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'/-. ���#�� )(� 1�3 ), ."� )."�, 1#."#( �  #2��

�')/(. )  .#'��

���	����
 ���	��	
�����

�"� ��-#!( )  -3(�",)()/- -3-.�'- #- '/�" �#  �,5

�(. ."�( ."� ��-#!( )  !&)��&&3 �-3(�",)()/- -3-5

.�'-�  �"� ��-#!( )  � -3(�",)()/- �#!#.�& -3-.�' #-

��-�� )( %()1( '�2#'/' *,)*�!�.#)( ��&�3- ) 

 &#*5 &)*- �(� &)!#��& !�.�-�  �-3(�",)()/- -3-.�'-

�3 �� #(#.#)( "�0� ()  #2�� ,�&�.#)(-"#* 1#." ���"

)."�,� �(� ."�,� ),�� �(3 *,)*�!�.#)( ��&�3  ,)'

)(� &)��&&3 -3(�",)()/- -3-.�' .) ."� (�2. "�- ()

*"3-#��& '��(#(!�

�1) �#  �,�(. '�.")�- �,� �0�#&��&� .) *,)�/�� &)5

��&&3 -3(�",)()/- -3-.�'-  ,)' !&)��&&3 �-3(�",)5

()/- -3-.�'-�  �"�  #,-. '�.")� #(0)&0�- �,��.#(!

-�& 5.#'�� -3-.�'-�  �( � -�& 5.#'�� -3-.�'� ."� �(.#5

.3 ."�. *�, ),'- � .�-% �&-) �'#.- � -#!(�& ."�. #(�#5

��.�- ."� .�-%�- �)'*&�.#)(�  �"#- "�(�-"�%#(! -#!5

(�& �&&)1- ."� /-� )  ."� ,�-/&.- 1"�( ."�3 �,� ,���3

#(-.��� )  1�#.#(!  ), ."� 1),-.5��-� ��&�3�  �/�"

"�(�-"�%#(! -#!(�&- �&&)1 �)''/(#��.#)(- ��5

.1��( &)��&&3 -3(�",)()/- -3-.�'-�

�"� ��0�(.�!� )  ."� -�& 5.#'�� '�.")� #- ."�. #.

*�,'#.- '��"#(�- .) ,/( �. ."� �0�,�!� -*���

#(-.��� )  ."� 1),-.5��-� -*����  �"� �#-��0�(.�!�-

�,� ."�. � -�& 5.#'�� -3-.�' '/-. "�0� �2.,� �#,�/#.5

,3 .) �)'*/.� #.- )1( �)'*&�.#)( -#!(�&- �(� �2.,�

�#,�/#.,3 .) �"��%  ), ."� �)'*&�.#)( )  �(3 .�-%- �-5

-#!(�� .) �2.�,(�& �(.#.#�-�

��.,# ��.-� ��.�  &)1 '��"#(�-� �(� -�& 5.#'�� ')�5

/&�- �&& /-� ."� -�& 5.#'�� '�.")� )  �)''/(#��5

.#)( �')(! &)��&&3 -3(�",)()/- -3-.�'-�  ��& 5.#'��

-.,/�./,�- �) (). �)'*&�.�&3 �&#'#(�.� '�.�-.��#&5

#.3� ")1�0�,� ����/-� ."�3 ��( #(�&/�� �,�#.�,- ."�.

��( �� '�.�-.��&��  �)-. -3-.�'- �) (). #(�&/��

-�& 5.#'�� #(.�, ���- �/� .) ."� ���#.#)(�& �#,�/#.,3

�(� �)'*&�2#.3�

�"� -��)(� '�.")� )  *,)�/�#(! &)��&&3 -3(�",)5

()/- -3-.�'-  ,)' !&)��&&3 �-3(�",)()/- -3-.�'- #-

."� -#'*&� -3(�",)(#4�,�  �"#- #- ."� ')-. �)'')(

1�3 )  �)''/(#��.#(! ��.1��( �-3(�",)()/- )�5

$��.-�  �"� '�.�-.��#&#.3 �,,),- ."�. '#!". �,#-�  ,)'

."�-� -3-.�'- '/-. �� '��� .) *&�3 �( #(-#!(# #��(.

