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“áâ®©ç¨¢®áâì á�¬®á¨−åà®−−ëå ª®¬¡¨−�æ¨®−−ëå áå¥¬ ª ªà�âª®¢à¥¬¥−−ë¬ ‹‘

ç¥−−®¬ −�¯àï¦¥−¨¨ ¯¨â�−¨ï, áâ�¢¨â §�¤�çã ®¡¥á¯¥ç¥−¨ï ¨å −�¤¥¦−®áâ¨ ¨ á¡®-
¥ãáâ®©ç¨¢®áâ¨. �¥¡«�£®¯à¨ïâ−ë¥ ä�ªâ®àë á¯®á®¡−ë ¢ë§¢�âì ªà¨â¨ç¥áª¨© ‹‘
¢ ª®¬¡¨−�æ¨®−−®© áå¥¬¥. �®íâ®¬ã §�¤�ç� �−�«¨§� ¯®ï¢«¥−¨ï ¨ à�á¯à®áâà�−¥−¨ï
‹‘ ¢ æ¨äà®¢ëå áå¥¬�å ï¢«ï¥âáï �ªâã�«ì−®©.

‚ á¨−åà®−−ëå áå¥¬�å ¤�¦¥ ªà�âª®¢à¥¬¥−−®¥ ¨§¬¥−¥−¨¥ á¨£−�«�, ¯à®¨§®è¥¤-
è¥¥ −¥¯®áà¥¤áâ¢¥−−® ¯¥à¥¤ �ªâ¨¢−ë¬ äà®−â®¬ â�ªâ®¢®£® ¨¬¯ã«ìá�, á ¡®«ìè®©
¢¥à®ïâ−®áâìî §�¯¨è¥âáï ¢ à¥£¨áâà ¨ ¨á¯®àâ¨â ¤�−−ë¥. ‘�¬®á¨−åà®−−ë¥ áå¥-
¬ë [1, 2] á¯®á®¡−ë ¤¥â¥ªâ¨à®¢�âì ¯®ï¢«¥−¨¥ ‹‘ ¨ ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ «¨¡®
§�¬�áª¨à®¢�âì ¥£®, «¨¡® ¯à¨®áâ�−®¢¨âì ®¡à�¡®âªã ¤�−−ëå ¤® ¥£® ®ª®−ç�−¨ï.

‚ ¤�−−®© áâ�âì¥ à�áá¬�âà¨¢�¥âáï ¯à®¡«¥¬� á¡®¥ãáâ®©ç¨¢®áâ¨ ª®¬¡¨−�æ¨®−-
−ëå æ¨äà®¢ëå ‘‘-áå¥¬, ¨§£®â®¢«¥−−ëå ¯® á®¢à¥¬¥−−®© ŠŒ„�-â¥å−®«®£¨¨
á ¯à®¥ªâ−ë¬¨ −®à¬�¬¨ 65 −¬ ¨ −¨¦¥, ¨ ¯à¥¤«�£�îâáï á¯®á®¡ë ¨å §�é¨âë ®â
ªà�âª®¢à¥¬¥−−ëå ‹‘.

2 Типы логических сбоев в комбинационных самосинхронных схемах

÷�áá¬�âà¨¢�¥¬ë¥ ‘‘-áå¥¬ë ¨á¯®«ì§ãîâ ¯�à�ä�§−®¥ á® á¯¥©á¥à®¬ (�”‘)
ª®¤¨à®¢�−¨¥ á¨£−�«®¢ ¨ áâà®£® á®¡«î¤�îâ ¯à¨−æ¨¯ §�¯à®á-®â¢¥â−®£® ¢§�¨¬®¤¥©-
áâ¢¨ï á®á¥¤−¨å ¢ âà�ªâ¥ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ‘‘ äã−ªæ¨®−�«ì−ëå ¡«®ª®¢.
‹î¡ãî ‘‘-áå¥¬ã ¬®¦−® áâàãªâãà−® à�§¤¥«¨âì −� ¤¢¥ ç�áâ¨: ¨−ä®à¬�æ¨®−−ãî,
à¥�«¨§ãîéãî �«£®à¨â¬ ®¡à�¡®âª¨ ¤�−−ëå, ¨ ¨−¤¨ª�â®à−ãî, ¯®¤â¢¥à¦¤�îéãî
®ª®−ç�−¨¥ ¯¥à¥ª«îç¥−¨ï ¨−ä®à¬�æ¨®−−®© ç�áâ¨ ¢ â¥ªãéãî ä�§ã à�¡®âë. �®-
ï¢«¥−¨¥ ‹‘ ¢ íâ¨å ç�áâïå ‘‘-áå¥¬ë ¯®-à�§−®¬ã ¢«¨ï¥â −� à�¡®â®á¯®á®¡−®áâì
‘‘-áå¥¬ë.

