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1 Введение

÷¥�«¨§�æ¨ï ‘‘ (¢ �−£«®ï§ëç−®© «¨â¥à�âãà¥ | self-timed) [1] áå¥¬ ¢ ¢¨¤¥
ª®−¢¥©¥à� è¨à®ª® ¨á¯®«ì§ã¥âáï ¤«ï ¯®¢ëè¥−¨ï ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ëç¨á«¨-
â¥«ì−ëå á¨áâ¥¬, ¯®áâà®¥−−ëå ¢ á®®â¢¥âáâ¢ãîé¥¬ ¡�§¨á¥ [2{4]. ‘�¬®á¨−åà®−−�ï
áå¥¬� ®â«¨ç�¥âáï ®â á¨−åà®−−®© áå¥¬ë áâà®£¨¬ ç¥à¥¤®¢�−¨¥¬ ¤¢ãå ä�§ à�¡®âë
(à�¡®ç¥© ¨ á¯¥©á¥à−®©) ¨ ®¡ï§�â¥«ì−®© ¨−¤¨ª�æ¨¥© ®ª®−ç�−¨ï ¯¥à¥ª«îç¥−¨ï
áå¥¬ë ¢ ª�¦¤ãî ä�§ã. �â¨ á¢®©áâ¢� ®¡¥á¯¥ç¨¢�îâ àï¤ ¯à¥¨¬ãé¥áâ¢ ‘‘-áå¥¬
¢ áà�¢−¥−¨¨ á á¨−åà®−−ë¬¨ �−�«®£�¬¨ [5, 6] ¨ ª®−âà®«ì ª®àà¥ªâ−®áâ¨ ¯¥à¥-
ª«îç¥−¨ï ‘‘-áå¥¬ë, −® á−¨¦�îâ ¥¥ ¡ëáâà®¤¥©áâ¢¨¥. ÷�§¡¨¥−¨¥ ‘‘-áå¥¬ë −�
áâã¯¥−¨ ª®−¢¥©¥à� ã¯à®é�¥â ¥¥ ¨−¤¨ª�æ¨î ¢ à�¬ª�å ®¤−®© áâã¯¥−¨ ¨ §� áç¥â íâ®-
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Œã«ìâ¨¯«¥ªá¨àã¥¬ë© á�¬®á¨−åà®−−ë© ª®−¢¥©¥à

£® ¯®¢ëè�¥â ¥¥ ¯à®¨§¢®¤¨â¥«ì−®áâì | ç¨á«® ¯®àæ¨© ¤�−−ëå, ®¡à�¡�âë¢�¥¬ëå
¢ ¥¤¨−¨æã ¢à¥¬¥−¨.

„®¯®«−¨â¥«ì−®¥ ¯®¢ëè¥−¨¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ à�¬ª�å ª®−¢¥©¥à−®© à¥�-
«¨§�æ¨¨ æ¨äà®¢®© áå¥¬ë ®¡¥á¯¥ç¨¢�¥âáï á ¯®¬®éìî ®¯æ¨®−�«ì−®£® ã¬¥−ìè¥−¨ï
§�¤¥à¦ª¨ ª®−¢¥©¥à� | ¢à¥¬¥−¨ ®¡à�¡®âª¨ ª®−¢¥©¥à®¬ â¥ªãé¥© ¯®àæ¨¨ ¨áå®¤-
−ëå ¤�−−ëå. �� ¯à�ªâ¨ª¥ ¨áå®¤−ë¥ ¤�−−ë¥ ¢ àï¤¥ á«ãç�¥¢ ¤®¯ãáª�îâ ®¡å®¤
−¥ª®â®àëå íâ�¯®¢ ®¡à�¡®âª¨ ¤�−−ëå ¨«¨ §�¬¥−ã ¨å ¡®«¥¥ ¯à®áâë¬¨ ¢ëç¨á«¥−¨-
ï¬¨. ‚ ‘‘-áå¥¬�å ®¡å®¤ áâã¯¥−¨ ª®−¢¥©¥à� ®§−�ç�¥â ¯à¨−ã¤¨â¥«ì−®¥ ã¤¥à¦�−¨¥
¥¥ ¢ á¯¥©á¥à−®© ä�§¥, çâ® ¯®§¢®«ï¥â ã¬¥−ìè¨âì í−¥à£®¯®âà¥¡«¥−¨¥ ¨ §�¤¥à¦ªã
ª®−¢¥©¥à�.

