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�−−®â�æ¨ï: ‘�¬®á¨−åà®−−ë¥ (‘‘) æ¨äà®¢ë¥ áå¥¬ë ®¡«�¤�îâ àï¤®¬ ¯à¥-
¨¬ãé¥áâ¢ ¢ áà�¢−¥−¨¨ á á¨−åà®−−ë¬¨ �−�«®£�¬¨ ¨ áâ�−®¢ïâáï ¯¥àá¯¥ªâ¨¢−ë¬
¡�§¨á®¬ ¤«ï à¥�«¨§�æ¨¨ −�¤¥¦−ëå ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬, íªá¯«ã�â¨àã¥¬ëå
¢ íªáâà¥¬�«ì−ëå ãá«®¢¨ïå. �âáãâáâ¢¨¥ íää¥ªâ¨¢−ëå áà¥¤áâ¢ �¢â®¬�â¨§¨-
à®¢�−−®£® á¨−â¥§� ‘‘-áå¥¬, ã¤®¡−ëå ¤«ï ¨á¯®«ì§®¢�−¨ï à�§à�¡®âç¨ª�¬¨,
®¡ãç¥−−ë¬¨ à�¡®â¥ á á¨áâ¥¬�¬¨ �¢â®¬�â¨§¨à®¢�−−®£® ¯à®¥ªâ¨à®¢�−¨ï á¨−-
åà®−−ëå áå¥¬, ¢ §−�ç¨â¥«ì−®© ¬¥à¥ â®à¬®§¨â ¢−¥¤à¥−¨¥ ‘‘-áå¥¬ ¢ ¯à�ªâ¨ªã
à�§à�¡®âª¨ æ¨äà®¢ëå áå¥¬. �®¤å®¤ ª á¨−â¥§ã ‘‘-áå¥¬, ®á−®¢�−−ë© −�
¯à¥®¡à�§®¢�−¨¨ ¨áå®¤−®£® á¨−åà®−−®£® Verilog-®¯¨á�−¨ï �«£®à¨â¬� à�¡®âë
áå¥¬ë ¢ ‘‘-à¥�«¨§�æ¨î ¯® ä®à¬�«¨§®¢�−−ë¬ ¯à�¢¨«�¬ ¢ �¢â®¬�â¨ç¥áª®¬
à¥¦¨¬¥ á ¬¨−¨¬�«ì−ë¬ ¨−â¥à�ªâ¨¢−ë¬ ãç�áâ¨¥¬ à�§à�¡®âç¨ª�, ®¡¥á¯¥ç¨¢�¥â
¡ëáâà®¥ ¯®«ãç¥−¨¥ ‘‘-à¥è¥−¨ï á ¯à¨¥¬«¥¬ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ ¨ −¥ âà¥-
¡ã¥â ®â ¯à®¥ªâ¨à®¢é¨ª� £«ã¡®ª¨å ¯®§−�−¨© ¢ ®¡«�áâ¨ á�¬®á¨−åà®−¨ª¨. �−
®¯¨à�¥âáï −� ¡�§®¢ë¥ ¯à¨−æ¨¯ë ¯®áâà®¥−¨ï ‘‘-áå¥¬ ¨ í¢à¨áâ¨ç¥áª¨¥ ¬¥â®¤ë
¨å à�§à�¡®âª¨. �¤¨− ¨§ ¢�¦−ëå ¨ −¥®¤−®§−�ç−ëå íâ�¯®¢ ¯à®¥ªâ¨à®¢�−¨ï
‘‘-áå¥¬ ¢ íâ®¬ ¯®¤å®¤¥ | §�¬¥−� á¨−åà®−−ëå âà¨££¥à®¢ ¨å ‘‘-�−�«®£�¬¨.
„«ï íâ®£® ¯à¥¤«�£�¥âáï ¨á¯®«ì§®¢�âì ¬¥â®¤ §�¬¥−ë á¨−åà®−−®£® âà¨££¥à� ¥£®
‘‘-�−�«®£®¬ á ¯®¬®éìî â�¡«¨ç−®£® ä®à¬�«¨§®¢�−−®£® á®®â¢¥âáâ¢¨ï −� ¡�§¥
£®â®¢®© ¡¨¡«¨®â¥ª¨ ‘‘-âà¨££¥à®¢ ¨ �−�«¨§� ®ªàã¦¥−¨ï âà¨££¥à�.

Š«îç¥¢ë¥ á«®¢�: á�¬®á¨−åà®−−�ï áå¥¬�; «®£¨ç¥áª¨© á¨−â¥§; âà¨££¥à; Ver-
ilog; §�¬¥−�; â�¡«¨æ� á®®â¢¥âáâ¢¨ï
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‡�¬¥−� á¨−åà®−−ëå âà¨££¥à®¢ ‘‘-�−�«®£�¬¨ ¢ ¯à®æ¥áá¥ ¤¥á¨−åà®−¨§�æ¨¨ áå¥¬ë

¢ á®áâ�¢¥ ®¡é¥© á¨áâ¥¬ë ¨ ®¡¥á¯¥ç¨¢�¥â ®¤−®¢à¥¬¥−−®áâì á®¡ëâ¨©, ¯à®¨áå®¤ï-
é¨å ¢ à�§−ëå ç�áâïå áå¥¬ë. ‚ ãá«®¢¨ïå ¯®áâ®ï−−®£® ãá«®¦−¥−¨ï æ¨äà®¢®©
−�ç¨−ª¨ ®¤−®© ¬¨ªà®áå¥¬ë ¤¥à¥¢® £«®¡�«ì−®£® â�ªâ®¢®£® á¨£−�«� áâ�−®¢¨âáï
¢¥áì¬� §�âà�â−ë¬ ¨ í−¥à£®¯®âà¥¡«ïîé¨¬.

