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�−−®â�æ¨ï: ‘®§¤�−¨¥ í«¥¬¥−â®¢ ¨ ãáâà®©áâ¢, á®ç¥â�îé¨å ¢ á¥¡¥ ª�ª −�-
¤¥¦−®áâì (®âª�§®ãáâ®©ç¨¢®áâì), â�ª ¨ í−¥à£®íää¥ªâ¨¢−®áâì, ï¢«ï¥âáï ®¤−¨¬
¨§ ¢�¦−¥©è¨å −�¯à�¢«¥−¨© à�§¢¨â¨ï ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨. �à¨¬¥−¥-
−¨¥ á�¬®á¨−åà®−−ëå (‘‘) áå¥¬ ®¡ãá«®¢«¥−® ¨å ã−¨ª�«ì−ë¬¨ á¢®©áâ¢�¬¨ |
è¨à®ª¨¬ ¤¨�¯�§®−®¬ à�¡®â®á¯®á®¡−®áâ¨, á�¬®¯à®¢¥àï¥¬®áâìî ®â−®á¨â¥«ì−®
ª®−áâ�−â−ëå ª®−á¥à¢�â¨¢−ëå −¥¨á¯à�¢−®áâ¥© (ŠŠ�), á−¨¦¥−¨¥¬ í−¥à£®¯®-
âà¥¡«¥−¨ï. ��«¨ç¨¥ ¢áâà®¥−−ëå í«¥¬¥−â®¢ à�¡®ç¥£® ª®−âà®«ï ¢ ‘‘-áå¥-
¬�å á¤¥«�«® −�¨¡®«¥¥ ¯¥àá¯¥ªâ¨¢−ë¬¨ ¨ �ªâ¨¢−® à�§¢¨¢�îé¨¬¨áï ¬¥â®¤ë
®¡¥á¯¥ç¥−¨ï �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâ¨. �¤−�ª® ¤«ï −¥ª®â®àëå ®¡«�áâ¥©
¯à¨¬¥−¥−¨ï −¥®¡å®¤¨¬® ®¡¥á¯¥ç¥−¨¥ ¯�áá¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâ¨. ÷�á-
á¬�âà¨¢�îâáï ª«îç¥¢ë¥ ®â«¨ç¨ï ¢ ¬¥â®¤�å ®¡¥á¯¥ç¥−¨ï ®âª�§®ãáâ®©ç¨¢®áâ¨,
¯à¥¤«�£�îâáï â¥å−¨ç¥áª¨¥ à¥è¥−¨ï, à¥�«¨§ãîé¨¥ −�¨¡®«¥¥ íää¥ªâ¨¢−ë¥ ¬¥-
â®¤ë, ¨ ¯à®¢®¤¨âáï à�áç¥â ¨å ¯®ª�§�â¥«¥© −�¤¥¦−®áâ¨, � â�ª¦¥ áà�¢−¥−¨¥
á ¯à¨¬¥−¥−¨¥¬ ª®¬¯«¥ªá−ëå ¯®ª�§�â¥«¥© íää¥ªâ¨¢−®áâ¨.

Š«îç¥¢ë¥ á«®¢�: á�¬®á¨−åà®−−ë¥ áå¥¬ë; −�¤¥¦−®áâì; ®âª�§®ãáâ®©ç¨¢®áâì;
®âª�§®¡¥§®¯�á−®áâì
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1 Введение

‘�¬®á¨−åà®−−ë¥ áå¥¬ë | ®¡é¥¥ −�§¢�−¨¥ ¤«ï æ¥«®£® àï¤� ª«�áá®¢ æ¨äà®¢ëå
áå¥¬, ¢ª«îç�îé¨å −¥§�¢¨áïé¨¥ ®â áª®à®áâ¨ (speed-independent), −¥çã¢áâ¢¨â¥«ì-
−ë¥ ª §�¤¥à¦ª�¬ í«¥¬¥−â®¢ ¨ «¨−¨© á¢ï§¨ (delay-insensitive), ª¢�§¨−¥çã¢áâ¢¨-
â¥«ì−ë¥ ª §�¤¥à¦ª�¬ í«¥¬¥−â®¢ ¨ «¨−¨© á¢ï§¨ (quasi-delay insensitive). Š�¦¤ë©
ª«�áá ¬®¦¥â áãé¥áâ¢¥−−® ®â«¨ç�âìáï ®â ¤àã£®£® ¯® §�âà�â�¬ ®¡®àã¤®¢�−¨ï, í−¥à-
£®¯®âà¥¡«¥−¨î, ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¨ ¤àã£¨¬ å�à�ªâ¥à¨áâ¨ª�¬. ‚ ¡®«ìè¨−áâ¢¥
à�¡®â, ¯®á¢ïé¥−−ëå ‘‘-áå¥¬�¬, ®â¬¥ç�¥âáï á−¨¦¥−¨¥ í−¥à£®¯®âà¥¡«¥−¨ï §�
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�âª�§®ãáâ®©ç¨¢ë© á�¬®á¨−åà®−−ë© ¯®á«¥¤®¢�â¥«ì−®-¯�à�««¥«ì−ë© ¯®àâ