‘�¬®á¨−åà®−−ë© ª®−¢¥©¥à äã−ªæ¨®−¨àã¥â −� ®á−®¢¥ §�¯à®á-®â¢¥â−®£® ¢§�¨-
¬®¤¥©áâ¢¨ï áâã¯¥−¥©: i-ï áâã¯¥−ì ¬®¦¥â −�ç�âì ¯¥à¥ª«îç¥−¨¥ ¢ à�¡®çãî (á¯¥©á¥à-
−ãî) ä�§ã, ¥á«¨ (i + 1)-ï áâã¯¥−ì ¯®¤â¢¥à¤¨«� §�¢¥àè¥−¨¥ á¢®¥£® ¯¥à¥ª«îç¥−¨ï
¢ á¯¥©á¥à−ãî (à�¡®çãî) ä�§ã. �®íâ®¬ã à¥�«¨§�æ¨ï ®¡å®¤� ®â¤¥«ì−ëå áâã¯¥-
−¥© ª®−¢¥©¥à� âà¥¡ã¥â ãç¥â� á®®â¢¥âáâ¢ãîé¨å ãá«®¢¨©. �¯à¥¤¥«¥−¨¥ â�ª¨å
ãá«®¢¨© ¨ â¥å−¨ç¥áª�ï à¥�«¨§�æ¨ï áå¥¬ë ã¯à�¢«¥−¨ï, ®¡¥á¯¥ç¨¢�îé¥© á�¬®á¨−-
åà®−−®áâì ‘‘-ª®−¢¥©¥à� á ¨§¬¥−ï¥¬ë¬ ¬�àèàãâ®¬ ®¡à�¡®âª¨ ¤�−−ëå, ï¢«ï¥âáï
�ªâã�«ì−®© §�¤�ç¥©, à¥è¥−¨¥ ª®â®à®© ¢ §�àã¡¥¦−®© ¨ ®â¥ç¥áâ¢¥−−®© â¥å−¨ç¥áª®©
«¨â¥à�âãà¥ �¢â®à�¬ −¥ ¨§¢¥áâ−®. „�−−�ï áâ�âìï à�áá¬�âà¨¢�¥â â¥®à¥â¨ç¥áª®¥
®¡®á−®¢�−¨¥ íää¥ªâ¨¢−®áâ¨ ¬ã«ìâ¨¯«¥ªá¨à®¢�−¨ï áâã¯¥−¥© ª®−¢¥©¥à� ¨ ¨áá«¥-
¤ã¥â ¢®§¬®¦−ë¥ ¢�à¨�−âë à¥è¥−¨ï ®¯¨á�−−®© ¯à®¡«¥¬ë á ãç¥â®¬ ®£à�−¨ç¥−−®£®
¡�§¨á� áå¥¬®â¥å−¨ç¥áª®© à¥�«¨§�æ¨¨.

2 Структура конвейера с мультиплексированием путей

�� à¨á. 1 ¯à¥¤áâ�¢«¥−� ®¡®¡é¥−−�ï áâàãªâãà−�ï áå¥¬� ‘‘-ª®−¢¥©¥à�, ¢ª«î-
ç�îé�ï N ¯®á«¥¤®¢�â¥«ì−ëå áâã¯¥−¥© ¢ ®á−®¢−®¬ âà�ªâ¥ ®¡à�¡®âª¨ ¤�−−ëå ¨ L
áâã¯¥−¥© ¯�à�««¥«ì−®£® âà�ªâ�, §�¬¥−ïîé¥£® N − 2 áà¥¤−¨å áâã¯¥−¥© ®á−®¢−®£®
âà�ªâ�. �â¤¥«ì−® ®¡®§−�ç¥−ë ¡«®ª¨, ®¡¥á¯¥ç¨¢�îé¨¥ ¤¥¬ã«ìâ¨¯«¥ªá¨à®¢�−¨¥
¯à®¬¥¦ãâ®ç−ëå ¤�−−ëå ¯®á«¥ ¯¥à¢®© áâã¯¥−¨ ¨ ¨å ¬ã«ìâ¨¯«¥ªá¨à®¢�−¨¥ ¯¥à¥¤
¯®á«¥¤−¥© áâã¯¥−ìî ª®−¢¥©¥à�. ‡¤¥áì Din | ¢å®¤−ë¥ ¤�−−ë¥; Dout | ¢ëå®¤−ë¥
¤�−−ë¥; Ck, k = 1, . . . , N + L, | áâã¯¥−¨ ª®−¢¥©¥à�; „Œ | ¤¥¬ã«ìâ¨¯«¥ªá®à
1 : 2; Œ | ¬ã«ìâ¨¯«¥ªá®à 2 : 1; Ik, k = 1, . . . , N + L, | ¨−¤¨ª�â®à−ë¥ ¢ëå®¤ë
áâã¯¥−¥©; Ek, k = 1, . . . , N + L, | ä�§®¢ë¥ ¢å®¤ë áâã¯¥−¥©; U | ¯à¨§−�ª
¢ë¯®«−¥−¨ï ãá«®¢¨ï, à�§à¥è�îé¥£® §�¬¥−ã N − 2 áâã¯¥−¥© ®á−®¢−®£® âà�ªâ�
ª®−¢¥©¥à� L áâã¯¥−ï¬¨ ¯�à�««¥«ì−®£® âà�ªâ�; SU | á¨£−�« ¢ë¡®à� ¯ãâ¨ ¢ −�ç�«¥
à�§¢¥â¢«¥−¨ï; SP | á¨£−�« ¢ë¡®à� ¯ãâ¨ ¢ ª®−æ¥ à�§¢¥â¢«¥−¨ï; Rin ¨ Rout |
¢å®¤−®© ¨ ¢ëå®¤−®© á¨£−�«ë §�¯à®á�; Ain ¨ Aout | ¢å®¤−®© ¨ ¢ëå®¤−®© á¨£−�«ë
¯®¤â¢¥à¦¤¥−¨ï.