‘�¬®á¨−åà®−−ë¥ æ¨äà®¢ë¥ áå¥¬ë ¯à¥¤áâ�¢«ïîâ á®¡®© �«ìâ¥à−�â¨¢ã á¨−-
åà®−−®© áå¥¬®â¥å−¨ª¥. �−¨ −¥ ¨á¯®«ì§ãîâ £«®¡�«ì−ë© á¨−åà®á¨£−�« ¤«ï ¢à¥-
¬¥−−�®£® á®£«�á®¢�−¨ï á®¡ëâ¨© ¢ áå¥¬¥. ˆå à�¡®â� ®á−®¢�−� −� §�¯à®á-®â¢¥â−®¬
¢§�¨¬®¤¥©áâ¢¨¨ ¢§�¨¬®á¢ï§�−−ëå ãáâà®©áâ¢, ®¯¨à�îé¥¬áï −� ¨§¡ëâ®ç−®¥ ª®¤¨-
à®¢�−¨¥ ¨−ä®à¬�æ¨¨, ¤¢ãåä�§−ãî ¤¨áæ¨¯«¨−ã à�¡®âë ¨ ®¡ï§�â¥«ì−®¥ ¯®¤â¢¥à-
¦¤¥−¨¥ ãá¯¥è−®£® §�¢¥àè¥−¨ï ¯¥à¥ª«îç¥−¨ï ¢á¥å í«¥¬¥−â®¢ áå¥¬ë ¢ ®ç¥à¥¤−ãî
ä�§ã äã−ªæ¨®−¨à®¢�−¨ï [1, 2]. �«�£®¤�àï íâ®¬ã ‘‘-áå¥¬ë à�¡®â�îâ ª®àà¥ªâ−®
¯à¨ «î¡ëå ãá«®¢¨ïå íªá¯«ã�â�æ¨¨ ¨ ®áâ�−�¢«¨¢�îâáï ¯à¨ ¯®ï¢«¥−¨¨ ®âª�§�
(ª®−áâ�−â−®© −¥¨á¯à�¢−®áâ¨).

‚ áà�¢−¥−¨¨ á á¨−åà®−−ë¬¨ �−�«®£�¬¨ ‘‘-áå¥¬ë ¨¬¥îâ ¨§¡ëâ®ç−ë¥ �¯-
¯�à�â−ë¥ §�âà�âë, ª®â®àë¥ ¨ ®¡¥á¯¥ç¨¢�îâ ã¯®¬ï−ãâë¥ ¢ëè¥ ¨å ã−¨ª�«ì−ë¥
á¢®©áâ¢�. �¤−�ª® ¯à¨ ¤®áâ¨£−ãâ®¬ ãà®¢−¥ à�§¢¨â¨ï â¥å−®«®£¨¨ ¨§£®â®¢«¥−¨ï
¨−â¥£à�«ì−ëå ¬¨ªà®áå¥¬ íâ®â −¥¤®áâ�â®ª ã¦¥ −¥ ¨£à�¥â ®¯à¥¤¥«ïîé¥© à®«¨.
„àã£¨¬ ä�ªâ®à®¬, á¤¥à¦¨¢�îé¨¬ è¨à®ª®¥ ¨á¯®«ì§®¢�−¨¥ ‘‘-áå¥¬®â¥å−¨ª¨
¢ ¯à®¥ªâ¨à®¢�−¨¨ æ¨äà®¢ëå ãáâà®©áâ¢, ï¢«ï¥âáï ®âáãâáâ¢¨¥ ã¤®¡−ëå áà¥¤áâ¢
�¢â®¬�â¨§¨à®¢�−−®£® á¨−â¥§�.

ˆ¬¥îé¨¥áï ®â¥ç¥áâ¢¥−−ë¥ ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� à�§à�¡®âª¨ ‘‘-áå¥¬ ¯®-
ªàë¢�îâ â®«ìª® íâ�¯ �−�«¨§� áå¥¬ë −� á�¬®á¨−åà®−−®áâì [3{5]. ‡�àã¡¥¦−ë¥
á¨áâ¥¬ë �¢â®¬�â¨§¨à®¢�−−®£® ¯à®¥ªâ¨à®¢�−¨ï (‘��÷) �á¨−åà®−−ëå áå¥¬ [6{12],
ª ª®â®àë¬ ®â−®áïâáï ¨ ‘‘-áå¥¬ë, ¨á¯®«ì§ãîâ á¯¥æ¨ä¨ç¥áª¨¥ ï§ëª¨ ®¯¨á�−¨ï
�«£®à¨â¬� äã−ªæ¨®−¨à®¢�−¨ï áå¥¬ë: á¥â¨ �¥âà¨, á¨£−�«ì−ë© £à�ä ¯¥à¥ª«îç¥-
−¨© ¨ ¤à., −¥¯à¨¢ëç−ë¥ ¤«ï à�§à�¡®âç¨ª®¢ âà�¤¨æ¨®−−ëå á¨−åà®−−ëå áå¥¬.
�−¨ âà¥¡ãîâ ®â ¯®«ì§®¢�â¥«ï á®®â¢¥âáâ¢ãîé¥£® ®¡à�§� ¬ëè«¥−¨ï ¨ −¥ ¢á¥£¤�
£�à�−â¨àãîâ ¯®«ãç¥−¨¥ �¤¥ª¢�â−®£® à¥§ã«ìâ�â� [13].