2.1 Механизмы появления логических сбоев в КМДП-схемах

‘ãé¥áâ¢ãîâ ¤¢� ®á−®¢−ëå ¬¥å�−¨§¬� ¢®§−¨ª−®¢¥−¨ï ‹‘: ¨®−¨§�æ¨®−−ë© [3]
¨ ¥¬ª®áâ−®© [4]. ˆ®−¨§�æ¨®−−ë© ¬¥å�−¨§¬ §�¯ãáª�¥âáï ï¤¥à−®© ç�áâ¨æ¥© ¨«¨
ª®á¬¨ç¥áª¨¬ «ãç®¬, ¯à®−¨ª�îé¨¬ ¢ ¯®«ã¯à®¢®¤−¨ª. �à®«¥â ï¤¥à−®© ç�áâ¨æë
ç¥à¥§ â¥«® ¯®«ã¯à®¢®¤−¨ª� ¢ë§ë¢�¥â ¨¬¯ã«ìá−ë© â®ª ¨®−¨§�æ¨¨ ¤«¨â¥«ì−®áâìî
10−11{10−8 á [5] ¨ ¬®¦¥â ¢ë§¢�âì á¡®©−®¥ ¯¥à¥ª«îç¥−¨¥ í«¥¬¥−â®¢ áå¥¬ë.

‚â®à®© ¨áâ®ç−¨ª ‹‘ | −�¢®¤ª¨ ç¥à¥§ ¯�à�§¨â−ãî ¥¬ª®áâ−ãî á¢ï§ì âà�áá
¬¥¦á®¥¤¨−¥−¨© ¨ è¨− ¯¨â�−¨ï ¨ ú§¥¬«¨û ¢ â®¯®«®£¨ç¥áª®© à¥�«¨§�æ¨¨ ŠŒ„�
�ˆ‘ (¡®«ìè¨å ¨−â¥£à�«ì−ëå áå¥¬). ÷¨áã−®ª 1 ¤¥¬®−áâà¨àã¥â ã¯à®é¥−−ãî
¬®¤¥«ì ¯¥à¥ªà¥áâ−ëå −�¢®¤®ª ¤«ï ã−�à−®£® á¨£−�«� • [4] ¨ �”‘-á¨£−�«� (•,
•‚). ’à�áá�-ú¦¥àâ¢�û ã−�à−®£® á¨£−�«� X á¢ï§�−� ¯�à�§¨â−ë¬¨ ¥¬ª®áâï¬¨
CA1X ¨ CA2X á á®á¥¤−¨¬¨ âà�áá�¬¨-ú�£à¥áá®à�¬¨û A1 ¨ A2 ¨ ¯�à�§¨â−®© ¥¬-
ª®áâìî CX | á ¯®¤«®¦ª®© (à¨á. 1, �). ‚ −�¨åã¤è¥¬ á«ãç�¥, ¯à¨ ®¤−®¢à¥¬¥−−®¬
¯¥à¥ª«îç¥−¨¨ âà�áá-ú�£à¥áá®à®¢û ¢ ®¤−®¬ −�¯à�¢«¥−¨¨, −� âà�áá¥-ú¦¥àâ¢¥û
¨−¤ãæ¨àã¥âáï ¨¬¯ã«ìá −�¯àï¦¥−¨ï, �¬¯«¨âã¤� ª®â®à®£® ¯à®¯®àæ¨®−�«ì−� ®â-
−®è¥−¨î (CA1X + CA2X)/(CA1X + CA2X + CX). …£® ¤«¨â¥«ì−®áâì §�¢¨á¨â ®â
¤«¨â¥«ì−®áâ¨ äà®−â� (á¯�¤�) á¨£−�«®¢ −� âà�áá�å-ú�£à¥áá®à�åû ¨ −�£àã§®ç−®©
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, ā. ‚. ÷®¦¤¥áâ¢¥−áª¨© ¨ ¤à.