�®àï¤®ª ¢ë¢®¤� à¥§ã«ìâ�â®¢ ®¡à�¡®âª¨ ¤�−−ëå, áâà®£® á®®â¢¥âáâ¢ãîé¨© ¯®-
àï¤ªã ¯®áâã¯«¥−¨ï ¢å®¤−ëå ¤�−−ëå, ®¡¥á¯¥ç¨¢�¥â FIFO ¬�àª¥à� ¯ãâ¨. Œ�àª¥à
¯ãâ¨ DPI, áä®à¬¨à®¢�−−ë© áâã¯¥−ìî ‘1, §�¯¨áë¢�¥âáï ¢ FIFO ¨ £�à�−â¨àã¥â
ª®àà¥ªâ−ë© ¢ë¡®à âà�ªâ� ®¡à�¡®âª¨ ¤�−−ëå áâã¯¥−ìî CN . ‡�¯¨áì ¢ FIFO
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, „. ā. ‘â¥¯ç¥−ª®¢ ¨ ¤à.

÷¨á. 1 �¡®¡é¥−−�ï áå¥¬� ‘‘-ª®−¢¥©¥à�

¯à®¨áå®¤¨â ¯®¤ ã¯à�¢«¥−¨¥¬ á¨£−�-

÷¨á. 2 ‘âàãªâãà−�ï áå¥¬� áâã¯¥−¨ ‘‘-ª®−-
¢¥©¥à� (H | ƒ-âà¨££¥à)

«� EPI. —â¥−¨¥ ¨§ FIFO ¨−¨æ¨¨àã¥â-
áï á¨£−�«®¬ EPO.

‘âàãªâãà−�ï áå¥¬� ®¤−®© áâã¯¥-
−¨ ‘‘-ª®−¢¥©¥à� ¯®ª�§�−� −� à¨á. 2.
�«®ª ú‹®£¨ª�û ®â®¡à�¦�¥â ª®¬¡¨-
−�æ¨®−−ãî ç�áâì áâã¯¥−¨ ª®−¢¥©¥à�.
ˆ−ä®à¬�æ¨®−−ë¥ ¢å®¤ë Din ¨ ¢ëå®-
¤ë Dout ¯à¥¤áâ�¢«¥−ë ¢ ¯�à�ä�§−®¬

ª®¤¥. ‚å®¤ ã¯à�¢«¥−¨ï E à�§à¥è�¥â ä�§®¢ë¥ ¯¥à¥ª«îç¥−¨ï à¥£¨áâà�. ”�§�
à�¡®âë ª®¬¡¨−�æ¨®−−®© ç�áâ¨ ®¯à¥¤¥«ï¥âáï ä�§®© ¨−ä®à¬�æ¨®−−ëå ¢å®¤®¢ Din.
ƒ¨áâ¥à¥§¨á−ë© âà¨££¥à (ƒ-âà¨££¥à, [1]) ä®à¬¨àã¥â ®¡é¨© ¨−¤¨ª�â®à−ë© ¢ëå®¤
áâã¯¥−¨ I, ®¡ê¥¤¨−ïï ¨−¤¨ª�â®à−ë¥ ¢ëå®¤ë ª®¬¡¨−�æ¨®−−®© ç�áâ¨ IC ¨ à¥-
£¨áâà� IR. �à¨−ã¤¨â¥«ì−®¥ ¯®¤¤¥à¦�−¨¥ á¯¥©á¥à� −� ¢å®¤�å Din £�à�−â¨àã¥â
á®åà�−¥−¨¥ á¯¥©á¥à−®£® á®áâ®ï−¨ï ¨ −� ¢ëå®¤¥ Dout −¥§�¢¨á¨¬® ®â §−�ç¥−¨ï
¢å®¤� ã¯à�¢«¥−¨ï E. �â® á¢®©áâ¢® ®¡«¥£ç�¥â ¯®áâà®¥−¨¥ ‘‘-ª®−¢¥©¥à� á ¬ã«ì-
â¨¯«¥ªá¨à®¢�−¨¥¬ âà�ªâ®¢ ¤�−−ëå.