áç¥â ®âª�§� ®â á¨−åà®−−®áâ¨ (£¥−¥à�â®à� á¨−åà®¨¬¯ã«ìá®¢ ¨ ª«®ª®¢®£® ¤¥à¥¢�)
¨ à�¡®âë −� ¯®−¨¦¥−−ëå −�¯àï¦¥−¨ïå ¯¨â�−¨ï [1{4]; ªà®¬¥ â®£®, ¨−¤¨ª�â®à,
ä¨ªá¨àãîé¨© ®ª®−ç�−¨¥ ¯¥à¥å®¤−ëå ¯à®æ¥áá®¢ ¢ í«¥¬¥−â¥, ï¢«ï¥âáï ®¤−®¢à¥-
¬¥−−® ¨ áà¥¤áâ¢®¬ à�¡®ç¥£® ª®−âà®«ï, çâ® ¯®§¢®«ï¥â ¢ëï¢¨âì àï¤ −¥¨á¯à�¢−®áâ¥©:
ª�ª ¯à�¢¨«®, à¥çì ¨¤¥â ® ŠŠ�. �ªâã�«ì−®áâì á®§¤�−¨ï í−¥à£®íää¥ªâ¨¢−ëå ®â¥-
ç¥áâ¢¥−−ëå ®âª�§®ãáâ®©ç¨¢ëå á¨áâ¥¬ ã¯à�¢«¥−¨ï ¨ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ −¥
−ã¦¤�¥âáï ¢ á«®¦−ëå ¤®ª�§�â¥«ìáâ¢�å ¨ ¤®áâ�â®ç−® ®ç¥¢¨¤−�, çâ® ¯®¤ç¥àª¨-
¢�¥âáï ¯¥à¥ç−¥¬ ªà¨â¨ç¥áª¨å â¥å−®«®£¨© ÷” ®â 2016 £. [5]. �à¨¬¥−¥−¨¥ ¤«ï
à¥è¥−¨ï íâ®© §�¤�ç¨ ‘‘-áå¥¬ ®¡ãá«®¢«¥−® ¨å ¢ëè¥®¯¨á�−−ë¬¨ á¢®©áâ¢�¬¨.
��«¨ç¨¥ á�¬®¯à®¢¥àï¥¬®áâ¨ −�¯à�¢¨«® à�§¢¨â¨¥ −�ãç−®-¬¥â®¤¨ç¥áª®£® �¯¯�à�-
â� á¨−â¥§� ‘‘-áå¥¬ ¢ àãá«® ¯à¨¬¥−¥−¨ï ¬¥â®¤®¢ �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâ¨,
®¤−�ª® ¤«ï àï¤� ªà¨â¨ç¥áª¨å ®¡«�áâ¥© ¯à¨¬¥−¥−¨ï æ¨äà®¢®© í«¥ªâà®−¨ª¨, â�ª¨å
ª�ª ¢®¥−−�ï â¥å−¨ª�, ¬¥¤¨æ¨−� ¨ �íà®ª®á¬¨ç¥áª�ï â¥å−¨ª�, âà¥¡ã¥âáï ¯à¨¬¥−¥-
−¨¥ ¬¥â®¤®¢ ¯�áá¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâ¨, ®â«¨ç�îé¨åáï â¥¬, çâ® ¯®¢ëè¥−¨¥
−�¤¥¦−®áâ¨ ¤®áâ¨£�¥âáï ¡¥§ §�¤¥à¦¥ª −� à¥¬®−â ¨«¨ à¥ª®−ä¨£ãà�æ¨î. �à®¡-
«¥¬ë ¯à¨¬¥−¥−¨ï ¬¥â®¤®¢ ¯�áá¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâ¨ ¢ ‘‘-áå¥¬®â¥å−¨ª¥
¨áá«¥¤®¢�−ë ¢ [6, 7]. ‚ íâ®© áâ�âì¥ ¯à¥¤«�£�îâáï ¢�à¨�−âë à¥�«¨§�æ¨¨ ®âª�§®-
ãáâ®©ç¨¢®£® ¯®á«¥¤®¢�â¥«ì−®-¯�à�««¥«ì−®£® ¯®àâ� (��-¯®àâ�) ‘‘-¬¨ªà®ï¤à�
(‘‘-ŒŸ), ¯à®¢®¤¨âáï ¨å áà�¢−¥−¨¥, ¤�îâáï à¥ª®¬¥−¤�æ¨¨ ¯® ¯à®¥ªâ¨à®¢�−¨î
®âª�§®ãáâ®©ç¨¢ëå ‘‘-áå¥¬.

2 Самосинхронный последовательно-параллельный порт
с активной отказоустойчивостью

„¨�£−®áâ¨ç¥áª¨¥ á¢®©áâ¢� ‘‘-

÷¨á. 1 ��à�ä�§−ë¥ ª�−�«ë ¤�−−ëå á ¨−-
¤¨ª�â®à®¬

áå¥¬ ®á−®¢ë¢�îâáï −� ¯à¨¬¥−¥−¨¨
¨−¤¨ª�â®à®¢, ¯® á¨£−�«ã ª®â®àëå
¬®¦−® ®¯à¥¤¥«¨âì ®ª®−ç�−¨¥ ¢á¥å ¯¥-
à¥å®¤−ëå ¯à®æ¥áá®¢ ¢ áå¥¬¥, ¢ −�¨¡®-
«¥¥ ®¡é¥¬ á«ãç�¥ â�ª¨¬ ¨−¤¨ª�â®à®¬
ï¢«ï¥âáï ‘-í«¥¬¥−â Œ�««¥à�. ÷�á-
á¬®âà¨¬ ª®¬¡¨−�æ¨®−−ãî ‘‘-áå¥¬ã,
¯®«ãç¥−−ãî á ¯®¬®éìî ¨á¯®«ì§®¢�-
−¨ï ¯�à�ä�§−®£® ª®¤¨à®¢�−¨ï á® á¯¥©-
á¥à®¬ (à¨á. 1).