÷¨á. 1 Œ®¤¥«ì ¯¥à¥ªà¥áâ−ëå −�¢®¤®ª ¤«ï ã−�à−®£® á¨£−�«� (�) ¨ �”‘-á¨£−�«� (¡)

á¯®á®¡−®áâ¨ ¤à�©¢¥à� á¨£−�«� •. �¡ëç−® ®−� ¬¥−ìè¥ ¤«¨â¥«ì−®áâ¨ ‹‘, ¢ë§¢�−-
−®£® ¨®−¨§�æ¨®−−ë¬ ¬¥å�−¨§¬®¬.

…á«¨ ª®¬¯®−¥−âë ®¤−®£® �”‘-á¨£−�«� ¨¬¥îâ à�§−ëå á®á¥¤¥©, â® ¢ −�¨åã¤-
è¥¬ á«ãç�¥ ¢®§¬®¦−® ®¤−®¢à¥¬¥−−®¥ ¯®ï¢«¥−¨¥ −� −¨å ¨¬¯ã«ìá®¢ −�¯àï¦¥−¨ï
à�§−®© ¯®«ïà−®áâ¨. �â® ¬®¦¥â ¢ë§¢�âì ¯¥à¥ª«îç¥−¨¥ �â�ª®¢�−−®£® �”‘-á¨£-
−�«� ¨§ ª®àà¥ªâ−®£® à�¡®ç¥£® á®áâ®ï−¨ï (Š÷‘) ¢ ¯à®â¨¢®¯®«®¦−®¥ | á¡®©−®¥
à�¡®ç¥¥ á®áâ®ï−¨¥ (‘÷‘).

�−�«®£¨ç−ë¬ ®¡à�§®¬ ¤¥©áâ¢ãîâ ¨áâ®ç−¨ª¨ £«®¡�«ì−ëå −�¢®¤®ª: èã¬ë ¯®
è¨−�¬ ¯¨â�−¨ï ¨ §¥¬«¨, èã¬ ¯® ¯®¤«®¦ª¥, í«¥ªâà®¬�£−¨â−ë© ¨¬¯ã«ìá ®â ¢−¥è−¥-
£® ¨áâ®ç−¨ª�. �¤−�ª® ®−¨, ª�ª ¯à�¢¨«®, á¨¬¬¥âà¨ç−® ¢«¨ïîâ −� ®¡� ª®¬¯®−¥−â�
�”‘-á¨£−�«�. ‚ à¥§ã«ìâ�â¥ �”‘-á¨£−�« ¨§ Š÷‘ ¬®¦¥â ¯¥à¥ª«îç¨âìáï â®«ìª®
¢ á¯¥©á¥à ¨«¨ ¥£® ¨−¢¥àá¨î | �−â¨á¯¥©á¥à (�‘).

ˆ§-§� ¬¥−ìè¥© ¤«¨â¥«ì−®áâ¨ −�¢®¤ª¨ ç¥à¥§ ¯�à�§¨â−ãî ¥¬ª®áâ−ãî á¢ï§ì
¬¥−¥¥ ®¯�á−ë, ç¥¬ á¡®¨, ¢ë§¢�−−ë¥ ï¤¥à−®© ç�áâ¨æ¥© ¨«¨ ª®á¬¨ç¥áª¨¬¨ «ãç�¬¨.
�® ç�áâ®â� ¨å ¯®ï¢«¥−¨ï áà�¢−¨¬� á ç�áâ®â®© à�¡®âë áå¥¬ë, ¯®íâ®¬ã ®−¨ −¥
¬¥−¥¥ ¢�¦−ë.

2.2 Классификация логических сбоев в комбинационных самосинхронных
схемах

‚á¥ ¢®§¬®¦−ë¥ á«ãç�¨ ‹‘ ¢ ¨−ä®à¬�æ¨®−−®© ç�áâ¨ ª®¬¡¨−�æ¨®−−ëå ‘‘-
áå¥¬ ¯®ª�§�−ë ¢ â�¡«¨æ¥. Š«�áá¨ä¨ª�æ¨ï ‹‘ ¢ ª®¬¡¨−�æ¨®−−ëå ‘‘-áå¥¬�å −�
®á−®¢�−¨¨ ¨å â¨¯� ¨ ¢à¥¬¥−¨ ¯®ï¢«¥−¨ï ¯®ª�§�−� −� à¨á. 2. �¤−�ª® ¢¥à®ïâ−®áâì
¯®ï¢«¥−¨ï á®¡ëâ¨©, á®®â¢¥âáâ¢ãîé¨å á«ãç�ï¬ 8 ¨ 9, ¬®¦−® á¢¥áâ¨ ª −ã«î
á ¯®¬®éìî á«¥¤ãîé¨å â®¯®«®£¨ç¥áª¨å ¬¥â®¤®¢:
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“áâ®©ç¨¢®áâì á�¬®á¨−åà®−−ëå ª®¬¡¨−�æ¨®−−ëå áå¥¬ ª ªà�âª®¢à¥¬¥−−ë¬ ‹‘