�á−®¢−ë¥ ¯à¥¨¬ãé¥áâ¢� ‘‘-áå¥¬ ¢ áà�¢−¥−¨¨ á á¨−åà®−−ë¬¨ �−�«®£�-
¬¨ | ª®àà¥ªâ−®¥ ¯®¢¥¤¥−¨¥ ¯à¨ «î¡ëå §�¤¥à¦ª�å í«¥¬¥−â®¢ ¨ ®âáãâáâ¢¨¥
£«®¡�«ì−®© á¨−åà®−¨§�æ¨¨. ‘«¥¤®¢�â¥«ì−®, §�¤¥à¦ª¨ ¯�à�««¥«ì−ëå ãç�áâ-
ª®¢ {C2,C3, . . . ,CN−1} ¨ {CN+1,CN+2, . . . ,CN+L} ª®−¢¥©¥à� −� à¨á. 1 ¬®£ãâ
−�å®¤¨âìáï ¢ ¯à®¨§¢®«ì−®¬ ®â−®è¥−¨¨ −¥§�¢¨á¨¬® ®â ç¨á«� áâã¯¥−¥© ¢ ª�¦-
¤®¬ ¨§ −¨å. �®íâ®¬ã ¢® ¨§¡¥¦�−¨¥ £®−®ª ¬¥¦¤ã ¯®á«¥¤®¢�â¥«ì−ë¬¨ ¯®àæ¨ï¬¨
®¡à�¡�âë¢�¥¬ëå ¨áå®¤−ëå ¤�−−ëå −� ¢ëå®¤¥ ª®−¢¥©¥à� ¯¥à¥ª«îç¥−¨¥ ¬¥¦¤ã
¯�à�««¥«ì−ë¬¨ âà�ªâ�¬¨ ¤�−−ëå à¥£ã«¨àã¥âáï FIFO ¬�àª¥à� ¯ãâ¨.
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Œã«ìâ¨¯«¥ªá¨àã¥¬ë© á�¬®á¨−åà®−−ë© ª®−¢¥©¥à

‚ á¨−åà®−−®¬ ª®−¢¥©¥à¥ ¤¥¬ã«ìâ¨¯«¥ªá®à ¨ ¬ã«ìâ¨¯«¥ªá®à, ®¡¥á¯¥ç¨¢�îé¨¥
¢ë¡®à ®¤−®£® âà�ªâ� ®¡à�¡®âª¨ ¤�−−ëå ¨§ ¤¢ãå ¯�à�««¥«ì−ëå, á−¨¦�îâ ç�áâ®âã
á¨−åà®−¨§�æ¨¨, â�ª ª�ª ®−� à�ááç¨âë¢�¥âáï ¤«ï −�¨åã¤è¥£® á«ãç�ï, ¢ ª®â®à®¬
§�¤¥à¦ª� áå¥¬ë ¬ã«ìâ¨¯«¥ªá¨à®¢�−¨ï ¤®¡�¢«ï¥âáï ª ®¡é¥¬ã ¢à¥¬¥−¨ ®¡à�¡®âª¨
¤�−−ëå (§�¤¥à¦ª¥ ª®−¢¥©¥à�).

‚ ‘‘-ª®−¢¥©¥à¥ −¥â −¥®¡å®¤¨¬®áâ¨ ãç¨âë¢�âì −�¨åã¤è¨© á«ãç�©. …£® ¯à®¨§-
¢®¤¨â¥«ì−®áâì å�à�ªâ¥à¨§ã¥âáï áâ�â¨áâ¨ç¥áª¨ ãáà¥¤−¥−−ë¬ ¢à¥¬¥−¥¬ ®¡à�¡®âª¨
¤�−−ëå ¨ §�¢¨á¨â ®â §−�ç¥−¨ï ®¡à�¡�âë¢�¥¬ëå ¤�−−ëå ¨ ãá«®¢¨© íªá¯«ã�â�æ¨¨.
�®íâ®¬ã ã¢¥«¨ç¥−¨¥ §�¤¥à¦ª¨ ª®−¢¥©¥à� ¢ −�¨åã¤è¥¬ á«ãç�¥ ¬®¦¥â ª®¬¯¥−á¨-
à®¢�âìáï ¥¥ ã¬¥−ìè¥−¨¥¬ ¢ ®áâ�«ì−ëå á«ãç�ïå.

�ãáâì áâã¯¥−¨ ‘2 ¨ ‘3 ¢ ‘‘-ª®−¢¥©¥à¥ −� à¨á. 1 á�¬ë¥ á«®¦−ë¥ ¨ ¯®â®¬ã
¬¥¤«¥−−ë¥, §�¤¥à¦ª¨ ¨å ¯¥à¥ª«îç¥−¨ï ¢ à�¡®çãî ¨ á¯¥©á¥à−ãî ä�§ë à�¢−ë T0
¨ L ≤ N − 2. ’®£¤� ¢ á®®â¢¥âáâ¢¨¨ á ãª�§�−−ë¬¨ ¢ëè¥ ¯à¨−æ¨¯�¬¨ à�¡®âë
‘‘-áå¥¬ §�¤¥à¦ª� ®á−®¢−®© ¢¥â¢¨ ª®−¢¥©¥à�, ¢ª«îç�îé¥© áâã¯¥−¨ ‘1{CN ,
à�¢−� (NT0 + Täí + Tí), £¤¥ Täí | §�¤¥à¦ª� áà�¡�âë¢�−¨ï ¡«®ª� „Œ;
Tí | §�¤¥à¦ª� áà�¡�âë¢�−¨ï ¡«®ª� í. �¥à¨®¤¨ç−®áâì ¯®ï¢«¥−¨ï à¥§ã«ìâ�â�
−� ¢ëå®¤¥ áâã¯¥−¨ CN ¯à¨ −¥¯à¥àë¢−®¬ ¯®â®ª¥ ¢å®¤−ëå ¤�−−ëå à�¢−� 4T0.