ˆ−¤¨ª�â®à ¯®§¢®«ï¥â ®¯à¥¤¥«¨âì,
¢ ª�ª®¬ ¨§ ¤¢ãå á®áâ®ï−¨© | à�¡®ç¥¬
(W) ¨«¨ á¯¥©á¥à−®¬ (S) | −�å®¤¨â-
áï áå¥¬�. �¥à¥ª«îç¥−¨¥ ¨−¤¨ª�â®-
à� ®§−�ç�¥â á¬¥−ã ¢ëå®¤−®£® −�¡®à�
(S → W, W → S), ¯¥à¥å®¤ë W → W ¨«¨ S → S §�¯à¥é¥−ë. ’�ª¨¬ ®¡à�-
§®¬, á¨£−�« ¨−¤¨ª�â®à� ¯®§¢®«ï¥â £®¢®à¨âì ®¡ ®âáãâáâ¢¨¨ ®¯à¥¤¥«¥−−®£® â¨¯�
−¥¨á¯à�¢−®áâ¥©, ¯®¤à®¡−¥¥ ¤¨�£−®áâ¨ç¥áª¨¥ á¢®©áâ¢� à�áá¬®âà¥−ë ¢ [8{10].
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÷¨á. 2 ‘ª®«ì§ïé¥¥ à¥§¥à¢¨à®¢�−¨¥ ��-¯®àâ� á ¯àï¬ë¬ §�¬¥é¥−¨¥¬

�à¨ −ã«¥¢®¬ â¨¯¥ á¯¥©á¥à� −¥¨á¯à�¢−®áâ¨ â¨¯� ª®−áâ�−â� ¥¤¨−¨æë ¬®£ãâ
¡ëâì ®¡−�àã¦¥−ë ¯à¨ ¯¥à¥å®¤¥ W → S, � −¥¨á¯à�¢−®áâ¨ â¨¯� ª®−áâ�−â� −ã«ï |
S → W. ‘ ¯®¬®éìî áà¥¤áâ¢ à�¡®ç¥£® ª®−âà®«ï ‘‘-áå¥¬ ¬®¦−® ¤¨�£−®áâ¨à®¢�âì
â®«ìª® ŠŠ� ¢ëå®¤®¢. ’¥à¬¨− ŠŠ� ®¯à¥¤¥«¥− ¢ [8, á. 313]: ¯®¤ ŠŠ� ¯®−¨¬�¥âáï
â�ª�ï −¥¨á¯à�¢−®áâì, ª®â®à�ï −¥ ®ª�§ë¢�¥â ¢«¨ï−¨ï −� à�¡®âã ãáâà®©áâ¢� ¢ ¬®¬¥−â
á¢®¥£® ¢®§−¨ª−®¢¥−¨ï, ¢ ®â«¨ç¨¥ ®â ¬ãâ�−â−ëå −¥¨á¯à�¢−®áâ¥©, ª®â®àë¥ ¬®£ãâ
¯à¨¢¥áâ¨ ª −¥¯à¥¤áª�§ã¥¬ë¬ ¯¥à¥ª«îç¥−¨ï¬ ¢ áå¥¬¥.

÷¥§î¬¨àãï ¢ëè¥áª�§�−−®¥: «î¡®© ¬¥â®¤, ¨á¯®«ì§ãîé¨© ¤¨�£−®áâ¨ç¥áª¨¥
á¢®©áâ¢� ‘‘-áå¥¬, ®¡¥á¯¥ç¨¢�¥â ¤®áâ®¢¥à−®¥ äã−ªæ¨®−¨à®¢�−¨¥ â®«ìª® ¢ §�¤�−-
−®© ¬®¤¥«¨ ŠŠ�, ¢−¥ à�¬®ª ¬®¤¥«¨ ŠŠ� ‘‘-áå¥¬ë −¥ ï¢«ïîâáï ®âª�§®¡¥§-
®¯�á−ë¬¨.

÷�áá¬®âà¨¬ ¬¥â®¤ë ®¡¥á¯¥ç¥−¨ï ®âª�§®ãáâ®©ç¨¢®áâ¨, ®á−®¢�−−ë¥ −� ¤¨�-
£−®áâ¨ç¥áª¨å á¢®©áâ¢�å ‘‘-áå¥¬. ‘ª®«ì§ïé¥¥ à¥§¥à¢¨à®¢�−¨¥ á ¯àï¬ë¬ §�-
¬¥é¥−¨¥¬ ¯®§¢®«ï¥â ¯® á¨£−�«ã âà¨££¥à� −¥¨á¯à�¢−®áâ¨ §�¬¥−¨âì −¥¨á¯à�¢-
−ë© ¡«®ª à¥§¥à¢−ë¬. „«ï ��-¯®àâ�, ¯à¥¤áâ�¢«ïîé¥£® á®¡®© −¥®¤−®à®¤−ãî
áâàãªâãàã [11], §�¬¥−ï¥âáï ¢¥áì à¥£¨áâà ¯à¨ ®âª�§¥ â®«ìª® ®¤−®£® ¨§ âà¨££¥à®¢
(à¨á. 2).