‚ â® ¦¥ ¢à¥¬ï ¨§¢¥áâ−ë ¬¥â®¤ë [13{17], ¨á¯®«ì§ãîé¨¥ âà�¤¨æ¨®−−®¥ á¨−-
åà®−−®¥ ®¯¨á�−¨¥ á¨−â¥§¨àã¥¬®© áå¥¬ë ¤«ï ¯®á«¥¤ãîé¥© �¢â®¬�â¨§¨à®¢�−−®©
£¥−¥à�æ¨¨ �á¨−åà®−−®© áå¥¬ë. �â® ®ç¥¢¨¤−ë© ¨ á�¬ë© ¯®−ïâ−ë© ¤«ï à�§à�-
¡®âç¨ª®¢ ¢á¥å â¨¯®¢ ¬¨ªà®áå¥¬ ¯®¤å®¤. �à¥¤«®¦¥−−ë© ¢ [17] ®¡é¨© ¯®¤å®¤
ª á¨−â¥§ã ®¯¨à�¥âáï −� ª®−¢¥àâ�æ¨î ¨áå®¤−®£® á¨−åà®−−®£® ®¯¨á�−¨ï �«£®à¨â¬�
à�¡®âë áå¥¬ë −� «î¡®¬ ãà®¢−¥: ¯®¢¥¤¥−ç¥áª®¬, äã−ªæ¨®−�«ì−®¬, ¤¨áªà¥â−®¬
(¢ ¡�§¨á¥ ¡¨¡«¨®â¥ª¨ áâ�−¤�àâ−ëå í«¥¬¥−â®¢) | ¢ ‘‘-áå¥¬ã á ¨á¯®«ì§®¢�−¨¥¬
í¢à¨áâ¨ç¥áª¨å �«£®à¨â¬®¢.

„¥á¨−åà®−¨§�æ¨ï áå¥¬ë | ®¤¨− ¨§ ª«îç¥¢ëå íâ�¯®¢ á¨−â¥§� ‘‘-áå¥¬ë
¢ à�¬ª�å ¤�−−®£® ¯®¤å®¤�. �−� §�ª«îç�¥âáï ¢ §�¬¥−¥ á¨£−�«®¢ £«®¡�«ì−®© á¨−-
åà®−¨§�æ¨¨ ¨ ¯à®¨§¢®¤−ëå ®â −¨å «®ª�«ì−ë¬¨ ä�§®¢ë¬¨ á¨£−�«�¬¨ ã¯à�¢«¥−¨ï.
�à¨ íâ®¬ ¢®§−¨ª�¥â §�¤�ç� §�¬¥−ë á¨−åà®−−ëå âà¨££¥à®¢ ¨å ‘‘-�−�«®£�¬¨. �â�
§�¤�ç� �ªâã�«ì−�, ¯®áª®«ìªã ¥¥ íää¥ªâ¨¢−®¥ à¥è¥−¨¥ £�à�−â¨àã¥â ª®àà¥ªâ−ãî
¨ ¬¨−¨¬�«ì−ãî ¯® �¯¯�à�â−ë¬ §�âà�â�¬ à¥�«¨§�æ¨î ‘‘-áå¥¬ë ¢ ¡�§¨á¥ ®£à�-
−¨ç¥−−®© ¡¨¡«¨®â¥ª¨ ïç¥¥ª. ÷¥è¥−¨î íâ®© §�¤�ç¨ ¨ ¯®á¢ïé¥−� ¤�−−�ï áâ�âìï.
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ā. �. ‘â¥¯ç¥−ª®¢, „. ā. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª® ¨ ¤à.

2 Исходное описание триггера на языке Verilog

�−�«¨§ á®áâ�¢� âà¨££¥à®¢, ¨á¯®«ì§ãîé¨åáï ¯à¨ �¢â®¬�â¨§¨à®¢�−−®¬ ¯à®¥ª-
â¨à®¢�−¨¨ æ¨äà®¢ëå áå¥¬, ¯®ª�§ë¢�¥â, çâ® ¢ ¯®¤�¢«ïîé¥¬ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢
¨á¯®«ì§ãîâáï ®¤−®â�ªâ−ë¥ ¨ ¤¢ãåâ�ªâ−ë¥ âà¨££¥àë D-â¨¯� [18]. „«ï ®¯¨á�−¨ï
¯®¢¥¤¥−¨ï á¨−åà®−−®£® âà¨££¥à� −� ï§ëª¥ Verilog ¨á¯®«ì§ã¥âáï ¯à®æ¥¤ãà−ë©
¡«®ª always. ��¯à¨¬¥à, ¡«®ª

always@(posedge clk,rst,set) begin
if(rst)
B <= 1′b0;

else
if(set)
B <= 1′b1;

else
B <= A;

end
®¯¨áë¢�¥â ¤¢ãåâ�ªâ−ë© âà¨££¥à á ¢ëå®¤®¬ B, ®¡−ã«ïîé¨© á¢®¥ á®áâ®ï−¨¥ ¯à¨
§−�ç¥−¨¨ ¢å®¤� á¡à®á� rst = 1, ãáâ�−�¢«¨¢�îé¨© ¥£® ¢ ú1û ¯à¨ §−�ç¥−¨¨ ¢å®¤�
ãáâ�−®¢ª¨ set = 1 ¨ §�¯®¬¨−�îé¨© §−�ç¥−¨¥ á¨£−�«�A ¯à¨ ¯¥à¥ª«îç¥−¨¨ â�ªâ®-
¢®£® á¨£−�«� clk ¨§ 0 ¢ 1. ‘¡à®á ¨ ãáâ�−®¢ª� ¬®£ãâ ®âáãâáâ¢®¢�âì, §�¯¨áì ¢ âà¨££¥à
¬®¦¥â ¡ëâì ®£à�−¨ç¥−� ª�ª¨¬¨-â® ãá«®¢¨ï¬¨. �−�«®£¨ç−ë© ¡«®ª

always@(clk, rst, set) begin{. . .} end

®¯¨áë¢�¥â ®¤−®â�ªâ−ë© âà¨££¥à, §�¯®¬¨−�îé¨© §−�ç¥−¨¥ á¨£−�«�A ¯à¨ ¢ëá®ª®¬
ãà®¢−¥ â�ªâ®¢®£® ¢å®¤� clk = 1.