�à®å®¤ ¤�−−ëå ¯® �«ìâ¥à−�â¨¢−®¬ã ¯ãâ¨, ¢ª«îç�îé¥¬ã áâã¯¥−¨
C1,CN+1, . . . ,CN+L,CN , å�à�ªâ¥à¨§ã¥âáï §�¤¥à¦ª®© ((L+2)T1 + Täí + Tí),
£¤¥ T1| §�¤¥à¦ª� ¯¥à¥ª«îç¥−¨ï ¢ à�¡®çãî ¨ á¯¥©á¥à−ãî ä�§ã á�¬ëå §�¤¥à¦�−-
−ëå ç¥â−®© ¨ −¥ç¥â−®© áâã¯¥−¥© �«ìâ¥à−�â¨¢−®£® ¯ãâ¨, ¨ ¯¥à¨®¤¨ç−®áâìî 4T1.
�®áª®«ìªã T1 < T0 ¨ L ≤ N − 2, ¨á¯®«ì§®¢�−¨¥ �«ìâ¥à−�â¨¢−®£® ¯ãâ¨ ãáª®àï¥â
à�¡®âã ª®−¢¥©¥à�: ç¥¬ ¬¥−ìè¥ T1 ¨ L, â¥¬ §−�ç¨â¥«ì−¥¥ ãáª®à¥−¨¥.

‚�¦−ãî à®«ì ¢ ®à£�−¨§�æ¨¨ ‘‘-¬ã«ìâ¨¯«¥ªá¨à®¢�−¨ï ¯ãâ¥© ®¡à�¡®âª¨ ¤�−-
−ëå ¢ ª®−¢¥©¥à¥ ¨£à�¥â áå¥¬� ã¯à�¢«¥−¨ï.

3 Реализация управления мультиплексируемым самосинхронным
конвейером

÷¥�«¨§�æ¨ï áå¥¬ë ã¯à�¢«¥−¨ï ¬ã«ìâ¨¯«¥ªá¨àã¥¬®£® ª®−¢¥©¥à� ¡�§¨àã¥âáï
−� á«¥¤ãîé¨å ¯à¨−æ¨¯�å:

{ ®¡à�¡®âª� ¯®á«¥¤®¢�â¥«ì−ëå ¯®àæ¨© ¤�−−ëå ¬®¦¥â ¢ë¯®«−ïâìáï ®¤−®¢à¥-
¬¥−−® ¢ ®¡®¨å ¯ãâïå;

{ ¯¥à¢�ï ¨ ¯®á«¥¤−ïï áâã¯¥−¨ ¯ãâ¨, −¥ ï¢«ïîé¥£®áï â¥ªãé¨¬ �ªâ¨¢−ë¬, ¯à¨-
−ã¤¨â¥«ì−® ã¤¥à¦¨¢�îâáï ¢ á¯¥©á¥à¥;

{ ¢ à�¡®çãî ä�§ã ¯¥à¥ª«îç�¥âáï ¯¥à¢�ï áâã¯¥−ì â®«ìª® â®£® ¯ãâ¨, −� ª®â®àë©
ãª�§ë¢�¥â ¬�àª¥à ¯ãâ¨, áä®à¬¨à®¢�−−ë© áâã¯¥−ìî C1;

{ ¢ à�¡®çãî ä�§ã ¯¥à¥ª«îç�¥âáï ¯®á«¥¤−ïï áâã¯¥−ì â®«ìª® â®£® ¯ãâ¨, −�
ª®â®àë© ãª�§ë¢�¥â ¬�àª¥à ¢ ¢ëå®¤−®© ïç¥©ª¥ FIFO.

‚ë¡®à �ªâ¨¢−®£® ¯ãâ¨ ¢ â®çª¥ à�§¢¥â¢«¥−¨ï ª®−¢¥©¥à� −� à¨á. 1 ®áãé¥-
áâ¢«ï¥âáï áâã¯¥−ìî C1, ä®à¬¨àãîé¥© ¬�àª¥à ¯ãâ¨, ª®â®àë© ç¥à¥§ ‘‘-FIFO
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, „. ā. ‘â¥¯ç¥−ª®¢ ¨ ¤à.

