¨Ø¢éÍÁÙÅ¢Í§ÎÒÃì´´ÔÊ¡ìä´Ã¿ìä´éËÅÒÂÊÔºà·èÒ àÁ×�Íà·ÕÂº¡Ñº¡ÒÃ
ãªéà·¤â¹âÅÂÕ¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅáººá¹Ç¹Í¹ [3, 5]

1.2 ààºº¨ÓÅÍ§¢Í§ÃÐºº¡ÒÃ¨Ñ´à¡çº¢éÍÁÙÅ´Ô¨Ô·ÑÅã¹ÎÒÃì´´ÔÊ¡ìä´Ã¿ì
ÃÐºº¡ÒÃ¨Ñ´à¡çº¢éÍÁÙÅ´Ô¨Ô·ÑÅ (digital data storage system) ã¹ÎÒÃì´´ÔÊ¡ìä´Ã¿ìÊÒÁÒÃ¶·Õ�¨Ð¨ÓÅÍ§à»�¹
á¼¹ÀÒ¾·Ñ�Çä»ä´é µÒÁÃÙ»·Õ� 1.2 àÁ×�Í ºÔµ¢èÒÇÊÒÃ (message bits) ¨Ð¶Ù¡·Ó¡ÒÃà¢éÒÃËÑÊâ´Â �Ç§¨Ãà¢éÒ
ÃËÑÊá¡éä¢¢éÍ¼Ô´¾ÅÒ´ (error�correction code (ECC) encoder)� â´Â·Õ� ÃËÑÊ RS (Reed Solomon
code) [7, 8] à»�¹ÃËÑÊ·Õ�¹ÔÂÁ¹ÓÁÒãªéã¹¡ÒÃà¢éÒÃËÑÊá¡éä¢¢éÍ¼Ô´¾ÅÒ´¢Í§ÎÒÃì´´ÔÊ¡ìä´Ã¿ìã¹»�¨¨ØºÑ¹
¨Ò¡¹Ñ�¹ ¢éÍÁÙÅ·Õ�à¢éÒÃËÑÊáÅéÇ¡ç¨Ð¶Ù¡·Ó¡ÒÃà¢éÒÃËÑÊÍÕ¡¤ÃÑ�§Ë¹Ö�§´éÇÂ �Ç§¨Ãà¢éÒÃËÑÊÁÍ´ÙàÅªÑ¹ (modu�
lation encoder)� à¾×�Í·ÓË¹éÒ·Õ�ã¹¡ÒÃ»ÃÑº¤Ø³ÊÁºÑµÔ¢Í§¢éÍÁÙÅãËéàËÁÒÐÊÁ¡ÑºªèÍ§ÊÑÒ³¢Í§ÎÒÃì´
´ÔÊ¡ìä´Ã¿ì àªè¹ ·ÓãËéÅÓ´Ñº¢éÍÁÙÅ (data sequence) ÁÕÃÙ»áººµÒÁ·Õ�µéÍ§¡ÒÃ ËÃ×Í·ÓãËéÅÓ´Ñº¢éÍÁÙÅäÁè
ÁÕÊèÇ¹»ÃÐ¡Íºä¿¿�Ò¡ÃÐáÊµÃ§ (d.c. component) à»�¹µé¹ ÃËÑÊ·Õ�¹ÔÂÁãªéã¹Ç§¨Ãà¢éÒÃËÑÊÁÍ´ÙàÅªÑ¹
¤×Í ÃËÑÊ RLL (run�length limited code) [9] ¢éÍÁÙÅàÍÒµì¾Øµ·Õ�ä´é¨Ò¡Ç§¨Ãà¢éÒÃËÑÊÁÍ´ÙàÅªÑ¹¨Ð¶×Í
ÇèÒà»�¹¢éÍÁÙÅ·Õ�¨Ð¶Ù¡à¢ÕÂ¹à¢éÒä»ã¹Ê×�ÍºÑ¹·Ö¡ «Ö�§¨ÐàÃÕÂ¡¡Ñ¹ÇèÒ �ºÔµ·Õ�¨Ð¶Ù¡ºÑ¹·Ö¡ (recorded bit)�



4 ÈÙ¹Âìà·¤â¹âÅÂÕÍÔàÅç¡·ÃÍ¹Ô¡ÊìààÅÐ¤ÍÁ¾ÔÇàµÍÃìààËè§ªÒµÔ

ECC
encoder

write head/medium/read head 
assembly

modulation
encoder

ECC
decoder

modulator

modulation
decoder read channel

message
bits

recorded 
bits

reproduced
bits

write current 
waveform

read-back voltage
waveform

A

estimated
message

bits

(e.g., RS codes) (e.g., RLL codes)

ÃÙ»·Õ� 1.2: áºº¨ÓÅÍ§·Ñ�Çä»¢Í§ÃÐºº¡ÒÃ¨Ñ´à¡çº¢éÍÁÙÅ´Ô¨Ô·ÑÅã¹ÎÒÃì´´ÔÊ¡ìä´Ã¿ì [6]

ËÅÑ§¨Ò¡¹Ñ�¹ ºÔµ·Õ�¨Ð¶Ù¡ºÑ¹·Ö¡¡ç¨Ð¶Ù¡Êè§ä»ÂÑ§ �Ç§¨ÃÁÍ´ÙàÅàµÍÃì (modulator)� à¾×�Íá»Å§¢éÍÁÙÅºÔµ
ãËéÍÂÙèã¹ÃÙ»¤Å×�¹¡ÃÐáÊä¿¿�Òà¢ÕÂ¹ (write current waveform) ¨Ò¡¹Ñ�¹ ÃÙ»¤Å×�¹¡ÃÐáÊä¿¿�Òà¢ÕÂ¹¡ç
¨Ð¶Ù¡»�Í¹ä»ÂÑ§ËÑÇà¢ÕÂ¹ à¾×�Í·Ó¡ÒÃà¢ÕÂ¹¢éÍÁÙÅÅ§ä»ã¹Ê×�ÍºÑ¹·Ö¡

ÊÓËÃÑº¢Ñ�¹µÍ¹ã¹¡ÒÃÍèÒ¹¢éÍÁÙÅ ËÑÇÍèÒ¹¨Ð·Ó¡ÒÃÍèÒ¹¢éÍÁÙÅ¨Ò¡Ê×�ÍºÑ¹·Ö¡ àÁ×�ÍËÑÇÍèÒ¹à¤Å×�Í¹·Õ�
ÁÒ¶Ö§ºÃÔàÇ³·Õ�ÁÕ¡ÒÃà»ÅÕ�Â¹á»Å§ÊÀÒ¾¤ÇÒÁà»�¹áÁèàËÅç¡1 (´ÙÃÙ»·Õ� 1.1) ¨Ðä´é¼ÅÅÑ¾¸ìÍÍ¡ÁÒà»�¹
ÊÑÒ³ÃÙ»¤Å×�¹áÃ§´Ñ¹ä¿¿�Ò ·Õ�àÃÕÂ¡¡Ñ¹ÇèÒ �ÊÑÒ³ read�back� ¨Ò¡¹Ñ�¹ ÊÑÒ³ read�back ¡ç¨Ð
¶Ù¡Êè§à¢éÒä»·Ó¡ÒÃ»ÃÐÁÇÅ¼Åã¹ªèÍ§ÊÑÒ³ÍèÒ¹ (read channel) «Ö�§»ÃÐ¡Íºä»´éÇÂÊèÇ¹»ÃÐ¡Íº
µèÒ§æ ä´éá¡è Ç§¨Ã¡ÃÍ§¼èÒ¹µ�Ó (LPF: low�pass �lter), Ç§¨ÃªÑ¡µÑÇÍÂèÒ§ (sampler ËÃ×Í analog�
to�digital converter), ÍÕ¤ÇÍäÅà«ÍÃì (equalizer), áÅÐÇ§¨ÃµÃÇ¨ËÒ (detector) à»�¹µé¹ â´Â¢éÍÁÙÅ
àÍÒµì¾Øµ·Õ�ä´é¡ç¨Ð¶Ù¡·Ó¡ÒÃ¶Í´ÃËÑÊ´éÇÂ Ç§¨Ã¶Í´ÃËÑÊÁÍ´ÙàÅªÑ¹ (modulation decoder) áÅÐÇ§¨Ã
¶Í´ÃËÑÊá¡éä¢¢éÍ¼Ô´¾ÅÒ´ (ECC decoder) à¾×�ÍËÒ¤èÒ»ÃÐÁÒ³¢Í§ºÔµ¢èÒÇÊÒÃ·Õ�Êè§ÁÒ¨Ò¡µé¹·Ò§