,)&� 1"�( �)'*�,�� 1#." )."�, ��/-�- )  -3-.�'

 �#&/,��

��(3 '�.�-.��#&#.3 -)&/.#)(- #(0)&0� -*��#�& �#,�/#.-

��� �,�(��- � �(� 
��  �)'� )  ."�-� -)&/.#)(- �)

(). ,��/�� '�.�-.��#&#.3 �. �&& ��� �,�(��- �	 �(�

���  �."�,-� ")1�0�,� �) ,��/�� '�.�-.��#&#.3 �,,),-

�3 */-"#(! ."� )��/,,�(�� )  '�.�-.��#&#.3 .) � *&���

1"�,� -/  #�#�(. .#'� #- �0�#&��&�  ), ,�-)&0#(! ."�

�,,),�  �)-. )  ."�-� �#,�/#.- �,� -3-.�' ��*�(��(.

�(� �) (). )  �, � /(#0�,-�& -)&/.#)( .) '�.�-.��#&#.3

�,,),-�

�"� ��-#�-. �(� ."� ')-. 1#��&3 /-�� -)&/.#)( #- .)

!#0� ."� -3(�",)(#4#(! �#,�/#. �()/!" .#'� .) �)."

-3(�",)(#4� ."� -#!(�& �(� ,�-)&0� �(3 *)--#�&� '�5

.�-.��&� �0�(. �� ),� )."�, *�,.- )  ."� -3-.�' -�'5

*&� ."� -3(�",)(#4�� )/.*/.�  �"#- -)&/.#)( ,�+/#,�-

%()1&��!� )  ."� '�.�-.��&� �"�,��.�,#-.#�- )  ."�

��0#�� *�, ),'#(! ."� -3(�",)(#4�.#)(�

��(3 -�'#�)(�/�.), �)'*�(#�- "�0� ��0�&)*��

�#,�/#.- -/�" �- �,�#.�,-�  &#*5 &)*-� �(� &�.�"�- ."�.

�,� -*��# #��&&3 ��-#!(�� .) ,��/�� ."� )��/,,�(�� ) 

'�.�-.��#&#.3�  �&.")/!" ."�-� *�,.- '#!". "�0�

!))� '�.�-.��#&#.3 �"�,��.�,#-.#�-� ."�3 "�0� 0�,3

&#'#.�� �**&#��.#)(�  �"� �#,�/#.- ��( )(&3  /(�.#)(

�-  &#*5 &)*- ), �,�#.�,- �(� �) (). "�0� ."�  &�2#�#&5

#.3 )  ���-�  �3*,�-- ��'#�)(�/�.), "�- ��-#!(��

."�  &#*5 &)*- #( ."� �)'*�(3�- ���- .) �� '�.�-.5
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$%,.,6; +$4'(0('�   +,5 $..195 ;17 61 75( �;24(55