�−�«¨§ á¯¨áª� çã¢áâ¢¨â¥«ì−®áâ¨ ¡«®ª� always ¨ ¥£® â¥«� ¯®§¢®«ï¥â ®¤−®§−�ç−®
®¯à¥¤¥«¨âì ®á®¡¥−−®áâ¨ äã−ªæ¨®−¨à®¢�−¨ï ®¯¨áë¢�¥¬®£® ¨¬ âà¨££¥à� ¨ ¢ë¡à�âì
¯à�¢¨«ì−ãî ïç¥©ªã ¤«ï ¥£® à¥�«¨§�æ¨¨ ¨§ ãª�§�−−®© ¡¨¡«¨®â¥ª¨ áâ�−¤�àâ−ëå
í«¥¬¥−â®¢. �â� ¯à®æ¥¤ãà� à¥�«¨§®¢�−� ¢ «î¡®© ¨§ á¨−åà®−−ëå ‘��÷, ¢ â®¬
ç¨á«¥ ¨ ¢ ‘��÷ á ®âªàëâë¬ ª®¤®¬, −�¯à¨¬¥à Yosys [19]. �®íâ®¬ã ¤®áâ�â®ç−®
¨á¯®«ì§®¢�âì Yosys ¤«ï à¥�«¨§�æ¨¨ ¤�−−®£® íâ�¯� «®£¨ç¥áª®£® á¨−â¥§� ‘‘-áå¥-
¬ë, � §�â¥¬ ¯®¤®¡à�âì ¯®¤å®¤ïé¨© �−�«®£ áà¥¤¨ ¨§¢¥áâ−ëå ‘‘-âà¨££¥à®¢. ’�ª®©
¯®¤¡®à −¥âà¨¢¨�«¥− ¨ −¥®¤−®§−�ç¥−. �− ¨ ¢ë¡à�− ¯à¥¤¬¥â®¬ −�áâ®ïé¥© áâ�âì¨.

3 Общие признаки синхронных и самосинхронных триггеров

‘¨−åà®−−ë¥ D-âà¨££¥àë ®â«¨ç�îâáï á«¥¤ãîé¨¬¨ ¯à¨§−�ª�¬¨:

{ å�à�ªâ¥à®¬ à�¡®âë | ®¡−®¢«¥−¨¥ ¨−ä®à¬�æ¨®−−ëå ¢ëå®¤®¢ ¯® ãà®¢−î
(®¤−®â�ªâ−ë© âà¨££¥à) ¨«¨ ¯® ¨§¬¥−¥−¨î (¤¢ãåâ�ªâ−ë© âà¨££¥à) â�ªâ®¢®£®
¢å®¤�;

{ −�«¨ç¨¥¬ ¢å®¤� á¡à®á� ¨ ¥£® â¨¯®¬ | �á¨−åà®−−ë¬ ¨«¨ á¨−åà®−−ë¬;
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‡�¬¥−� á¨−åà®−−ëå âà¨££¥à®¢ ‘‘-�−�«®£�¬¨ ¢ ¯à®æ¥áá¥ ¤¥á¨−åà®−¨§�æ¨¨ áå¥¬ë

÷¨á. 1 ‚�à¨�−âë �Ÿ

{ −�«¨ç¨¥¬ ¢å®¤� ãáâ�−®¢ª¨ ¨ ¥£® â¨¯®¬;

{ −�«¨ç¨¥¬ ¢å®¤� à�§à¥è¥−¨ï ¯à¥¤ãáâ�−®¢ª¨;

{ −�«¨ç¨¥¬ ¢å®¤� ¤�−−ëå ¤«ï ¯�à�««¥«ì−®© §�¯¨á¨ ¨ â¨¯®¬ §�¯¨á¨;

{ −�«¨ç¨¥¬ ¢å®¤� à�§à¥è¥−¨ï §�¯¨á¨.

�à¨§−�ª¨ ‘‘-âà¨££¥à� �−�«®£¨ç−ë ¯à¨§−�ª�¬ á¨−åà®−−ëå D-âà¨££¥à®¢ á §�-
¬¥−®© â�ªâ®¢®£® ¢å®¤� ä�§®¢ë¬ ¢å®¤®¬ ã¯à�¢«¥−¨ï, � á¨−åà®−−®£® â¨¯� á¡à®á�,
ãáâ�−®¢ª¨ ¨ §�¯¨á¨ | á�¬®á¨−åà®−−ë¬. ‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¢å®¤ ã¯à�¢«¥−¨ï
¬®¦¥â ®âáãâáâ¢®¢�âì, ¥á«¨ ¨−ä®à¬�æ¨®−−ë© ¢å®¤ | íâ® ¯�à�ä�§−ë© á¨£−�« á®
á¯¥©á¥à®¬. ˆ−ä®à¬�æ¨®−−ë¬ ¢å®¤®¬ ¬®¦¥â á«ã¦¨âì ã−�à−ë©, ¯�à�ä�§−ë© á®
á¯¥©á¥à®¬ ¨«¨ ¡¨ä�§−ë© á¨£−�« [20].