‚®§¬®¦−ë¥ ¨§¬¥−¥−¨ï �”‘-á¨£−�«� ¨§-§� ‹‘

ü �ã«¥¢®© á¯¥©á¥à …¤¨−¨ç−ë© á¯¥©á¥à
á«ãç�ï

‹‘
ˆáå®¤−®¥
á®áâ®ï−¨¥

‘®áâ®ï−¨¥
¯®á«¥ ‹‘

ˆáå®¤−®¥
á®áâ®ï−¨¥

‘®áâ®ï−¨¥
¯®á«¥ ‹‘

1 00 01 11 01
2 00 10 11 10
3 00 11 11 00
4 01 11 01 00
5 10 11 10 00
6 01 00 01 11
7 10 00 10 11
8 01 10 01 10
9 10 01 10 01

÷¨á. 2 Š«�áá¨ä¨ª�æ¨ï ‹‘ ¢ ª®¬¡¨−�æ¨®−−ëå ‘‘-áå¥¬�å

{ ¯à¨−ã¤¨â¥«ì−®£® à�á¯®«®¦¥−¨ï ¯�àë í«¥¬¥−â®¢, ä®à¬¨àãîé¨å �”‘-á¨£-
−�«, àï¤®¬ ¤àã£ á ¤àã£®¬ [3];

{ ¯à¨−æ¨¯� ú¢¨â®© ¯�àëû ¯à¨ à�§¢®¤ª¥ �”‘-á¨£−�«� (¨á¯®«ì§®¢�−¨¥ á®á¥¤-
−¨å âà�áá ¢ ª�¦¤®¬ â®¯®«®£¨ç¥áª®¬ á«®¥, á¬. à¨á. 1, ¡), â®£¤� ¢®§¤¥©áâ¢¨¥
âà�áá-ú�£à¥áá®à®¢û −� ®¡¥ ¥£® ç�áâ¨ ¡ã¤¥â á¨¬¬¥âà¨ç−ë¬.

’�¡«¨æ� ®¯¨áë¢�¥â ‹‘ â®«ìª® �”‘-á¨£−�«®¢. �¤−�ª® −� ã−�à−ëå á¨£−�«�å
¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë ‘‘-áå¥¬ë â�ª¦¥ ¬®¦¥â ¯®ï¢¨âìáï ‹‘. �− ®è¨¡®ç−®
¯®¤â¢¥à¤¨â §�¢¥àè¥−¨¥ ¯¥à¥å®¤� ¨−¤¨æ¨àã¥¬®© áå¥¬ë ¢ à�¡®çãî (á¯¥©á¥à−ãî)
ä�§ã ¨ á¯à®¢®æ¨àã¥â ¯à¥¦¤¥¢à¥¬¥−−®¥ ¯¥à¥ª«îç¥−¨¥ ¥¥ ¢å®¤®¢ ¢ á¯¥©á¥à (à�¡®ç¥¥
á®áâ®ï−¨¥). ‚®§−¨ª−¥â ªà¨â¨ç¥áª¨© ®áâ�−®¢. ÷¥è�¥â íâã ¯à®¡«¥¬ã DICE-à¥�«¨-
§�æ¨ï ¢ëå®¤−®£® £¨áâ¥à¥§¨á−®£® âà¨££¥à� (ƒ-âà¨££¥à�) [6] ¢ ª�¦¤®© ¨−¤¨ª�â®à−®©
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, ā. ‚. ÷®¦¤¥áâ¢¥−áª¨© ¨ ¤à.

¯®¤áå¥¬¥ ¨ ¢á¥å ƒ-âà¨££¥à®¢ áå¥¬ë ã¯à�¢«¥−¨ï. ’®£¤� ‹‘ ¢ áå¥¬¥ ã¯à�¢«¥−¨ï
¯à¨¢¥¤¥â «¨èì ª §�¤¥à¦ª¥ ¢ à�¡®â¥ ‘‘-áå¥¬ë.