���5 ,0 $ 9,'( 4$0*( 1) 5;56(/5 4(37,4,0* 5;0&+41=

0,<$6,10�

	���"�! ����$ �  �� ��!� !�����!$

�$0; $76+145 +$8( 94,66(0 2$2(45 '(6$,.,0* 6+(

$0$.;5,5 1) /(6$56$%,.,6; )41/ $ &,4&7,6 56$0'21,06

��()(4(0&(5 �� 
� �� �� 	�� 		� $0' 	
��  �0 �()(4(0&(

		� )14 (:$/2.(� �$&24<$- 24(5(065 $ '(6$,.(' $0$.;=

5,5 1) $0 �� ).,2=).12�5 /(6$56$%.( 12(4$6,10�  �(

56$6(5 6+$6 $ ).,2=).12 +$5 691 56$*(5 1) /(6$56$%.(

12(4$6,10 ��	��
� ���

�74,0* 6+( ,0,6,$.,<$6,10 2+$5(� 6+( � $0' � 1762765

/18( 5,/7.6$0(175.; )41/ 6+(,4 (:,56,0* .(8(.5 61

6+( /(6$56$%.( 81.6$*( !/� 9+,&+ ,5 6+( 81.6$*( $6
9+,&+ !3 � !3�

 +( 5(&10' 14 4(51.8,0* 2+$5( 1&&745 9+(0 6+( 176=
2765 10&( $*$,0 '4,)6 619$4' 56$%.( 81.6$*(5�  �0&(

$ ).,2=).12 +$5 (06(4(' $ /(6$56$%.( 56$6(� 6+( '(8,&(

&$0 56$; 6+(4( )14 $0 ,0'(6(4/,0$6( .(0*6+ 1) 6,/(�

 +( 241%$%,.,6; 6+$6 6+( ).,2=).12 9,.. 56$; /(6$56=

$%.( )14 $0 70757$..; .10* 2(4,1' 1) 6,/( ,5 <(41�

+19(8(4� '7( 61 )$&6145 57&+ $5 01,5(� 6(/2(4$674(

,/%$.$0&( 9,6+,0 6+( &+,2� 64$05,5614 ',))(4(0&(5�

$0' 8$4,$0&( ,0 ,0276 6,/,0*�  �74,0* 6+( 5(&10'

2+$5( 1) /(6$56$%,.,6;� )14 8(4; 5/$.. '(8,$6,105

$4170' 6+( /(6$56$%.( 81.6$*(� !/� 6+( ).,2=).12 %(=

+$8(5 .,-( 691 &4155=&172.(' .,0($4 $/2.,),(4 56$*(5

6+$6 *$,0 !' � !3 � !3�  "+(0 6+( *$,0 1) 6+( &4155=

���"�� ��  �#� ��� �  �� ��!� !�����!$

&172.(' .112 (:&(('5 70,6;� 6+( ',))(4(06,$. 81.6$*(

,0&4($5(5 (:210(06,$..; 9,6+ 6,/(�

 +( .(0*6+ 1) 6,/( 6+( ).,2=).12 6$-(5 61 4(51.8( &$0=

016 %( (:$&6.; '(6(4/,0('�   +( 241%$%,.,6; 6+$6 6+(

).,2=).12 9,.. 4(51.8( 9,6+,0 $ 52(&,),& .(0*6+ 1) 6,/(�

+19(8(4� &$0 %( 24(',&6('�   +,5 241%$%,.,6; '(=

2(0'5 10 6+( (.(&64,&$. 2$4$/(6(45 1) 6+( ).,2=).12

$&6,0* $5 $ .,0($4 $/2.,),(4 $4170' 6+( /(6$56$%,.,6;

81.6$*(�   +( 51.76,10 ��()(4(0&( 		� 61 6+( ',))(4=

(06,$. 81.6$*( !'�6� '4,8,0* 6+( 4(51.8,0* 2+$5( ,5

*,8(0 %;

Vd(t) � Vd(t0) e
(t� t0)

� �3� 


9+(4( �  '(2(0'5 ',4(&6.; 10 6+( $/2.,),(4 *$,0 $0'

&$2$&,6$0&(� $0' 9+(4( !'�6�� 4(24(5(065 6+( ',))(4=

(06,$. 81.6$*( $6 51/( 6,/( 6��  #17 &$0 75( 6+,5
(37$6,10 61 '(6(4/,0( 6+( .(0*6+ 1) 6,/( 6+$6 6+(

176276 81.6$*( 9,.. 6$-( 61 '4,)6 )41/ 6+( /(6$56$%.(

81.6$*( !/ 61 $ 52(&,),(' 81.6$*( ',))(4(0&( !'�

�1456/$00 ��()(4(0&( �� 56$6(5 6+$6 $ ).,2=).12� .,-(

$0; 16+(4 5;56(/ 9,6+ 691 56$%.( 56$6(5� &$0 %( '(=

5&4,%(' %; $0 (0(4*; )70&6,10 9,6+ 691 .1&$. (0(4*;