1ã¹·Ò§ÎÒÃì´´ÔÊ¡ìä´Ã¿ì ºÃÔàÇ³·Õ�ÁÕ¡ÒÃà»ÅÕ�Â¹á»Å§ÊÀÒ¾¤ÇÒÁà»�¹áÁèàËÅç¡ ¨Ð¶Ù¡á·¹´éÇÂ¢éÍÁÙÅºÔµ �1� áÅÐºÃÔàÇ³
·Õ�ÁÕäÁè¡ÒÃà»ÅÕ�Â¹á»Å§ÊÀÒ¾¤ÇÒÁà»�¹áÁèàËÅç¡ ¨Ð¶Ù¡á·¹´éÇÂ¢éÍÁÙÅºÔµ �0� â´Â·Õ� ÃÙ»áºº¢éÍÁÙÅÅÑ¡É³Ð¹Õ�¨ÐàÃÕÂ¡¡Ñ¹ÇèÒ
�ÃÙ»áºº NRZI (non�return�to�zero interleaved)� àÁ×�Í ¢éÍÁÙÅºÔµ �1� ËÁÒÂ¶Ö§ ÁÕ¡ÒÃà»ÅÕ�Â¹Ê¶Ò¹Ð (transition) áÅÐ
¢éÍÁÙÅºÔµ �0� ËÁÒÂ¶Ö§ äÁèÁÕ¡ÒÃà»ÅÕ�Â¹Ê¶Ò¹Ð
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1.3 ¡ÃÐºÇ¹¡ÒÃà¢ÕÂ¹
ã¹ÃÐËÇèÒ§¡ÃÐºÇ¹¡ÒÃà¢ÕÂ¹¢éÍÁÙÅ [10] ¢éÍÁÙÅºÔµ¨Ð¶Ù¡á»Å§ãËéÍÂÙèã¹ÃÙ»¤Å×�¹¡ÃÐáÊä¿¿�ÒÃÙ»ÊÕ�àËÅÕ�ÂÁ
(rectangular current waveform) ·Õ�àÃÕÂ¡¡Ñ¹ÇèÒ �¡ÃÐáÊä¿¿�Òà¢ÕÂ¹ (write current)� (´ÙÃÙ»·Õ� 1.1)
â´ÂÇ§¨ÃÁÍ´ÙàÅàµÍÃì (modulator) [1, 4] ¨Ò¡¹Ñ�¹ ¡ÃÐáÊä¿¿�Òà¢ÕÂ¹¨Ð¶Ù¡»�Í¹ä»ÂÑ§¢´ÅÇ´¢Í§ËÑÇ
à¢ÕÂ¹ (write head) ·ÓãËéà¡Ô´à»�¹Ê¹ÒÁà¢ÕÂ¹áÁèàËÅç¡ (magnetic write �eld) ºÃÔàÇ³ªèÍ§ÇèÒ§ (gap)
ÃÐËÇèÒ§Ê×�ÍºÑ¹·Ö¡¡ÑºËÑÇà¢ÕÂ¹ â´Â·Ñ�Çä» Ê¹ÒÁà¢ÕÂ¹áÁèàËÅç¡¨ÐµéÍ§ÁÕ¢¹Ò´ËÃ×Í¤ÇÒÁà¢éÁÁÒ¡¡ÇèÒ
ÊÀÒ¾ÅºÅéÒ§áÁèàËÅç¡¢Í§Ê×�ÍºÑ¹·Ö¡ à¾×�Í·Õ�¨Ðä´éÊÒÁÒÃ¶·ÓãËéÊ×�ÍºÑ¹·Ö¡ ³ ºÃÔàÇ³¹Ñ�¹ÁÕÊÀÒ¾¤ÇÒÁ
à»�è¹áÁèàËÅç¡µÒÁ·ÔÈ·Ò§¢Í§Ê¹ÒÁà¢ÕÂ¹áÁèàËÅç¡·Õ�»�Í¹à¢éÒä» ¹Í¡¨Ò¡¹Õ� ¡ÒÃà»ÅÕ�Â¹Ê¶Ò¹ÐÊÀÒ¾
¤ÇÒÁà»�¹áÁèàËÅç¡ (magnetization transition) ¢Í§Ê×�ÍºÑ¹·Ö¡ ÊÒÁÒÃ¶·Óä´éâ´Â¡ÒÃà»ÅÕ�Â¹á»Å§
·ÔÈ·Ò§¢Í§Ê¹ÒÁáÁèàËÅç¡ÊÓËÃÑºà¢ÕÂ¹ (ËÃ×Í·ÔÈ·Ò§¢Í§¡ÃÐáÊä¿¿�Òà¢ÕÂ¹) à¾×�ÍãËéÊÍ´¤ÅéÍ§¡Ñº¡ÒÃ
à¢ÕÂ¹¢éÍÁÙÅºÔµ 0 áÅÐºÔµ 1