‘«®¦−®áâì ®âª�§®ãáâ®©ç¨¢®£® ��-¯®àâ� á §�¬¥é¥−¨¥¬ ¯®áà¥¤áâ¢®¬ á¤¢¨-
£� (V1) 389 «®£¨ç¥áª¨å ¢¥−â¨«¥© (‹‚): ¤¢� ‘‘-à¥£¨áâà� (228), ¬ã«ìâ¨¯«¥ªá®à
(50), ®áâ�¢è¨¥áï ‹‚ | ãáâà®©áâ¢® ã¯à�¢«¥−¨ï (““) ¨ æ¥¯¨ á¢ï§¨ (â�¡«. 1).

Š®íää¨æ¨¥−â £®â®¢−®áâ¨ (k) ®¯à¥¤¥«ï¥âáï ª�ª ®â−®è¥−¨¥ ¢à¥¬¥−¨ −�à�¡®âª¨
−� ®âª�§ (TÏ) ª áã¬¬¥ TÏ ¨ áà¥¤−¥£® ¢à¥¬¥−¨ ¢®ááâ�−®¢«¥−¨ï (T×) á ãç¥â®¬ ¢¥à®-
ïâ−®áâ¨ ¡¥§®âª�§−®© à�¡®âë (‚�÷) ¤®¯®«−¨â¥«ì−®£® ®¡®àã¤®¢�−¨ï (PÄÏ) ¨ ‚�÷
2-£® à¥£¨áâà�. ‚à¥¬ï ¢®ááâ�−®¢«¥−¨ï áª«�¤ë¢�¥âáï ¨§ ¢à¥¬¥−¨ ®¡−�àã¦¥−¨ï,
«®ª�«¨§�æ¨¨ ¨ §�¬¥−ë −¥¨á¯à�¢−®£® ¡«®ª�. ’�ª ª�ª ®¡−�àã¦¥−¨¥ −¥¨á¯à�¢−®áâ¨
¯à®¨áå®¤¨â ¯® §�âï£¨¢�−¨î ¯¥à¥å®¤−®£® ¯à®æ¥áá�, â® áà¥¤−¥¥ ¢à¥¬ï ¢®ááâ�−®-
¢«¥−¨ï ¬®¦¥â ¡ëâì ¢ëç¨á«¥−® −� ®á−®¢¥ ¤�−−ëå ® ¡ëáâà®¤¥©áâ¢¨¨ ��-¯®àâ�. ‡�
®á−®¢ã ¡ã¤¥â ¢§ïâ� ¯à®¨§¢®¤¨â¥«ì−®áâì ¯à¨ −®à¬�«ì−ëå ãá«®¢¨ïå (−®¬¨−�«ì−®¥
−�¯àï¦¥−¨¥ 5 ‚ ¨ â¥¬¯¥à�âãà� 27 ◦C).
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�âª�§®ãáâ®©ç¨¢ë© á�¬®á¨−åà®−−ë© ¯®á«¥¤®¢�â¥«ì−®-¯�à�««¥«ì−ë© ¯®àâ

’�¡«¨æ� 1 �æ¥−ª� á«®¦−®áâ¨ ®âª�§®ãáâ®©ç¨¢®£® ��-¯®àâ� ‘‘-ŒŸ

�«¥¬¥−â ‘«®¦−®áâì, ‹‚ Š®«¨ç¥áâ¢® ˆâ®£®
Œã«ìâ¨¯«¥ªá®à 50 1 50
’à¨££¥à 1 6 2 12
’à¨££¥à 2 13 2 26
’à¨££¥à 3 12 12 144
ˆ−¤¨ª�â®àë à¥£¨áâà� 23 2 46
ˆ−¤¨ª�â®àë ¬ã«ìâ¨¯«¥ªá®à� 12 1 12
“áâà®©áâ¢® ã¯à�¢«¥−¨ï 99 1 99
ˆâ®£® | | 389

�®áâà®¨¬ £à�ä ¬�àª®¢áª®© æ¥¯¨

÷¨á. 3 ƒà�ä ¬�àª®¢áª®© æ¥¯¨ ��-¯®àâ�
á �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâìî

¤«ï à�áç¥â� ¯®ª�§�â¥«¥© −�¤¥¦−®áâ¨
��-¯®àâ� á �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®-
áâìî (à¨á. 3).