/,0,/$ 9+(4( ��:� � � ��	��
� ���  �0; %,56$%.( 5;5=

6(/ +$5 $6 .($56 10( /(6$56$%.( 56$6(� 9+,&+ ,5 $0 70=
56$%.( (0(4*; .(8(. 9,6+,0 6+( 5;56(/ $0' 4(24(5(065

6+( .1&$. /$:,/7/ 1) 6+( (0(4*; )70&6,10�   +( 5;5=

6(/�5 *4$',(06 &$0 %( 4(24(5(06(' %; $ )14&(� ��:��

6+$6 ,5 <(41 $6 56$%.( $0' /(6$56$%.( 56$6(5 �,0).(&=

6,10 21,065 1) 6+( (0(4*; )70&6,10��

�	��
� ��  5+195 $ 5,/2.,),(' ),456=14'(4 /1'(. 1) $0

�� ).,2=).12 75(' 61 24(',&6 $0' 8,57$.,<( /(6$56=

���"�� ��  �����$������ �"��!��� �� � �� !����

�$ !��
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���&#� ���  ��#$%+�#��# ���"+��!" �""#!)���%�! 

���&#� ���  � �#�* �#� $��# 
���#�� !� ���"��
�� ���"+��!"

���!�).�  
 �!�%0�!$% �#�'�. )'�#(��' �*'+� ��	��
� ���

(�$,( )�� '�!�)�$#(��% ��),��# )�� ),$ $*)%*)(�

��� ),$ ()��!� ()�)�( �'� !$��! �#�'�. "�#�"� $� )��

(.()�"�  ��� "�)�()��!� ()�)�� �� �( � !$��! �#�'�.

"�-�"*" �#� '�%'�(�#)( �# *#()��!� ()�)� ,�)�

!$$% ���# #��' � )��) �( �'��)�' )��# $#��

�	��
� ��  (�$,( )�� )'����' !�#� �$' )�� ��'()0$'��'

�%%'$-�"�)�$# $� )�� �!�%0�!$%�  ��� ��(��� !�#� ��

'�%'�(�#)( )�� ��+����( #$'"�! )'����' !�#�� ,����

�$�( #$) �$!!$, )�� )'�#(��' �*'+� ����*(�� �*'�#�

)'����'�#�� )�� �������  !$$% ��( #$) ���# �()��0

!�(����  �� �) +�'.�#� %$�#)( �!$#� )�� )'����' !�#� )��

�������  !$$% �( '�0�()��!�(���� )�� #$��( $� )�� ��0

+��� �$!!$, )�� �*'+�( )��) !��� )$ )�� !�#� �� � �	�

�#�� $# )��( !�#�� )�� ��'�*�) �-%$#�#)��!!. �'��)( )$0

,�'� ()���!�). �) ��)��' �� $' �	� ��%�#��#� $# ,����

(��� $� )�� !�#� � � � )�� �������  !$$% ,�( '�0�(0

)��!�(����  ��� �*'+�( �'� ($!*)�$#( )$ )�� ��'()0$'��'

"$��! ��'�*�) �&*�)�$#( �$' )�� ��+��� (�$,# �# �	��

�
� ���

���# )�� �������  !$$% �( '�()$'�� #��' )�� !�#� �

� �� )�� (.()�" "$+�( )$,�'� )�� *#()��!� ()�)� �

���&#� ���  � �#�* �#� $��# 	&#'�$ $�!(� �
�#����# ��%�$

���&#� ���  ���� ����� ��!(� � �#����# ��%�$

�#� ��# )� � �# �#����#�)� �"$*#) $� )�"� )$ �-�)

�'$" )��( "�)�()��!� ()�)��  �$* ��# (�� )��( �'$" )��

�'�%� �. #$)���#� )��) �� �#� �	 �'� �&*�!!. !� �!.