ã¹·Ò§»¯ÔºÑµÔ ÃÐºº¡ÒÃ¨Ñ´à¡çº¢éÍÁÙÅ´Ô¨Ô·ÑÅã¹ÎÒÃì´´ÔÊ¡ìä´Ã¿ì¨Ðãªé �¡ÒÃºÑ¹·Ö¡áººäº¹ÒÃÕ (bina�
ry recording)� ¹Ñ�¹¤×Í ÊÀÒ¾¤ÇÒÁà»�¹áÁèàËÅç¡·Õ�ÍÂÙèã¹Ê×�ÍºÑ¹·Ö¡¨ÐÁÕà¾ÕÂ§ 2 ·ÔÈ·Ò§à·èÒ¹Ñ�¹2 ËÃ×Í
¡ÅèÒÇÍÕ¡¹ÑÂË¹Ö�§¤×Í ÃÐººÊÒÁÒÃ¶ºÑ¹·Ö¡¢éÍÁÙÅä´éà¾ÕÂ§ 2 ÃÐ´Ñº (ËÃ×Í 2 ¤èÒ) à·èÒ¹Ñ�¹ «Ö�§µèÒ§¨Ò¡
¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅ¢Í§´ÕÇÕ´Õ (DVD) ·Õ�ÊÒÁÒÃ¶ºÑ¹·Ö¡¢éÍÁÙÅä´éËÅÒÂæ ÃÐ´Ñº ·Ñ�§¹Õ�à»�¹à¾ÃÒÐÇèÒ â´Â»¡µÔ
¡ÃÐºÇ¹¡ÒÃà¢ÕÂ¹¢éÍÁÙÅÁÕ¤ÇÒÁäÁèà»�¹àªÔ§àÊé¹ (nonlinearity) ÍÂÙè¾ÍÊÁ¤ÇÃ ´Ñ§¹Ñ�¹ ¶éÒ·Ó¡ÒÃºÑ¹·Ö¡
¢éÍÁÙÅÁÒ¡¡ÇèÒ 2 ÃÐ´ÑºÅ§ä»ã¹Ê×�ÍºÑ¹·Ö¡¢Í§ÎÒÃì´´ÔÊ¡ìä´Ã¿ì ¼Å¡ÃÐ·º·Õ�à¡Ô´¨Ò¡¤ÇÒÁäÁèà»�¹àªÔ§àÊé¹
¡ç¨ÐÂÔ�§ÁÕ¤ÇÒÁÃØ¹áÃ§ÁÒ¡¢Ö�¹ «Ö�§¨ÐÊè§¼Å·ÓãËé»ÃÐÊÔ·¸ÔÀÒ¾ÃÇÁ¢Í§ÃÐººáÂèÅ§ÁÒ¡ [4]

1.4 ¡ÃÐºÇ¹¡ÒÃÍèÒ¹
ã¹ÃÐËÇèÒ§¡ÃÐºÇ¹¡ÒÃÍèÒ¹¢éÍÁÙÅ [10] ËÑÇÍèÒ¹¨Ð·Ó¡ÒÃµÃÇ¨¨Ñº¡ÒÃà»ÅÕ�Â¹á»Å§¿ÅÑ¡«ìáÁèàËÅç¡ (mag�
netic �ux) ³ µÓáË¹è§·Õ�ÁÕ¡ÒÃà»ÅÕ�Â¹Ê¶Ò¹ÐÊÀÒ¾¤ÇÒÁà»�¹áÁèàËÅç¡ «Ö�§à»�¹¼Å·ÓãËéà¡Ô´à»�¹ÊÑÒ³
¾ÑÅÊìáÃ§´Ñ¹ä¿¿�ÒàË¹Õ�ÂÇ¹Óã¹¢´ÅÇ´ µÒÁ¡®¢Í§¿ÒÃÒà´Âì (Faraday�s law) ÊÓËÃÑººÃÔàÇ³·Õ�ÁÕ¡ÒÃ