„«ï ¨áª«îç¥−¨ï −¥¯à�¢¨«ì−®£®
áà�¡�âë¢�−¨ï âà¨££¥à� −¥¨á¯à�¢−®áâ¨
¯¥à¨®¤ ®¯à¥¤¥«¥−¨ï ®è¨¡ª¨ ãáâ�−�¢«¨-
¢�¥âáï ¢ n à�§ ¡®«ìè¥ ¤«¨â¥«ì−®áâ¨
¯¥à¥å®¤−ëå ¯à®æ¥áá®¢ ¯à¨ −®à¬�«ì-
−ëå ãá«®¢¨ïå, ¢ −�è¥¬ á«ãç�¥ T× =
= 4 · 10−8 á. ‚ à�áç¥â�å ¨á¯®«ì§ãîâáï
á«¥¤ãîé¨¥ §−�ç¥−¨ï: ¨−â¥−á¨¢−®áâì ®â-
ª�§®¢ λ = 10−9 1/ç; ¢à¥¬ï t = 105 ç;

k =
TÏ

TÏ + T×
PÄÏ = 0,98 .

‚â®à®© á¯®á®¡ ®à£�−¨§�æ¨¨ á�¬®à¥¬®−â� | áª®«ì§ïé¥¥ à¥§¥à¢¨à®¢�−¨¥ ¯®-
áà¥¤áâ¢®¬ á¤¢¨£� | ¯à¨¬¥−ï¥âáï ¤«ï ®¤−®à®¤−ëå áâàãªâãà. ÷¥£¨áâà, ¯à¥¤«®-
¦¥−−ë© ¢ [11], −¥ ï¢«ï¥âáï ¢−ãâà¥−−¥ ®¤−®à®¤−®© áâàãªâãà®©; á«¥¤®¢�â¥«ì−®,
¤«ï íää¥ªâ¨¢−®£® ¨á¯®«ì§®¢�−¨ï á�¬®à¥¬®−â� á §�¬¥é¥−¨¥¬ ¯®áà¥¤áâ¢®¬ á¤¢¨£�
−¥®¡å®¤¨¬® ¯¥à¥¯à®¥ªâ¨à®¢�âì à¥£¨áâà.

�¤−¨¬ ¨§ á¯®á®¡®¢ ¯®¢ëè¥−¨ï íää¥ªâ¨¢−®áâ¨ ¬¥â®¤®¢ �ªâ¨¢−®© ®âª�§®-
ãáâ®©ç¨¢®áâ¨ ï¢«ï¥âáï ¯à¨¬¥−¥−¨¥ ª®¬¡¨−¨à®¢�−−®£® à¥§¥à¢¨à®¢�−¨ï, ª®â®à®¥
¯®§¢®«ï¥â ¯®¢ëá¨âì ¤®áâ®¢¥à−®áâì äã−ªæ¨®−¨à®¢�−¨ï −� ®¯à¥¤¥«¥−−®¬ ¨−â¥à¢�-
«¥ ¨ ª®íää¨æ¨¥−â £®â®¢−®áâ¨.

3 Самосинхронный последовательно-параллельный порт с пассивной
отказоустойчивостью

…á«¨ ãá«®¢¨ï íªá¯«ã�â�æ¨¨ ¯à¥¤¯®«�£�îâ −¥®¡å®¤¨¬®áâì ®¡¥á¯¥ç¨âì ãáâ®©ç¨-
¢®áâì ª ¯à®¨§¢®«ì−ë¬ ®âª�§�¬/−¥¨á¯à�¢−®áâï¬ ¨ ®âáãâáâ¢¨¥ ¢à¥¬¥−¨ −� à¥ª®−-
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÷¨á. 4 ‘ª®«ì§ïé¥¥ à¥§¥à¢¨à®¢�−¨¥ ��-¯®àâ� á ¯àï¬ë¬ §�¬¥é¥−¨¥¬

ä¨£ãà�æ¨î ¨ á�¬®à¥¬®−â, â® ¯à¥¤¯®«�£�¥âáï ¨á¯®«ì§®¢�−¨¥ ¬¥â®¤®¢ ®¡¥á¯¥ç¥−¨ï
¯�áá¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâ¨. Š«�áá¨ç¥áª¨¬ ¬¥â®¤®¬ ®¡¥á¯¥ç¥−¨ï k-®âª�§®-
ãáâ®©ç¨¢®áâ¨ ï¢«ï¥âáï ¬�¦®à¨â�à−®¥ à¥§¥à¢¨à®¢�−¨¥ á £®«®á®¢�−¨¥¬ n-¨§-m,
®¡¥á¯¥ç¨¢�îé¥¥ k = m− n.

�®¤à®¡−® ¯à®¡«¥¬ë ¬�¦®à¨â�à−®£® à¥§¥à¢¨à®¢�−¨ï ‘‘-áå¥¬ ¨áá«¥¤®¢�−ë
¢ [7]. ‚ íâ®© áâ�âì¥ ¯à¥¤«�£�îâáï ¯�áá¨¢−® ®âª�§®ãáâ®©ç¨¢ë¥ áå¥¬ë, à�§à�¡®â�−-
−ë¥ −� ®á−®¢¥ ¯à¥¤«®¦¥−−ëå ¢ [12, 13] ¬®¤¥«¥© ¨ ¬¥â®¤®¢.

Œ�¦®à¨â¨à®¢�−¨¥ ‘‘-¡«®ª®¢ ¨§-§� á«®¦−®áâ¨ ¤®¯®«−¨â¥«ì−®£® ®¡®àã¤®¢�-
−¨ï ¨¬¥¥â ®¯â¨¬ã¬ −� ãà®¢−¥ 45{46 ‹‚ (182 âà�−§¨áâ®à�) ¤«ï ®¤−®£® ¢ëå®¤�.
�¤−�ª® −� ¯à�ªâ¨ª¥ ¤®¡¨âìáï â�ª®£® à�§¡¨¥−¨ï ¡«®ª®¢ ªà�©−¥ §�âàã¤−¨â¥«ì−®.