‘�¬®á¨−åà®−−ë© âà¨££¥à ®¡ëç−® á®-

÷¨á. 2 �¤−®â�ªâ−ë© ‘‘-âà¨££¥à
á ¯�à�ä�§−ë¬ ¢å®¤®¬ ¨ �á¨−åà®−−ë¬
á¡à®á®¬

÷¨á. 3 „¢ãå¢å®¤®¢ë© ƒ-âà¨££¥à

áâ®¨â ¨§ ®¤−®© ¨«¨ ¤¢ãå ¡¨áâ�¡¨«ì−ëå
ïç¥¥ª (�Ÿ), ¯à¨¬¥àë ª®â®àëå ¯®ª�§�-
−ë −� à¨á. 1. ‚ ª�ç¥áâ¢¥ ª®¬¯®−¥−â�
�Ÿ ¬®¦¥â ¨á¯®«ì§®¢�âìáï «î¡�ï ª®¬¡¨-
−�æ¨®−−�ï «®£¨ç¥áª�ï ïç¥©ª�. �¡ï§�-
â¥«ì−®© á®áâ�¢−®© ç�áâìî ‘‘-âà¨££¥à�
á«ã¦¨â ¨−¤¨ª�â®à−ë© í«¥¬¥−â, ¯®¤â¢¥à-
¦¤�îé¨© ãá¯¥è−®¥ §�¢¥àè¥−¨¥ ¯¥à¥-
ª«îç¥−¨ï ¢á¥å í«¥¬¥−â®¢ âà¨££¥à� ¢ â¥ªã-
éãî ä�§ã à�¡®âë. �à¨¬¥à ®¤−®â�ªâ−®£®
‘‘-âà¨££¥à� á ¯�à�ä�§−ë¬ ¨−ä®à¬�æ¨-
®−−ë¬ ¢å®¤®¬ ¯®ª�§�− −� à¨á. 2. ‡¤¥áì
(R, S) | ¯�à�ä�§−ë© ¨−ä®à¬�æ¨®−−ë©
¢å®¤ á −ã«¥¢ë¬ á¯¥©á¥à®¬; RT | ¢å®¤
�á¨−åà®−−®£® á¡à®á�; (Q, QB) | ¡¨ä�§-
−ë© ¢ëå®¤; I | ¨−¤¨ª�â®à−ë© ¢ëå®¤.

‚ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬¥ ‘‘-áå¥¬
â�ª¦¥ è¨à®ª® ¨á¯®«ì§ã¥âáï £¨áâ¥à¥§¨á-
−ë© âà¨££¥à (ƒ-âà¨££¥à, à¨á. 3).

�¥à¥ç¨á«¥−−ë¥ ¢ ¤�−−®¬ à�§¤¥«¥
¯à¨§−�ª¨ á«ã¦�â ¡�§®¢ë¬¨ ªà¨â¥à¨ï¬¨
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ā. �. ‘â¥¯ç¥−ª®¢, „. ā. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª® ¨ ¤à.

¯®¤¡®à� ‘‘-�−�«®£� ¤«ï á¨−åà®−−®£® âà¨££¥à�. Šà®¬¥ â®£®, ãç¨âë¢�îâáï
¨−¤¨¢¨¤ã�«ì−ë¥ ®á®¡¥−−®áâ¨ ‘‘-âà¨££¥à� ¨ ¥£® ®ªàã¦¥−¨¥.

4 Функциональные особенности самосинхронных триггеров

”ã−ªæ¨®−�«ì−ë¥ ®á®¡¥−−®áâ¨ ‘‘-âà¨££¥à®¢ á¢ï§�−ë á −¥®¡å®¤¨¬®áâìî ¨−-
¤¨ª�æ¨¨ ¢á¥å í«¥¬¥−â®¢ áå¥¬ë, â¨¯®¬ ‘‘-ª®¤¨à®¢�−¨ï ¢å®¤®¢ ¨ ¢ëå®¤®¢ ¨ áâàãª-
âãà−®© ®à£�−¨§�æ¨¥© ‘‘-áå¥¬ë. �−¨ ãç¨âë¢�îâáï ¢ ¯à®æ¥¤ãà¥ ¤¥á¨−åà®−¨§�æ¨¨
á¨−â¥§¨àã¥¬®© áå¥¬ë. ÷�áá¬®âà¨¬ −¥ª®â®àë¥ ¨§ −¨å.

“¯à�¢«¥−¨¥ ‘‘-âà¨££¥à®¬. ‚ á¨−åà®−−ëå âà¨££¥à�å à¥¦¨¬®¬ à�¡®âë
ã¯à�¢«ï¥â â�ªâ®¢ë© á¨£−�«. ‚ ‘‘-âà¨££¥à�å �−�«®£¨ç−ãî à®«ì ¨£à�¥â ä�§®¢ë©
á¨£−�« ã¯à�¢«¥−¨ï. ‚ ª®¬¡¨−�æ¨®−−ëå ‘‘-áå¥¬�å ®¡ëç−® ¨á¯®«ì§ã¥âáï ¯�à�-
ä�§−®¥ á® á¯¥©á¥à®¬ ª®¤¨à®¢�−¨¥ ¨−ä®à¬�æ¨®−−ëå á¨£−�«®¢, ª®â®à®¥ −�¤¥«ï¥â
¨å ¯à¨§−�ª®¬ ä�§ë: à�¡®ç¥© ¨«¨ á¯¥©á¥à−®©. �â® á¢®©áâ¢® ¯�à�ä�§−®£® á¨£−�«�
á® á¯¥©á¥à®¬ ¨§¡�¢«ï¥â ®â −¥®¡å®¤¨¬®áâ¨ ¨á¯®«ì§®¢�âì ä�§®¢ë© ¢å®¤ ã¯à�¢«¥-
−¨ï. ’¥¬ −¥ ¬¥−¥¥ ¨á¯®«ì§®¢�−¨¥ ¢å®¤� ã¯à�¢«¥−¨ï ¯à¨ −�«¨ç¨¨ ¯�à�ä�§−®£®
¨−ä®à¬�æ¨®−−®£® ¢å®¤� æ¥«¥á®®¡à�§−® ¤«ï ®à£�−¨§�æ¨¨ ª®−¢¥©¥à�. ‚ íâ®¬ á«ã-
ç�¥ á¨£−�« ã¯à�¢«¥−¨ï ä®à¬¨àã¥âáï ¯®á«¥¤ãîé¥© ç�áâìî ‘‘-áå¥¬ë −� ®á−®¢¥
¥¥ ¨−¤¨ª�â®à−ëå á¨£−�«®¢.