2¶éÒ¾Ô¨ÒÃ³Ò·ÔÈ·Ò§¢Í§Ê¹ÒÁáÁèàËÅç¡¨Ò¡¢Ñ�ÇàË¹×Íä»¢Ñ�Çãµé (ËÃ×Í ¨Ò¡¢Ñ�ÇºÇ¡ä»¢Ñ�ÇÅº) ¡ÒÃºÑ¹·Ö¡áººá¹Ç¹Í¹¨ÐÁÕ
ÅÑ¡É³Ðà»�¹áºº¢ÇÒä»«éÒÂ ËÃ×Í«éÒÂä»¢ÇÒ ã¹¢³Ð·Õ� ¡ÒÃºÑ¹·Ö¡áººá¹ÇµÑ�§¨Ðà»�¹áººº¹Å§ÅèÒ§ ËÃ×ÍÅèÒ§¢Ö�¹º¹ à·èÒ¹Ñ�¹
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à»ÅÕ�Â¹Ê¶Ò¹ÐàÍ¡à·È (isolated transition) ËÑÇÍèÒ¹¨ÐãËéÊÑÒ³¾ÑÅÊìáÃ§´Ñ¹ä¿¿�Ò ·Õ�àÃÕÂ¡¡Ñ¹ÇèÒ
�ÊÑÒ³¾ÑÅÊìà»ÅÕ�Â¹Ê¶Ò¹Ð (transition pulse)� g(t) ËÃ×Í −g(t) â´Â¨Ð¢Ö�¹ÍÂÙè¡Ñº·ÔÈ·Ò§¢Í§
ÊÀÒ¾¤ÇÒÁà»�¹áÁèàËÅç¡ã¹Ê×�ÍºÑ¹·Ö¡ (´ÙÃÙ»·Õ� 1.1)

ÊÓËÃÑºÃÐºº¡ÒÃºÑ¹·Ö¡áººá¹Ç¹Í¹ ÊÑÒ³¾ÑÅÊìà»ÅÕ�Â¹Ê¶Ò¹Ð (ËÃ×Í ÊÑÒ³¾ÑÅÊì Lorent�
zian) ÊÒÁÒÃ¶à¢ÕÂ¹ãËéÍÂÙèã¹ÃÙ»¢Í§ÊÁ¡ÒÃ·Ò§¤³ÔµÈÒÊµÃìä´é ¤×Í [4]

g(t) =
1

1 +
(

2t
PW50

)2 (1.1)

àÁ×�Í PW50 ¤×Í ¤ÇÒÁ¡ÇéÒ§¢Í§ÊÑÒ³¾ÑÅÊì g(t) ÇÑ´ ³ µÓáË¹è§·Õ�ÊÑÒ³¾ÑÅÊìÁÕ¤ÇÒÁÊÙ§à»�¹
¤ÃÖ�§Ë¹Ö�§¢Í§¤ÇÒÁÊÙ§ÊÙ§ÊØ´ áÅÐÊÓËÃÑº¡ÒÃºÑ¹·Ö¡áººá¹ÇµÑ�§ ÊÑÒ³¾ÑÅÊìà»ÅÕ�Â¹Ê¶Ò¹Ð¨ÐÁÕÃÙ»
ÊÁ¡ÒÃ ¤×Í [11]

g(t) = erf

(
2t
√

ln 2
PW50

)
(1.2)

àÁ×�Í ln(·) ¤×Í ÅÍ¡ÒÃÔ·ÖÁ¸ÃÃÁªÒµÔ (natural logarithm), erf(·) ¤×Í ¿�§¡ìªÑ¹¢éÍ¼Ô´¾ÅÒ´ (error func�
tion) «Ö�§¹ÔÂÒÁâ´Â erf(x) = 2√