¤®áâ�¢«ï¥âáï ª áâã¯¥−¨ CN , ®¡ê¥¤¨-

÷¨á. 3 ‘å¥¬� âà¨££¥à� à¥¦¨¬� ¨ ã¯à�¢«¥−¨ï
à¥£¨áâà®¬ áâã¯¥−¨ C1

−ïîé¥© ¯�à�««¥«ì−ë¥ ¯ãâ¨. ˆ§¬¥-
−¥−¨¥ §−�ç¥−¨ï ¬�àª¥à� ¯à®¨áå®¤¨â
¢ á¯¥©á¥à−®© ä�§¥ à¥£¨áâà� áâã¯¥-
−¨ C1 ¤«ï ®¡¥á¯¥ç¥−¨ï £�à�−â¨à®-
¢�−−®£® á®åà�−¥−¨ï á¯¥©á¥à−®£® á®-
áâ®ï−¨ï −� ¢å®¤¥ −¥�ªâ¨¢−®© ¢¥â¢¨
ª®−¢¥©¥à�. ’¥ªãé¥¥ §−�ç¥−¨¥ ¬�à-
ª¥à� ¯ãâ¨ åà�−¨âáï ¢ âà¨££¥à¥ à¥-
¦¨¬�, áå¥¬� ª®â®à®£® ¯®ª�§�−� −�
à¨á. 3. ‡¤¥áì (L,LB) | ¯�à�ä�§-
−ë© ¬�àª¥à ¯ãâ¨ á −ã«¥¢ë¬ á¯¥©á¥-
à®¬; WE | á¨£−�« ã¯à�¢«¥−¨ï à¥-
£¨áâà®¬ áâã¯¥−¨ C1, ä®à¬¨àã¥¬ë©

â®«ìª® ¯®á«¥ áà�¡�âë¢�−¨ï ¨−¤¨ª�â®à� âà¨££¥à� à¥¦¨¬�, ¯®¤â¢¥à¦¤�îé¥£® ãáâ�-
−®¢ªã â¥ªãé¥£® ¬�àª¥à� ¯ãâ¨ (U,UB). �¥à¥ª«îç¥−¨¥ ¬�àª¥à� ¯ãâ¨ ¢ −®¢®¥
§−�ç¥−¨¥ ¯à®¨áå®¤¨â â®«ìª® ¢ á¯¥©á¥à−®© ä�§¥ áâã¯¥−¥© C2 ¨ CN+1.

„¥¬ã«ìâ¨¯«¥ªá®à −� ¢ëå®¤¥ áâã¯¥−¨ C1 ª®¬¬ãâ¨àã¥â ¢ëå®¤ë ¥¥ à¥£¨áâ-
à� −� ¢å®¤ë áâã¯¥−¨ C2 ¯à¨ U = 0 ¨«¨ áâã¯¥−¨ CN+1 ¯à¨ U = 1. �®áª®«ìªã
¨§¬¥−¥−¨¥ ¬�àª¥à� U ¯à®¨áå®¤¨â ¢® ¢à¥¬ï á¯¥©á¥à−®© ä�§ë à¥£¨áâà� áâã¯¥−¨ C1,
¯¥à¥ª«îç¥−¨¥ −� ¤àã£®© ¯ãâì ®¡à�¡®âª¨ ¤�−−ëå −¥ ¢ë§ë¢�¥â −�àãè¥−¨ï á�¬®-
á¨−åà®−−®áâ¨.

‘å¥¬� ®¤−®© ïç¥©ª¨ ‘‘-FIFO (RGI) ¯®ª�§�−� −� à¨á. 4. �−� à¥�«¨§®¢�−�
−� ¤¢ãå¢å®¤®¢ëå ƒ-âà¨££¥à�å á® á¡à®á®¬ ¢ á¯¥©á¥à [7]. ‡¤¥áì (X,XB) | ¯�-
à�ä�§−ë© ¨−ä®à¬�æ¨®−−ë© ¢å®¤ á −ã«¥¢ë¬ á¯¥©á¥à®¬; (Y,YB)| ¯�à�ä�§−ë©
¢ëå®¤ á −ã«¥¢ë¬ á¯¥©á¥à®¬; E | ä�§®¢ë© ¢å®¤ ã¯à�¢«¥−¨ï; R | ¢å®¤ á¡à®á�;
I | ¨−¤¨ª�â®à−ë© ¢ëå®¤. �à¨ R = 0 à�§àï¤ FIFO ¯¥à¥ª«îç�¥âáï ¢ á¯¥©á¥à−®¥
á®áâ®ï−¨¥ Y = YB = 0 −¥§�¢¨á¨¬® ®â ®áâ�«ì−ëå ¢å®¤®¢.

÷¨áã−®ª 5 ¤¥¬®−áâà¨àã¥â áå¥¬ã ‘‘-FIFO; FIFO −� í«¥¬¥−â�å RGI ®â−®á¨âáï
ª ¯®«ã¯«®â−ë¬ [8]. ‚ ¯à®æ¥áá¥ ¥£® §�¯®«−¥−¨ï «¨èì ª�¦¤�ï ¢â®à�ï ïç¥©ª� åà�−¨â
¡¨â ¨−ä®à¬�æ¨¨ ¢ ¯�à�ä�§−®¬ ª®¤¥, � ®áâ�«ì−ë¥ −�å®¤ïâáï ¢ á¯¥©á¥à¥. …¬ª®áâì
áå¥¬ë FIFO −� à¨á. 5 | 3 ¡¨â�. �á®¡¥−−®áâì ‘‘-FIFO | �¢â®−®¬−®¥ ¯à®-