“á¨«¥−¨¥ á¨£−�«� ã¯à�¢«¥−¨ï. �®«ìè�ï −�£àã§ª� −� ¢å®¤¥ ã¯à�¢«¥−¨ï
¢−ãâà¨ ¤¢ãåâ�ªâ−ëå ‘‘-âà¨££¥à®¢ §�áâ�¢«ï¥â ãá¨«¨¢�âì ¥£® ¤®¯®«−¨â¥«ì−ë¬
¨−¢¥àâ®à®¬, ¢ëå®¤ ª®â®à®£® ¬®¦¥â §�â¥¬ ¨á¯®«ì§®¢�âìáï ¤«ï ãáª®à¥−¨ï §�¯à®á-
®â¢¥â−®£® ¢§�¨¬®¤¥©áâ¢¨ï âà¨££¥à� á ®ªàã¦¥−¨¥¬. ‚ −¥ª®â®àëå á«ãç�ïå ¨−¢¥àá¨ï
¢å®¤� ã¯à�¢«¥−¨ï −¥®¡å®¤¨¬� ¤«ï ®à£�−¨§�æ¨¨ ª®àà¥ªâ−®£® ¢§�¨¬®¤¥©áâ¢¨ï
á ®ªàã¦¥−¨¥¬, −�¯à¨¬¥à ¢ à¥£¨áâà¥ á¤¢¨£�. ÷¨áã−®ª 4 ¤¥¬®−áâà¨àã¥â à�§àï¤ à¥-
£¨áâà� á¤¢¨£� −� ¤¢ãåâ�ªâ−®¬ ‘‘-âà¨££¥à¥. ‡¤¥áì …‚ | ¨−¢¥àá¨ï ¢å®¤� ã¯à�¢-

÷¨á. 4 ÷�§àï¤ à¥£¨áâà� á¤¢¨£�
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‡�¬¥−� á¨−åà®−−ëå âà¨££¥à®¢ ‘‘-�−�«®£�¬¨ ¢ ¯à®æ¥áá¥ ¤¥á¨−åà®−¨§�æ¨¨ áå¥¬ë

«¥−¨ï E; …0 | ¤®¯®«−¨â¥«ì−ë© ä�§®¢ë© ¢å®¤, ¯®¤ª«îç�¥¬ë© ª ¢ëå®¤ã EB
á«¥¤ãîé¥£® à�§àï¤� à¥£¨áâà�.

÷¥�«¨§�æ¨ï ¢å®¤−®£® ¨−â¥àä¥©á� ‘‘-áå¥¬ë á á¨−åà®−−ë¬ ®ªàã¦¥−¨¥¬.
„«ï íâ®© æ¥«¨ ¨á¯®«ì§ã¥âáï ‘‘-âà¨££¥à á ã−�à−ë¬ ¨−ä®à¬�æ¨®−−ë¬ ¢å®¤®¬,
®¤−®â�ªâ−ë© ¢�à¨�−â ª®â®à®£®

÷¨á. 5 ‘�¬®á¨−åà®−−ë© âà¨££¥à á ã−�à−ë¬
¢å®¤®¬

÷¨á. 6 ÷�§àï¤ ‘‘-à¥£¨áâà� åà�−¥−¨ï −� ƒ-âà¨£-
£¥à�å

÷¨á. 7 �¤−®â�ªâ−ë© ‘‘-âà¨££¥à á ¯�à�ä�§−ë¬
¢å®¤®¬ ¨ ‘‘-á¡à®á®¬

¯®ª�§�− −� à¨á. 5. ‡¤¥áì
D | ã−�à−ë© ¨−ä®à¬�æ¨®−-
−ë© ¢å®¤; E | ä�§®¢ë© ¢å®¤
ã¯à�¢«¥−¨ï, ä®à¬¨àã¥¬ë© ¨á-
â®ç−¨ª®¬ ¨−ä®à¬�æ¨®−−®£® á¨£-
−�«�.

÷¥�«¨§�æ¨ï à�§àï¤� à¥£¨-
áâà� åà�−¥−¨ï á ¯�à�ä�§−ë¬
¨−ä®à¬�æ¨®−−ë¬ ¢å®¤®¬. ÷¨-
áã−®ª 6 ¤¥¬®−áâà¨àã¥â ¥£® áå¥-
¬ã −� ƒ-âà¨££¥à�å, ®¡®§−�ç¥−-
−ëå á¨¬¢®«®¬ úHû. ‡¤¥áì
(•, •‚) | ¯�à�ä�§−ë© ¨−ä®à-
¬�æ¨®−−ë© ¢å®¤; E | ¢å®¤
ã¯à�¢«¥−¨ï; (Y, YB) | ¯�à�-
ä�§−ë© ¢ëå®¤; I | ¨−¤¨ª�-
â®à−ë© ¢ëå®¤. ’�ª®© à¥£¨áâà
åà�−¥−¨ï ¨á¯®«ì§ã¥âáï ¢ ª�ç¥-
áâ¢¥ à¥£¨áâà� áâã¯¥−¨ ‘‘-ª®−-
¢¥©¥à�.

‘�¬®á¨−åà®−−ë© á¡à®á
¨ ‘‘-ãáâ�−®¢ª�. �â«¨ç¨¥ ‘‘-
¯à¥¤ãáâ�−®¢ª¨ ®â �á¨−åà®−−®©
§�ª«îç�¥âáï ¢ ¨−¤¨æ¨à®¢�−¨¨
¥¥ §�¢¥àè¥−¨ï. �−® ãá«®¦-
−ï¥â áå¥¬ã âà¨££¥à� ¨ âà¥¡ã¥â
®à£�−¨§�æ¨¨ áæ¥−�à¨ï ‘‘-¯à¥¤-
ãáâ�−®¢ª¨: ®¯à¥¤¥«¥−¨¥ ãá«®-
¢¨ï §�¯ãáª� ‘‘-¯à¥¤ãáâ�−®¢-
ª¨, ¯à¥àë¢�−¨¥ èâ�â−®© à�¡®âë
âà¨££¥à�, ¨−¨æ¨¨à®¢�−¨¥ ¯à¥¤-
ãáâ�−®¢ª¨, ¯®¤â¢¥à¦¤¥−¨¥ ä�ª-
â� ¥¥ §�¢¥àè¥−¨ï ¨ ¢®§¢à�â
ª èâ�â−®¬ã à¥¦¨¬ã à�¡®âë. ��
à¨á. 7 ¯®ª�§�− ®¤−®â�ªâ−ë© ‘‘-
âà¨££¥à, ®â«¨ç�îé¨©áï ®â âà¨£-
£¥à� −� à¨á. 2 ‘‘-á¡à®á®¬
(¢å®¤ ‘).
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ā. �. ‘â¥¯ç¥−ª®¢, „. ā. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª® ¨ ¤à.