π

∫ x
0 e−t2dt, áÅÐ PW50 ¤×Í ¤ÇÒÁ¡ÇéÒ§¢Í§¾ÑÅÊì g′(t) ËÃ×Í Í¹Ø¾Ñ¹¸ì

¢Í§ g(t) ÇÑ´ ³ µÓáË¹è§·Õ�ÊÑÒ³¾ÑÅÊìÁÕ¤ÇÒÁÊÙ§à»�¹¤ÃÖ�§Ë¹Ö�§¢Í§¤ÇÒÁÊÙ§ÊÙ§ÊØ´
ã¹ÃÐºº¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅ¢Í§ÎÒÃì´´ÔÊ¡ìä´Ã¿ì ¤ÇÒÁË¹Òá¹è¹¢Í§¡ÒÃºÑ¹·Ö¡áºº¹ÍÃìÁÍÅäÅ«ì

(ND: normalized recording density) ËÃ×Í ¤ÇÒÁË¹Òá¹è¹¢Í§¡ÒÃºÑ¹·Ö¡¢éÍÁÙÅ [4] ¨Ð¹ÔÂÒÁâ´Â

ND =
PW50

T
(1.3)

àÁ×�Í T ¤×Í ¤ÒºàÇÅÒ¢Í§¢éÍÁÙÅË¹Ö�§ºÔµ ËÃ×Í·Õ�àÃÕÂ¡¡Ñ¹ÇèÒ �ºÔµà«ÅÅì (bit cell)� «Ö�§¨Ðà»�¹µÑÇºè§ºÍ¡
ÇèÒ ºÃÔàÇ³ PW50 ÊÒÁÒÃ¶·Õ�¨Ð¨Ñ´à¡çº¢éÍÁÙÅä´é¨Ó¹Ç¹¡Õ�ºÔµ ´Ñ§¹Ñ�¹ ¶éÒ¡ÓË¹´ãËé T à»�¹¤èÒ¤§·Õ� àÁ×�Í
¤èÒ PW50 ËÃ×Í ND à¾Ô�Á¢Ö�¹ ¡çËÁÒÂ¤ÇÒÁÇèÒ ÎÒÃì´´ÔÊ¡ìä´Ã¿ìÊÒÁÒÃ¶¨Ø¢éÍÁÙÅä´éÁÒ¡¢Ö�¹ ÃÙ»·Õ� 1.3
áÊ´§¼ÅµÍºÊ¹Í§¡ÒÃà»ÅÕ�Â¹Ê¶Ò¹ÐÊÓËÃÑº¡ÒÃºÑ¹·Ö¡áººá¹Ç¹Í¹áÅÐáººá¹ÇµÑ�§ ³ ÃÐ´Ñº ND
µèÒ§æ ¨ÐàËç¹ä´éÇèÒ ÊÑÒ³¾ÑÅÊìà»ÅÕ�Â¹Ê¶Ò¹Ð¢Í§·Ñ�§ 2 ÃÐºº¨Ð¤ÃÍº¤ÅØÁªèÇ§àÇÅÒËÅÒÂæ ºÔµà«ÅÅì
â´Âà©¾ÒÐÍÂèÒ§ÂÔ�§ àÁ×�Í ND ÁÕ¤èÒà¾Ô�Á¢Ö�¹ ËÃ×ÍÍÒ¨¨Ð¡ÅèÒÇä´éÇèÒ ¡ÒÃá·Ã¡ÊÍ´ÃÐËÇèÒ§ÊÑÅÑ¡É³ì
(ISI: intersymbol interference) ã¹ÊÑÒ³ read�back ¨ÐÁÕ¤ÇÒÁÃØ¹áÃ§ÁÒ¡¢Ö�¹ àÁ×�Í ND ÁÕ¤èÒ



1.4. ¡ÃÐºÇ¹¡ÒÃÍèÒ¹ 7

−5 0 5
0

0.2

0.4

0.6

0.8

1

(a)   t/T

A
m

pl
itu

de

ND = 2

ND = 2.5

ND = 3

−5 0 5

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

(b)   t/T

A
m

pl
itu

de

ND = 2

ND = 2.5

ND = 3

ÃÙ»·Õ� 1.3: ÊÑÒ³¾ÑÅÊìà»ÅÕ�Â¹Ê¶Ò¹Ð ÊÓËÃÑº¡ÒÃºÑ¹·Ö¡ (a) áººá¹Ç¹Í¹ áÅÐ (b) áººá¹ÇµÑ�§