�âª�§®ãáâ®©ç¨¢ë© ��-¯®àâ á ¨á¯®«ì§®¢�−¨¥¬ ¬�¦®à¨â¨à®¢�−¨ï ¬®¦¥â ¡ëâì
à¥�«¨§®¢�− ¤¢ã¬ï á¯®á®¡�¬¨ (V3-1 ¨ V3-2): ¢ ¯¥à¢®¬ á«ãç�¥ ¬�¦®à¨â¨àã¥âáï
¢¥áì à¥£¨áâà æ¥«¨ª®¬ (à¨á. 4), ¢® ¢â®à®¬ | ª�¦¤ë© âà¨££¥à ¢ ®â¤¥«ì−®áâ¨.

‘«®¦−®áâì ¢�à¨�−â� V3-1 á®áâ�¢«ï¥â 414 «®£¨ç¥áª¨å ¢¥−â¨«¥©. ‘«®¦−®áâì
¢�à¨�−â� V3-2 á®áâ�¢«ï¥â 405 «®£¨ç¥áª¨å ¢¥−â¨«¥©. �¤−�ª® ¢ íâ®¬ á«ãç�¥ −¥
¯�à¨àãîâáï ®âª�§ë ¢ ¨−¤¨ª�â®à�å à¥£¨áâà� (â�¡«. 2).

‚ ¯¥à¢®¬ á«ãç�¥ ‚�÷ ¯®àâ� ®¯à¥¤¥«ï¥âáï ¯® ä®à¬ã«¥:

Pv31 =
(

3e−2·4·114λt − 2e−3·4·114λt
)

e−4·72λt .

’�¡«¨æ� 2 �æ¥−ª� á«®¦−®áâ¨ ��-¯®àâ� á ¬�¦®à¨â�à−ë¬ à¥§¥à¢¨à®¢�−¨¥¬

�«¥¬¥−â ‘«®¦−®áâì, ‹‚ Š®«¨ç¥áâ¢® ˆâ®£®
Œ�¦®à¨â�àë 72 (109) 1 72 (109)
’à¨££¥à 1 6 3 18
’à¨££¥à 2 13 3 39
’à¨££¥à 3 12 18 216
ˆ−¤¨ª�â®àë à¥£¨áâà� 23 3 (1) 69 (23)
ˆâ®£® |- | 414 (405)
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�âª�§®ãáâ®©ç¨¢ë© á�¬®á¨−åà®−−ë© ¯®á«¥¤®¢�â¥«ì−®-¯�à�««¥«ì−ë© ¯®àâ

÷¨á. 5 ”ã−ªæ¨®−�«ì−�ï ç�áâì ‘‘-âà¨££¥à� (¡¥§ ¨−¤¨ª�â®à�) á ¤¥ª®¬¯®§¨æ¨¥© ¢â®à®©
áâã¯¥−¨ ¤«ï ã¤®¢«¥â¢®à¥−¨ï âà¥¡®¢�−¨ï¬ ÷’“

„«ï ¢â®à®£® á«ãç�ï ¯à¨¬¥−ï¥âáï ä®à¬ã«�:

Pv31 =
(

3e−2·4·13λt − 2e−3·4·13λt
)(

3e−2·4·12λt − 2e−3·4·12λt
)6

×

×
(

3e−2·4·6λt − 2e−3·4·6λt
)

e−4·109λte−4·23λt .

„àã£®© ¢�à¨�−â à¥�«¨§�æ¨¨ ¯�áá¨¢−® ®âª�§®ãáâ®©ç¨¢ëå áå¥¬ | íâ® ¨á¯®«ì-
§®¢�−¨¥ í«¥¬¥−â®¢, ãáâ®©ç¨¢ëå ª ®âª�§�¬ (í«¥¬¥−â®¢ á ¨§¡ëâ®ç−ë¬ ¡�§¨á®¬).
�¤−�ª® ¨§-§� ¯à®¥ªâ−ëå ®£à�−¨ç¥−¨© ¢ ç¨áâ®¬ ¢¨¤¥ íâ®â ¢�à¨�−â −¥ à¥�«¨§ã-
¥¬ [14].

‚ ®âª�§®ãáâ®©ç¨¢®¬ ��-¯®àâ¥ á ¨á¯®«ì§®¢�−¨¥¬ ¬¥â®¤¨ª¨ ª®¬¡¨−¨à®¢�−−®£®
à¥§¥à¢¨à®¢�−¨ï −� ®á−®¢¥ ä®à¬�«ì−®© á¨áâ¥¬ë ¢ë¢®¤� ¯à¨¬¥−ïîâáï á¯¥æ¨�«ì−®
à�§à�¡®â�−−ë¥ ®âª�§®ãáâ®©ç¨¢ë¥ í«¥¬¥−âë «¨¡® ®âª�§®ãáâ®©ç¨¢ë¥ í«¥¬¥−âë
á ¤ã¡«¨à®¢�−¨¥¬ á¢ï§¥©, ª®â®àë¥ ®¡¥á¯¥ç¨¢�îâ ãáâ®©ç¨¢®áâì ª ¯à®¨§¢®«ì−ë¬
®¤−®ªà�â−ë¬ ®âª�§�¬ âà�−§¨áâ®à®¢ (à¥§¥à¢¨à®¢�−¨¥ −� âà�−§¨áâ®à−®¬ ãà®¢−¥ |
÷’“) (à¨á. 5).