÷¨á. 4 ‘å¥¬� ®¤−®© ïç¥©ª¨ FIFO
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Œã«ìâ¨¯«¥ªá¨àã¥¬ë© á�¬®á¨−åà®−−ë© ª®−¢¥©¥à

÷¨á. 5 ‘å¥¬� âà¥å¡¨â®¢®£® FIFO

¤¢¨¦¥−¨¥ §�¯¨á�−−®£® ¡¨â� ®â ¢å®¤−®© ïç¥©ª¨ ¤® ¡«¨¦�©è¥© á¢®¡®¤−®© ïç¥©ª¨.
‚ëå®¤ Ack ã¢¥¤®¬«ï¥â áâã¯¥−ì C1 ® á®áâ®ï−¨¨ ¯¥à¢®© ïç¥©ª¨ FIFO: §�−ïâ� ®−�
¨«¨ á¢®¡®¤−�. ‚å®¤ Req à¥£ã«¨àã¥â ä�§®¢ë¥ ¯¥à¥ª«îç¥−¨ï ¯®á«¥¤−¥© ïç¥©ª¨
FIFO áâã¯¥−ìî CN .

„«ï ®¯â¨¬�«ì−®£® äã−ªæ¨®−¨à®¢�−¨ï ª®−¢¥©¥à� −� à¨á. 1 FIFO ¤®«¦−®
¨¬¥âì ¥¬ª®áâì ¯à¨¬¥à−® 0,5(N + L) − 1 ¡¨â. �à¨ ¬¥−ìè¥© ¥¬ª®áâ¨ FIFO ¢®§-
¬®¦−® §�¬¥¤«¥−¨¥ ª®−¢¥©¥à�, å®âï ¨ ¯à¨ à¥�«¨§�æ¨¨ FIFO ¢ ¢¨¤¥ ®¤−®© ïç¥©ª¨
‘‘-ª®−¢¥©¥à ¡ã¤¥â äã−ªæ¨®−¨à®¢�âì ª®àà¥ªâ−®.

�®á«¥¤−¨¥ áâã¯¥−¨ ¯�à�««¥«ì−ëå ¢¥â¢¥© (CN−1 ¨ CN+L) −¥ ¬®£ãâ ®¤−®¢à¥-
¬¥−−® −�å®¤¨âìáï ¢ à�¡®ç¥© ä�§¥. �®íâ®¬ã ¬ã«ìâ¨¯«¥ªá®à ¯¥à¥¤ áâã¯¥−ìî CN

¬®¦−® §�¬¥−¨âì ¬−®£®à�§àï¤−ë¬ í«¥¬¥−â®¬ 2ˆ‹ˆ.
‘¨£−�« ã¯à�¢«¥−¨ï à¥£¨áâà®¬ áâã¯¥−¨ CN ä®à¬¨àã¥âáï −� ®á−®¢¥ á¨£−�«®¢

ã¯à�¢«¥−¨ï EN−1, EN ¨ EN+L áâã¯¥−ï¬¨ ª®−¢¥©¥à�, ª�ª ¯®ª�§�−® −� à¨á. 6.
‘å¥¬ë −� à¨á. 3{6 ã¤®¢«¥â¢®àï-

÷¨á. 6 ”®à¬¨à®¢�â¥«ì á¨£−�«� ã¯à�¢«¥-
−¨ï à¥£¨áâà®¬ áâã¯¥−¨ CN

îâ áå¥¬®â¥å−¨ç¥áª¨¬ ®£à�−¨ç¥−¨ï¬
â¥å−®«®£¨¨ ŠŒ„� á «î¡ë¬¨ â®¯®-
«®£¨ç¥áª¨¬¨ −®à¬�¬¨ ¨ ¬®£ãâ ¡ëâì
à¥�«¨§®¢�−ë ª�ª ¢ ¢¨¤¥ §�ª�§−®© ¬¨ª-
à®áå¥¬ë, â�ª ¨ −� ¡�§®¢®¬ ¬�âà¨ç−®¬
ªà¨áâ�««¥ −� ®â¥ç¥áâ¢¥−−®© â¥å−®«®-
£¨ç¥áª®© ¡�§¥.

�¯¨á�−−ë¥ áå¥¬®â¥å−¨ç¥áª¨¥ à¥-
è¥−¨ï ¡ë«¨ ¯à®¢¥à¥−ë −� á�¬®á¨−å-
à®−−®áâì ¯à®£à�¬¬®© �‘ˆ�� [9],
¯®¤â¢¥à¤¨¢è¥© ¨å ª®àà¥ªâ−®áâì.