�à¥¤áâ�¢«¥−−�ï −� à¨á. 2 ª«�áá¨ä¨ª�æ¨ï ªà�âª®¢à¥¬¥−−ëå ‹‘ á«ã¦¨â ®á−®-
¢®© ¤«ï ¢ëç¨á«¥−¨ï ª®«¨ç¥áâ¢¥−−ëå ®æ¥−®ª ¢¥à®ïâ−®áâ¨ ¯®¢à¥¦¤¥−¨ï ¨−ä®à¬�-
æ¨¨, ®¡à�¡�âë¢�¥¬®© ª®¬¡¨−�æ¨®−−®© ‘‘-áå¥¬®©, ¢á«¥¤áâ¢¨¥ ‹‘.

3 Заключение

�«�£®¤�àï �”‘-ª®¤¨à®¢�−¨î ¨−ä®à¬�æ¨®−−ëå á¨£−�«®¢, áâà®£®© ¨−¤¨-
ª�æ¨¨ ®ª®−ç�−¨ï ¯¥à¥ª«îç¥−¨© ¢á¥å í«¥¬¥−â®¢ áå¥¬ë ¨ §�¯à®á-®â¢¥â−®¬ã ¢§�-
¨¬®¤¥©áâ¢¨î ‘‘-áå¥¬ë ®¡«�¤�îâ ¢ëá®ª®© ãáâ®©ç¨¢®áâìî ª ®¤¨−®ç−ë¬ ‹‘,
¢ë§¢�−−ë¬ ¢−¥è−¨¬¨ ¨ ¢−ãâà¥−−¨¬¨ ¨áâ®ç−¨ª�¬¨.

�à¨−ã¤¨â¥«ì−®¥ à�§¬¥é¥−¨¥ ¯�àë í«¥¬¥−â®¢, ä®à¬¨àãîé¨å �”‘-á¨£−�«,
àï¤®¬ ¤àã£ á ¤àã£®¬ ¢ â®¯®«®£¨¨ ‘‘-áå¥¬ë ¨ ¨á¯®«ì§®¢�−¨¥ á®á¥¤−¨å âà�áá
¢ ª�¦¤®¬ â®¯®«®£¨ç¥áª®¬ á«®¥ ¤«ï à�§¢®¤ª¨ �”‘-á¨£−�«� (¯® â¨¯ã ú¢¨â®©
¯�àëû) ¤¥«�îâ ‹‘ â¨¯� ú¯¥à¥ª«îç¥−¨¥ �”‘-á¨£−�«� ¨§ ª®àà¥ªâ−®£® à�¡®ç¥£®
á®áâ®ï−¨ï ¢ ¨−¢¥àá−®¥ à�¡®ç¥¥ á®áâ®ï−¨¥û ¯à¨−æ¨¯¨�«ì−® −¥¢®§¬®¦−ë¬.

�®¢ëè¥−¨¥ ãáâ®©ç¨¢®áâ¨ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë ‘‘-áå¥¬ë ª ®¤¨−®ç−ë¬
‹‘ ®¡¥á¯¥ç¨¢�¥âáï DICE-à¥�«¨§�æ¨¥© ¢ëå®¤−®£® ƒ-âà¨££¥à� ¢ ª�¦¤®© ¨−¤¨ª�-
â®à−®© ¯®¤áå¥¬¥ ¨ ¢á¥å ƒ-âà¨££¥à®¢ áå¥¬ë ã¯à�¢«¥−¨ï.
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Abstract: The paper considers self-timed (ST) complementary metal{oxide{
semiconductor (CMOS) combinational circuit tolerance to short-term soft errors
caused by the external sources or internal noises that do not lead to semiconductor
structure destruction. The paper discusses the consequences of physical causes
impact, leading to soft errors in a chip manufactured by the 65-nanometer
and below CMOS process. It introduces soft error classification in CMOS ST
combinational circuits depending on their appearance time and the type of failure.
Self-timed circuits have a higher degree of resistance to short-term soft errors
than their synchronous counterparts due to the two-phase operation discipline,
request-acknowledge interaction, and dual-rail information signal coding. The
paper proposes circuitry and layout methods ensuring the lowering of CMOS ST
combinational circuit sensitivity to soft errors due to the guaranteed absence of
the bipolar influence of the soft error source on the cells forming dual-rail signals
and on their wires in the circuit layout.

Keywords: self-timed circuit; soft error; fault tolerance; CMOS; working
phase; spacer; layout
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