‘«®¦−®áâì ¯®àâ� ¢ íâ®¬ á«ãç�¥ à�¢−� á«®¦−®áâ¨ ®âª�§®ãáâ®©ç¨¢®£® ‘‘-à¥-
£¨áâà�. ‚á¥£® 532 ‹‚, ¨§ ª®â®àëå 436 | íâ® ®âª�§®ãáâ®©ç¨¢ë¥ ‘‘-âà¨££¥àë,
96 | áå¥¬� ¨−¤¨ª�æ¨¨ −� ®á−®¢¥ ®âª�§®ãáâ®©ç¨¢ëå í«¥¬¥−â®¢ (â�¡«. 3).

��¤¥¦−®áâì í«¥¬¥−â� á ¨§¡ëâ®ç−ë¬ ¡�§¨á®¬ ®¯à¥¤¥«ï¥âáï −�¤¥¦−®áâìî ¨á-
¯®«ì§ã¥¬®© ®âª�§®ãáâ®©ç¨¢®© áâàãªâãàë, ¢ á«ãç�¥ â¥å−®«®£¨¨ 4’ (¯�à¨à®¢�−¨¥
®¤−®ªà�â−ëå −¥¨á¯à�¢−®áâ¥©) ¯® ä®à¬ã«¥:

P (t) =
[

e−4λt + 4e−3λt
(

1− e−λt
)]n

.
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’�¡«¨æ� 3 �æ¥−ª� á«®¦−®áâ¨ ��-¯®àâ� á ª®¬¡¨−¨à®¢�−−ë¬ à¥§¥à¢¨à®¢�−¨¥¬

�«¥¬¥−â ‘«®¦−®áâì, ‹‚ Š®«¨ç¥áâ¢® ˆâ®£®
’à¨££¥à 1 54 1 54
’à¨££¥à 2 22 1 22
’à¨££¥à 3 60 6 360
ˆ−¤¨ª�â®àë à¥£¨áâà� 48 2 96
ˆâ®£® | | 532

÷¨á. 6 ‘à�¢−¥−¨¥ ‚�÷ ®âª�§®ãáâ®©ç¨¢ëå à¥£¨áâà®¢ á ¯�áá¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâìî:
1 | −¥®âª�§®ãáâ®©ç¨¢ë© ��-¯®àâ; 2 | ��-¯®àâ ¯à¨ ¬�¦®à¨â¨à®¢�−¨¨ âà¨££¥à®¢; 3 |
��-¯®àâ ¯à¨ ¬�¦®à¨â¨à®¢�−¨¨ à¥£¨áâà®¢; 4 | ��-¯®àâ −� ®á−®¢¥ ª®¬¡¨−¨à®¢�−−®£®
à¥§¥à¢¨à®¢�−¨ï

‚ á«ãç�¥ ª®¬¡¨−¨à®¢�−−®£® à¥§¥à¢¨à®¢�−¨ï −�¤¥¦−®áâì ®¯à¥¤¥«ï¥âáï ¯à®-
¨§¢¥¤¥−¨¥¬ ‚�÷ ®âª�§®ãáâ®©ç¨¢ëå í«¥¬¥−â®¢ ¨ ‚�÷ −¥®âª�§®ãáâ®©ç¨¢ëå, ¬�-
¦®à¨â¨à®¢�−−ëå, í«¥¬¥−â®¢:

P (t) =
[

e−4λt + 4e−3λt
(

1− e−λt
)]436 [

e−4·16λt + 3e−4·12λt
(

1− e−4·4λt
)]6

.

�� à¨á. 6 ¯à¥¤áâ�¢«¥−® áà�¢−¥−¨¥ ‚�÷ ¢�à¨�−â®¢ à¥�«¨§�æ¨¨ ��-¯®à-
â� á ¯à¨¬¥−¥−¨¥¬ ¬¥â®¤®¢ ®¡¥á¯¥ç¥−¨ï ¯�áá¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâ¨, ª®â®à®¥
¯®ª�§ë¢�¥â, çâ® −�¨¡®«ìè¨© ¯à¨à®áâ ‚�÷ ®¡¥á¯¥ç¨¢�¥â ¯à¨¬¥−¥−¨¥ ª®¬¡¨−¨à®-
¢�−−®£® à¥§¥à¢¨à®¢�−¨ï.

’�ª¨¬ ®¡à�§®¬, à¥�«¨§�æ¨ï ª®¬¡¨−¨à®¢�−−®£® à¥§¥à¢¨à®¢�−¨ï âà¥¡ã¥â
¢ ∼ 1,3 à�§� ¡®«ìè¥ ®¡®àã¤®¢�−¨ï, −® ®¡¥á¯¥ç¨¢�¥â «ãçèãî ‚�÷.