4 Заключение

‚ ®â«¨ç¨¥ ®â á¨−åà®−−®£® ª®−¢¥©¥à�, ‘‘-ª®−¢¥©¥à ®â−®á¨âáï ª ¯®«ã¯«®â−ë¬
ª®−¢¥©¥à�¬. ˆ§-§� ¤¢ãåä�§−®£® à¥¦¨¬� à�¡®âë ¯à¨ ¬�ªá¨¬�«ì−®© §�£àã§-
ª¥ ª®−¢¥©¥à� �ªâ¨¢−�ï ®¡à�¡®âª� ¤�−−ëå ¯à®¨áå®¤¨â â®«ìª® ¢ ª�¦¤®© ¢â®à®©
áâã¯¥−¨, ®áâ�«ì−ë¥ áâã¯¥−¨ −�å®¤ïâáï ¢ á®áâ®ï−¨¨ ®¦¨¤�−¨ï ¨«¨ á¯¥©á¥à�.

�à®¨§¢®¤¨â¥«ì−®áâì ‘‘-ª®−¢¥©¥à� ®£à�−¨ç¨¢�¥âáï ¡ëáâà®¤¥©áâ¢¨¥¬ á�¬ëå
á«®¦−ëå áâã¯¥−¥©. …á«¨ ®−¨ ¨á¯®«ì§ãîâáï «¨èì ¤«ï −¥ª®â®àëå −�¡®à®¢ ¢å®¤−ëå
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, „. ā. ‘â¥¯ç¥−ª®¢ ¨ ¤à.

¤�−−ëå, ã¢¥«¨ç¥−¨¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¤®áâ¨£�¥âáï à¥�«¨§�æ¨¥© �«ìâ¥à−�â¨¢-
−ëå ¯ãâ¥© ®¡à�¡®âª¨ ¤�−−ëå ¢ ª®−¢¥©¥à¥, ®¡å®¤ïé¨å á«®¦−ë¥ áâã¯¥−¨, −¥
¢®áâà¥¡®¢�−−ë¥ â¥ªãé¨¬ −�¡®à®¬ ¤�−−ëå.

�à¥¤«®¦¥−−�ï áâàãªâãà� ‘‘-ª®−¢¥©¥à� á ¬ã«ìâ¨¯«¥ªá¨à®¢�−¨¥¬ âà�ªâ� ®¡-
à�¡®âª¨ ¤�−−ëå | ¤¢¥ ¯�à�««¥«ì−ë¥ ¢¥â¢¨ ®¡à�¡®âª¨ ¤�−−ëå ¨ FIFO ¬�àª¥à�
¢¥â¢¨ | ®¡¥á¯¥ç¨¢�¥â ®¯â¨¬�«ì−®áâì à¥�«¨§�æ¨¨ ª®−¢¥©¥à� á á¥«¥ªâ¨àã¥¬ë¬¨
®¯æ¨ï¬¨ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨. Šà®¬¥ â®£®, ®−� ¯®§¢®«ï¥â ¯®¢ëá¨âì áà¥¤−îî
¯à®¨§¢®¤¨â¥«ì−®áâì ª®−¢¥©¥à�, ¥á«¨ §�¤¥à¦ª� ®¤−®© ¨§ ¥£® ¯�à�««¥«ì−ëå ¢¥â¢¥©
áãé¥áâ¢¥−−® ¬¥−ìè¥ §�¤¥à¦ª¨ ¤àã£®© ¢¥â¢¨. �®«ã¯«®â−®¥ FIFO −� ƒ-âà¨££¥-
à�å −¥ ã¢¥«¨ç¨¢�¥â «�â¥−â−®áâ¨ ª®−¢¥©¥à�, ¥á«¨ ¥£® ¥¬ª®áâì ¡®«ìè¥ ¨«¨ à�¢−�
¯®«®¢¨−¥ ®â áã¬¬�à−®£® ç¨á«� áâã¯¥−¥© ¢ ¯�à�««¥«ì−ëå ¢¥â¢ïå.

�à¨¢¥¤¥−−ë¥ áå¥¬®â¥å−¨ç¥áª¨¥ à¥è¥−¨ï ®â¤¥«ì−ëå ã§«®¢ ª®−¢¥©¥à� á ¬ã«ì-
â¨¯«¥ªá¨à®¢�−¨¥¬ ¯ãâ¥© ®¡à�¡®âª¨ ¤�−−ëå £�à�−â¨àãîâ ¥£® ¯à�ªâ¨ç¥áªãî à¥�-
«¨§ã¥¬®áâì ¢ ¡�§¨á¥ §�ª�§−®© ¨ ¯®«ã§�ª�§−®© ŠŒ„�-â¥å−®«®£¨¨ −� ®â¥ç¥áâ¢¥−-
−ëå ¯®«ã¯à®¢®¤−¨ª®¢ëå ä�¡à¨ª�å.
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Abstract: The article considers the problem of correct practical implemen-
tation of a self-timed pipeline with multiplexing of actively operating stages
taking into account the circuitry limitations imposed by the technology used.
Complementing two parallel branches with a self-timed marker FIFO (First-
Input{First-Output) reduces the average latency of the pipeline and ensures its
operation is self-timed. With sufficient FIFO capacity, successive data portions
can be processed simultaneously by different pipeline's branches. The circuitry
solutions of the multiplexed pipeline's individual units guarantee pipeline prac-
tical feasibility in any complementary metal { oxide { semiconductor process at
domestic semiconductor factories.
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