ˆ−¤¨¢¨¤ã�«ì−ë¥ ®á®¡¥−−®áâ¨ ‘‘-âà¨££¥à®¢ ãç¨âë¢�îâáï ¢ ¯à®æ¥¤ãà¥ ¤¥-
á¨−åà®−¨§�æ¨¨ á¨−â¥§¨àã¥¬®© áå¥¬ë ¯à¨ §�¬¥−¥ á¨−åà®−−ëå âà¨££¥à®¢ á®®â¢¥â-
áâ¢ãîé¨¬¨ ‘‘-âà¨££¥à�¬¨ á ãç¥â®¬ ¨å −�§−�ç¥−¨ï ¨ ®ªàã¦¥−¨ï.

5 Метод замены синхронного триггера самосинхронным вариантом

�à¥¤«�£�¥¬ë© ¬¥â®¤ §�¬¥−ë á¨−åà®−−®£® âà¨££¥à� ‘‘-¢�à¨�−â®¬ §�ª«îç�-
¥âáï ¢ ¯®¤¡®à¥ ‘‘-�−�«®£� ¤«ï ª�¦¤®£® á¨−åà®−−®£® âà¨££¥à� ¢ äã−ªæ¨®−�«ì−®-
«®£¨ç¥áª®¬ ®¯¨á�−¨¨ á¨−â¥§¨àã¥¬®© áå¥¬ë, ¯®«ãç¥−−®¬ ¯à®£à�¬¬®© Yosys ¢ à¥-
§ã«ìâ�â¥ ¯à¥®¡à�§®¢�−¨ï ¨áå®¤−®£® ¯®¢¥¤¥−ç¥áª®£® ®¯¨á�−¨ï áå¥¬ë, á ¯®¬®éìî
â�¡«¨æë á®®â¢¥âáâ¢¨ï. ”à�£¬¥−â â�ª®© â�¡«¨æë ¤«ï ¡¨¡«¨®â¥ª¨ áâ�−¤�àâ−ëå
í«¥¬¥−â®¢ á¥¬¥©áâ¢� ¡�§®¢ëå ¬�âà¨ç−ëå ªà¨áâ�««®¢ 5503 [21] ¯à¥¤áâ�¢«¥− −¨¦¥.

‘®®â¢¥âáâ¢¨¥ ‘‘-âà¨££¥à®¢ á¨−åà®−−ë¬ ¯à®â®â¨¯�¬

��§−�ç¥−¨¥

•�à�ªâ¥à à�¡®âë ‘¡à®á “áâ�−®¢ª�
�à®â®-

â¨¯
‘‘-�−�-

«®£
�¤−®-
â�ªâ-
−ë©

„¢ãå-
â�ªâ-
−ë©

�á¨−-
åà®−-
−ë©

‘¨−-
åà®−-
−ë©

�á¨−-
åà®−-
−�ï

‘¨−-
åà®−-
−�ï

1. •à�−¥−¨¥ √ LD R0E10
2. •à�−¥−¨¥ √ √ LDP R1R11
3. •à�−¥−¨¥ √ √ FDC R1RE20
4. ‘¤¢¨£ √ √ FDCB S0RRE0
5. ‘¤¢¨£ √ √ √ FDRSB S0RTE0
6. ‘¤¢¨£ √ √ FDC S1RRE0
7. ‘¤¢¨£ √ √ √ FDRS S1RTE0
8. ÷�§àï¤ áç¥âç¨ª� √ √ FDC ‘1‘
9. ÷�§àï¤ áç¥âç¨ª� √ √ √ FDCP C0CP
10. ÷�§àï¤ áç¥âç¨ª� √ √ FDCB ‘0‘I

�¤−®¬ã á¨−åà®−−®¬ã âà¨££¥àã ¬®¦¥â á®®â¢¥âáâ¢®¢�âì −¥áª®«ìª® ‘‘-�−�-
«®£®¢ ¢ §�¢¨á¨¬®áâ¨ ®â −�§−�ç¥−¨ï âà¨££¥à� ¨ â¨¯� ¨−ä®à¬�æ¨®−−ëå ¢å®¤®¢
¨ ¢ëå®¤®¢, ®¯à¥¤¥«ï¥¬®£® ¥£® ¨áâ®ç−¨ª®¬.

�à®æ¥¤ãà� §�¬¥−ë á®áâ®¨â ¨§ á«¥¤ãîé¨å è�£®¢.

1. �−�«¨§ á®áâ�¢� ¢å®¤®¢ âà¨££¥à�.
2. �¯à¥¤¥«¥−¨¥ ¥£® −�§−�ç¥−¨ï (à�§àï¤ à¥£¨áâà� åà�−¥−¨ï, à�§àï¤ à¥£¨áâà�

á¤¢¨£�, à�§àï¤ áç¥âç¨ª�, âà¨££¥à ä«�£� ¨ â. ¤.) ¯® ¥£® ®ªàã¦¥−¨î.
3. “â®ç−¥−¨¥ â¨¯� ¨−ä®à¬�æ¨®−−®£® ¢å®¤� ¨ ¢ëå®¤�.
4. �®¤¡®à ‘‘-�−�«®£� ¨§ â�¡«¨æë á®®â¢¥âáâ¢¨ï.