4 Заключение

�à¥¤«®¦¥−ë à¥�«¨§�æ¨¨ ®âª�§®ãáâ®©ç¨¢®£® ��-¯®àâ� á à�§−ë¬¨ á¯®á®¡�-
¬¨ à¥§¥à¢¨à®¢�−¨ï, ¯à®¢¥¤¥− �−�«¨§ ¨ ®æ¥−ª� íää¥ªâ¨¢−®áâ¨ ¯à¥¤«®¦¥−−ëå
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�âª�§®ãáâ®©ç¨¢ë© á�¬®á¨−åà®−−ë© ¯®á«¥¤®¢�â¥«ì−®-¯�à�««¥«ì−ë© ¯®àâ

à¥è¥−¨©. ‚ á«ãç�ïå, ¤®¯ãáª�îé¨å ®áâ�−®¢ªã ãáâà®©áâ¢� ¤«ï à¥¬®−â�/à¥ª®−-
ä¨£ãà�æ¨¨, à¥ª®¬¥−¤ã¥âáï ¨á¯®«ì§®¢�âì ¬¥â®¤ë ®¡¥á¯¥ç¥−¨ï �ªâ¨¢−®© ®âª�§®-
ãáâ®©ç¨¢®áâ¨, â�ª ª�ª ®−¨ ®¡¥á¯¥ç¨¢�îâ ¯à¨à®áâ −�¤¥¦−®áâ¨ æ¥−®© ¬¥−ìè¨å
�¯¯�à�â−ëå §�âà�â, ®¤−�ª® −¥®¡å®¤¨¬® ãç¨âë¢�âì, çâ® ®−¨ à�¡®â�îâ â®«ìª®
¢ à�¬ª�å �¤¥ª¢�â−®áâ¨ ¬®¤¥«¨ ŠŠ�.

“«ãçè¥−¨¥ ª®¬¯«¥ªá−®£® ¯®ª�§�â¥«ï úí−¥à£®§�âà�âë{−�¤¥¦−®áâìû ï¢«ï¥âáï
®¤−¨¬ ¨§ ¢ë§®¢®¢ á®¢à¥¬¥−−®© ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ [15]. Š�ª à¥§ã«ìâ�âë ¬®-
¤¥«¨à®¢�−¨ï [16], â�ª ¨ â¥áâ®¢ë¥ ¨á¯ëâ�−¨ï −¥ª®â®àëå ‘‘-ãáâà®©áâ¢ ¯®ª�§ë¢�îâ
§−�ç¨â¥«ì−®¥ á−¨¦¥−¨¥ í−¥à£®¯®âà¥¡«¥−¨ï ®â−®á¨â¥«ì−® á¨−åà®−−ëå �−�«®£®¢.
�ää¥ªâ¨¢−®¥ ¨á¯®«ì§®¢�−¨¥ á¢®©áâ¢ ‘‘-áå¥¬ ¤«ï ¯®¢ëè¥−¨ï ¨å −�¤¥¦−®áâ¨
¯®§¢®«¨â §−�ç¨â¥«ì−® ã«ãçè¨âì ¯®ª�§�â¥«ì úí−¥à£®§�âà�âë{−�¤¥¦−®áâìû, çâ®
á¤¥«�¥â ¯à¨¬¥−¥−¨¥ ®âª�§®ãáâ®©ç¨¢ëå ‘‘-áå¥¬ ¯¥àá¯¥ªâ¨¢−ë¬. �¤−�ª® ¤«ï
¤®áâ¨¦¥−¨ï íâ®© æ¥«¨ âà¥¡ã¥âáï á®¢¥àè¥−áâ¢®¢�−¨¥ ¬¥â®¤®¢ ¯®¢ëè¥−¨ï −�¤¥¦-
−®áâ¨ ‘‘-áå¥¬.

�¤−¨¬ ¨§ â�ª¨å ¯®¤å®¤®¢ ï¢«ï¥âáï ¨á¯®«ì§®¢�−¨¥ £¨¡ª®£® «®£¨ç¥áª®£® â�©¬-
�ãâ� (¡¥§ ¦¥áâª®© �¯¯�à�â−®© à¥�«¨§�æ¨¨), ª®â®àë© ¯®§¢®«¨â ¨á¯®«ì§®¢�âì ¬¥-
â®¤ë ®¡¥á¯¥ç¥−¨ï �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâ¨ ¤«ï ãáâà®©áâ¢, −¥ ¤®¯ãáª�îé¨å
¨å ®áâ�−®¢ªã ¤«ï à¥¬®−â�/à¥ª®−ä¨£ãà�æ¨¨. ‚®§¬®¦−®áâì ¨á¯®«ì§®¢�−¨ï â�ª®£®
¯®¤å®¤� áâ�−¥â ¯à¥¤¬¥â®¬ ¨áá«¥¤®¢�−¨ï �¢â®à®¢ −�áâ®ïé¥© áâ�âì¨.
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Abstract: The design of digital devices with both reliability and energy-efficiency
is one of the important directions of information technologies development. The
self-timed circuits have unique properties | width operation range, self-testing
for stuck-at faults and energy-consumption decrease. The ability of self-test
makes self-repair techniques better and more perspective for self-timed circuits.
However, the fault-tolerance is necessary for some fields of application. The key
difference between different techniques of reliability improvement is researched
in this paper by the example of proposed technical solutions that realize most
efficient designing methods. The usage of complex indices provides comparison
of designs.
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