à¾Ô�Á¢Ö�¹ à¹×�Í§¨Ò¡ âÍ¡ÒÊ·Õ�ÊÑÒ³¾ÑÅÊìà»ÅÕ�Â¹Ê¶Ò¹Ð·Õ�ÍÂÙèã¡Åé¡Ñ¹¨ÐÁÒ«éÍ¹àËÅ×�ÍÁ (overlap) ¡Ñ¹ÁÕ
¤ÇÒÁà»�¹ä»ä´éÊÙ§

ã¹¡Ã³Õ·Õ�ËÑÇÍèÒ¹à¤Å×�Í¹·Õ�ÁÒ¶Ö§ºÃÔàÇ³·Õ�ÁÕµÓáË¹è§¡ÒÃà»ÅÕ�Â¹Ê¶Ò¹ÐµÔ´¡Ñ¹ 2 ¤ÃÑ�§ ÊÑÒ³¾ÑÅÊì
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ÊØ·¸Ô·Õ�ä´é ¨ÐàÃÕÂ¡¡Ñ¹ÇèÒ �ÊÑÒ³¾ÑÅÊìä´ºÔµ (dibit pulse)� ËÃ×Í �¼ÅµÍºÊ¹Í§ä´ºÔµ (dibit re�
sponse)� [4] «Ö�§ÁÕ¤èÒà·èÒ¡Ñº

m(t) = g(t)− g(t− T ) (1.4)
´Ñ§áÊ´§ã¹ÃÙ»·Õ� 1.4

¶éÒãªé¡ÒÃá»Å§¿ÙàÃÕÂÃì·Õ�µèÍà¹×�Í§·Ò§àÇÅÒ (continuous�time Fourier transform) [12] ¡ÑºÊÑÒ³
m(t) ¨Ðä´éÇèÒ ¼ÅµÍºÊ¹Í§àªÔ§¤ÇÒÁ¶Õ� (frequency response) ¢Í§ m(t) ÊÓËÃÑºÃÐºº¡ÒÃºÑ¹·Ö¡
áººá¹Ç¹Í¹ ¤×Í

M(Ω) = exp{−π|Ω|ND} (1− exp{−j2πΩ}) (1.5)
àÁ×�Í exp{·} ¤×Í ¿�§¡ìªÑ¹àÅ¢ªÕ�¡ÓÅÑ§ (exponential function) ã¹¢³Ð·Õ� ¼ÅµÍºÊ¹Í§àªÔ§¤ÇÒÁ¶Õ�¢Í§
m(t) ÊÓËÃÑºÃÐºº¡ÒÃºÑ¹·Ö¡áººá¹ÇµÑ�§ ¤×Í

M(Ω) =
T

jπΩ
exp

{
−π2Ω2ND2

ln(16)

}
(1− exp{−j2πΩ}) (1.6)

àÁ×�Í Ω = fT ¤×Í ¤ÇÒÁ¶Õ�áºº¹ÍÃìÁÍÅäÅ«ì (normalized frequency), f ¤×Í ¤ÇÒÁ¶Õ� ÁÕË¹èÇÂà»�¹
àÎÔÃµ«ì (Hertz), |x| ¤×Í ¤èÒÊÑÁºÙÃ³ì (absolute value) ¢Í§ x, áÅÐ j =