‚ −¥ª®â®àëå á«ãç�ïå ¯à¨ §�¬¥−¥ ¤®¯ãáª�¥âáï ¨§¬¥−¥−¨¥ â¨¯� âà¨££¥à�.
��¯à¨¬¥à, ¤¢ãåâ�ªâ−ë© á¨−åà®−−ë© âà¨££¥à ¢ ª�ç¥áâ¢¥ à�§àï¤� à¥£¨áâà� áâã¯¥−¨
ª®−¢¥©¥à� §�¬¥−ï¥âáï à�§àï¤®¬ à¥£¨áâà� åà�−¥−¨ï −� ƒ-âà¨££¥à�å (á¬. à¨á. 6)
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‡�¬¥−� á¨−åà®−−ëå âà¨££¥à®¢ ‘‘-�−�«®£�¬¨ ¢ ¯à®æ¥áá¥ ¤¥á¨−åà®−¨§�æ¨¨ áå¥¬ë

¢¬¥áâ® ¤¢ãåâ�ªâ−®£® ‘‘-âà¨££¥à�. �ª®−ç�â¥«ì−ë© ¢ë¡®à ‘‘-�−�«®£� âà¨££¥à�
¤¥«�¥âáï ¯®á«¥ á®£«�á®¢�−¨ï â¨¯®¢ á¯¥©á¥à� ¥£® ¨−ä®à¬�æ¨®−−ëå ¨ ã¯à�¢«ïîé¨å
á¨£−�«®¢ á ¨å ¨áâ®ç−¨ª�¬¨ ¢ á®®â¢¥âáâ¢¨¨ á ¤¨áæ¨¯«¨−®© äã−ªæ¨®−¨à®¢�−¨ï ‘‘-
áå¥¬.

6 Заключение

�¢â®¬�â¨§¨à®¢�−−ë© á¨−â¥§ ‘‘-áå¥¬ë −� ¡�§¥ ¥¥ á¨−åà®−−®£® ®¯¨á�−¨ï
¨ á¨áâ¥¬ë «®£¨ç¥áª®£® á¨−â¥§� Yosys ¤«ï ¯à¥®¡à�§®¢�−¨ï ¯®¢¥¤¥−ç¥áª®£® ®¯¨á�-
−¨ï á¨−â¥§¨àã¥¬®© áå¥¬ë ¢ á¨áâ¥¬ã «®£¨ç¥áª¨å äã−ªæ¨© ¨ á®¢®ªã¯−®áâì âà¨££¥-
à®¢ −¥ âà¥¡ã¥â ®â à�§à�¡®âç¨ª� ã£«ã¡«¥−−ëå §−�−¨© â¥®à¨¨ ‘‘-áå¥¬, ãáª®àï¥â
à�§à�¡®âªã ‘��÷ ‘‘-áå¥¬ ¨ ®¡«¥£ç�¥â ¨å ¯à®¥ªâ¨à®¢�−¨¥.

�à¥¤«®¦¥−−ë© ¢ áâ�âì¥ ¬¥â®¤ §�¬¥−ë á¨−åà®−−ëå âà¨££¥à®¢ ‘‘-�−�«®£�¬¨
−� ®á−®¢¥ â�¡«¨æë ¨å á®®â¢¥âáâ¢¨ï á ãç¥â®¬ −�§−�ç¥−¨ï ¨ ®ªàã¦¥−¨ï âà¨££¥à�
ä®à¬�«¨§ã¥â ¨ ã¯à®é�¥â á¨−â¥§ ‘‘-áå¥¬. ’�¡«¨æ� á®®â¢¥âáâ¢¨ï ä®à¬¨àã¥âáï
¯®¤ ª®−ªà¥â−ãî ¡¨¡«¨®â¥ªã áâ�−¤�àâ−ëå ïç¥¥ª.

„�«ì−¥©è¥¥ −�¯à�¢«¥−¨¥ ¨áá«¥¤®¢�−¨ï ¨ à¥è¥−¨ï ¯à®¡«¥¬ë á¨−â¥§� ‘‘-áå¥¬
á¢ï§�−® á à�§à�¡®âª®© ¬¥â®¤¨ª¨ ¯®áâà®¥−¨ï ¯®á«¥¤®¢�â¥«ì−®áâ−ëå äã−ªæ¨®−�«ì-
−ëå ‘‘-ãáâà®©áâ¢ (à¥£¨áâà®¢, áç¥âç¨ª®¢) −� ®á−®¢¥ ¨å ¨áå®¤−®£® á¨−åà®−−®£®
¯®¢¥¤¥−ç¥áª®£® ®¯¨á�−¨ï.
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REPLACING SYNCHRONOUS TRIGGERS WITH SELF-TIMED
COUNTERPARTS DURING CIRCUIT DESYNCHRONIZATION

Yu. A. Stepchenkov, D. Yu. Stepchenkov, Yu. G. Diachenko, N. V. Morozov,
and L. P. Plekhanov

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: Self-timed (ST) digital circuits have a number of advantages in
comparison with synchronous counterparts and become a promising basis for
the reliable computing systems implementation operating in extreme conditions.
The lack of effective tools for automated synthesis of ST circuits convenient
for use by developers trained in computer-aided design of the synchronous
circuits significantly hinders the introduction of ST circuits into digital circuit
development practice. The approach to the ST circuit synthesis based on the
transformation of the original synchronous Verilog description of the circuit
operation algorithm into the ST implementation according to formalized rules in
automatic mode with minimal interactive participation of the developer provides
a quick ST solution with acceptable characteristics and does not require deep
knowledge of self-timing from the designer. It relies on the basic principles of ST
circuits design and heuristic methods for their development. One of the important
and controversial stages of ST circuit design in this approach is the replacement
of synchronous latches and flip-flops by their ST counterparts. For this purpose,
the authors propose to use the method of tabular formalized correspondence
based on a ready-made library of ST latches and flip-flops and analysis of their
environment.

Keywords: self-timed circuit; logic synthesis; trigger; Verilog; substitution;
coincidence table
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