($!*)�$#( �$' (.()�" ()���!�). �'$" ��  �#�� )��

�������  !$$% �( '�0�()��!�(���� )�� (.()�" �-%$0

#�#)��!!. ����.( )$,�'� � �#� )��# �-%$#�#)��!!.

�'$,( )$,�'� �� $' �	�  

�	��
� ��  (�$,( )�� (.()�"�( %$((��!� )'����' �+�#)(

*(�#� )�� �"%!��� )�"� (��!� $� )�� ()�)�0(%���

�*'+�(�  ��� ($!*)�$# $� )��(� (�"%!����� ��'()0$'��'

�&*�)�$#( �#����)�( )��) )�� ��()�() "�)�()��!� '�($0

!*)�$# )�"� $��*'( ,��# )�� ��'�*�)�( ���#0��#�,��)�

%'$�*�) �( "�-�"�/���
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�,!..!'!. ��%&%2%.#% 	
�� ). !. !44%-04 4/ -!8);

-):% 4(% '!).;"!.$7)$4( 02/$5#4� 3/,6%3 3)-0,)&)%$

&,)0;&,/0 %15!4)/.3 4/ $%4%2-).% 4(% 0(!3% 42!*%#4/;

29 .%!2 4(% -%4!34!",% 0/).4�  �)3 2%35,43� 7()#( !2%

3500/24%$ "9 /4(%2 !54(/23� ).$)#!4% 4(!4 0 !.$ . $%;

6)#%3 7)4( %15!, '%/-%42)%3 02/$5#% 4(% /04)-!,

'!).;"!.$7)$4( 02/$5#4 &/2 -%4!34!",% %6%.4 2%3/;

,54)/.�

��
������
� ��
����� �� �
�
��
������

�/ "%'). 4(% !.!,93)3 /& -%4!34!"),)49� !335-% 4(!4

4(% &,)0;&,/0�3 02/"!"),)49 /& 2%3/,6).' )43 -%4!34!",%

34!4% $/%3 ./4 $%0%.$ /. )43 02%6)/53 -%4!34!",%

34!4%�  �. /4(%2 7/2$3� 4(% -%4!34!",% $%6)#% (!3 ./

-%-/29 /& (/7 ,/.' )4 (!3 "%%. ). ! -%4!34!",% 2%;

')/.�  �(% !.!,93)3 /& -%4!34!"),)49 !,3/ !335-%3 4(!4

4(% &,)0;&,/0�3 02/"!"),)49 /& 2%3/,6).' )43 -%4!34!",%

34!4% ). ! ')6%. 4)-% ).4%26!, $/%3 ./4 $%0%.$ /. 4(%

-%4!34!",% 2%3/,54)/. ). !./4(%2 $)3*/).4 4)-% ).4%2;

6!,�  �(% 02/"!"),)49 4(!4 ! -%4!34!",% %6%.4 7),, 2%;

3/,6% ). ! ')6%. ).4%26!, ���4� )3 /.,9 02/0/24)/.!, 4/

4(% ,%.'4( /& 4(% ).4%26!,�

�(%3% !335-04)/.3 9)%,$ !. %80/.%.4)!, $)342)"5;

4)/. 4(!4 $%3#2)"%3 4(% 02/"!"),)49 4(!4 4(% &,)0;&,/0

2%3/,6%3 )43 -%4!34!"),)49 !4 ! 4)-% 4�  �(% %80/.%.;

4)!, $)342)"54)/. (!3 4(% &/2-

f (x) � � e� � t
�1� �

7(%2% � )3 4(% %80%#4%$ 6!,5% /& -%4!34!"),)49 2%3/;

,54)/. 0%2 5.)4 4)-% �3%44,).' 2!4%��

�3).' 4()3 %15!4)/. !.$ ')6%. 4(!4 4(% &,)0;&,/0 7!3

-%4!34!",% !4 4)-% 4 � �� 4(% 02/"!"),)49 /& ! -%4!34;