√−1 ¤×Í Ë¹èÇÂ¨Ô¹µÀÒ¾
(imadinary unit) ÃÙ»·Õ� 1.5 áÊ´§¼ÅµÍºÊ¹Í§àªÔ§¤ÇÒÁ¶Õ�¢Í§ÊÑÒ³¾ÑÅÊìä´ºÔµ ¨ÐàËç¹ä´éÇèÒ àÁ×�Í
ND à¾Ô�Á¢Ö�¹ ÃÙ»ÃèÒ§¢Í§¼ÅµÍºÊ¹Í§àªÔ§¤ÇÒÁ¶Õ�¢Í§ÊÑÒ³¾ÑÅÊìä´ºÔµ·Ñ�§ 2 áºº¨Ð¶Ù¡ºÕºãËéÁÒ
ÍÂÙè ³ ºÃÔàÇ³¤ÇÒÁ¶Õ�µ�Ó ¹Í¡¨Ò¡¹Õ� ªèÍ§ÊÑÒ³¢Í§¡ÒÃºÑ¹·Ö¡áººá¹Ç¹Í¹¨ÐÁÕÊà»¡µÃÑÁ¤èÒÈÙ¹Âì
(spectral null) ³ µÓáË¹è§·Õ�¤ÇÒÁ¶Õ� f = 0 «Ö�§ËÁÒÂ¶Ö§ äÁèÁÕÊèÇ¹»ÃÐ¡Íºä¿¿�Ò¡ÃÐáÊµÃ§ ã¹¢³Ð·Õ�
ªèÍ§ÊÑÒ³¢Í§¡ÒÃºÑ¹·Ö¡áººá¹ÇµÑ�§¨ÐÁÕÊèÇ¹»ÃÐ¡Íºä¿¿�Ò¡ÃÐáÊµÃ§
ËÁÒÂàËµØ ã¹Ë¹Ñ§Ê×ÍàÅèÁ¹Õ�¨Ðãªéâ»Ãá¡ÃÁ SCILAB3 [14] ã¹¡ÒÃÇÒ´ÃÙ»¡ÃÒ¿¢Í§ÊÑÒ³µèÒ§æ
ÃÇÁ·Ñ�§¼Å¡ÒÃ·´ÅÍ§·Õ�ä´é¨Ò¡¡ÒÃ·Ó¡ÒÃ¨ÓÅÍ§ (simulation) ÃÐºº ¼ÙéÍèÒ¹¤ÇÃ·Õ�¨Ð¾ÂÒÂÒÁ·´ÅÍ§
ÇÒ´ÃÙ»¡ÃÒ¿µèÒ§æ ã¹Ë¹Ñ§Ê×ÍàÅèÁ¹Õ� à¾×�Í·Õ�¨Ðä´éªèÇÂ·ÓãËéà¢éÒã¨ã¹º·àÃÕÂ¹ÁÒ¡ÂÔ�§¢Ö�¹

3â»Ãá¡ÃÁ SCILAB à»�¹â»Ãá¡ÃÁ·Õ�ÊÒÁÒÃ¶·Ó§Ò¹ä´éÍÂèÒ§ÁÕ»ÃÐÊÔ·¸ÔÀÒ¾ã¡Åéà¤ÕÂ§¡Ñºâ»Ãá¡ÃÁ MATLAB [13] «Ö�§
¤èÒÅÔ¢ÊÔ·¸Ô�«Í¿µìáÇÃì¢Í§â»Ãá¡ÃÁ MATLAB ÁÕÃÒ¤Òá¾§ÁÒ¡ áµèâ»Ãá¡ÃÁ SCILAB à»�¹â»Ãá¡ÃÁ·Õ�ãËé¿ÃÕ (freeware)
¼ÙéÍèÒ¹ÊÒÁÒÃ¶´ÒÇ¹ìâËÅ´µÑÇâ»Ãá¡ÃÁä´é¨Ò¡ http//www.scilab.org ËÃ×Í http://home.npru.ac.th/∼t3058/Scilab.html
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ÃÙ»·Õ� 1.4: ¼ÅµÍºÊ¹Í§ä´ºÔµ ÊÓËÃÑº¡ÒÃºÑ¹·Ö¡ (a) áººá¹Ç¹Í¹ áÅÐ (b) áººá¹ÇµÑ�§

1.5 ààºº¨ÓÅÍ§ªèÍ§ÊÑÒ³¡ÒÃºÑ¹·Ö¡ÃÐººààÁèàËÅç¡
â´Â·Ñ�Çä» ªèÍ§ÊÑÒ³¢Í§ÃÐºº¡ÒÃºÑ¹·Ö¡áÁèàËÅç¡ÊÒÁÒÃ¶¨ÓÅÍ§ä´éà»�¹ 2 áºº ¤×Í áºº¨ÓÅÍ§
ªèÍ§ÊÑÒ³àÊÁ×Í¹¨ÃÔ§ (realistic channel model) áÅÐáºº¨ÓÅÍ§ªèÍ§ÊÑÒ³ÍØ´Á¤µÔ (ideal