!",% %6%.4 ,!34).' ! 4)-% 4 /2 ,/.'%2 )3

P (mett | mett�0) � �
�

t

� e� � t dt � e� � t

�1� �

�(% .%84 0!24 /& 4(% !.!,93)3 ).6/,6%3 4(% 02/"!"),)49

4(!4 4(% &,)0;&,/0 )3 -%4!34!",% !4 4)-% 4 � ��  �()3

0!24 /& 4(% !.!,93)3 !335-%3 4(!4 4(% 02/"!"),)49 4(!4

4(% $!4! 42!.3)4)/.3 ). ! ')6%. 4)-% ).4%26!, $%0%.$3

/.,9 /. 4(% ,%.'4( /& 4(% ).4%26!,�  � �/)33/. 02/#%33

7)4( 2!4% &$ $%3#2)"%3 4(% 02/"!"),)49 /& 4(% $!4!

42!.3)4)/.).' !4 ! 4)-% 4�

p(x) �
e� fd t (fd t)x

x ! �1� 


7(%2% 
  )3 4(% .5-"%2 /& 42!.3)4)/.3�

�& ! $!4! 42!.3)4)/. 7)4(). ! "/5.$%$ 4)-% ).4%26!,�

 � /& 4(% #,/#+ %$'% #!53%3 ! -%4!34!",% #/.$)4)/.�

4(% %80%#4%$ .5-"%2 /& 42!.3)4)/.3 /& 4()3 �/)33/.

02/#%33 7)4( 2!4% &$ ). 4)-% ).4%26!,   )3

E(X) � �
�

x� 0

x e� fd W (fd W)x

x !
� fd W

�1� �

�%#!53% 4()3 %80%#4%$ .5-"%2 /& 42!.3)4)/.3 )3 4(%

3!-% !3 4(% 02/"!"),)49 4(!4 4(% &,)0;&,/0 )3 -%4!34;

!",% !4 4 � �� 4(% %15!4)/. &/2 4(% 02/"!"),)49 !4 4 �

� )3

P (mett � 0) � fd W �1� �

�3).' �	������
 � !.$ �� 4(% 02/"!"),)49 4(!4 ! ')6%.

#,/#+ #9#,% 2%35,43 ). -%4!34!"),)49 4(!4 ,!343 !4 -/34

! 4)-% 4 )3

P (mett) � P (mett | mett � 0) P (mett � 0)

� fd W e� � t
�1� �

�5"34)454).' 
1
tsw &/2 � !,,/73 4()3 6!2)!",% 4/ "% %8;

02%33%$ !3 ! 3%44,).' 4)-% #/.34!.4 /& 4(% &,)0;&,/0�

�524(%2� ! 39.#(2/.):!4)/. &!),52% &/2 ! ')6%. #,/#+

#9#,% %8)343 7(%.%6%2 ! -%4!34!",% %6%.4 ,!343 ! 30%;

#)&)%$ 4)-% �42� /2 ,/.'%2�  �3).' 4(%3% 47/ 35"34)45;

4)/.3� 4(% 02/"!"),)49 4(!4 4(% &,)0;&,/0 )3 -%4!34!",%

). ! ')6%. #,/#+ #9#,% )3

P (fail 1 clock) � fd W e
� tr
tsw �1� �

�%#!53% 4(% $!4! 42!.3)4)/.3 !2% ).$%0%.$%.4� 4(%

.5-"%2 /& &!),52%3 ). . #,/#+ #9#,%3 (!3 ! ")./-)!,

$)342)"54)/. 7)4( !. %80%#4%$ .5-"%2 /& &!),52%3�

E �fail n cycles
� � n P �fail 1 cycle

�
�1� 	�

�335-).' ! 3!-0,% #,/#+ &2%15%.#9� &#� 4(!4 2%02%;

3%.43 4(% .5-"%2 /& #,/#+ #9#,%3� .� 0%2 5.)4 4)-%� 4(%

%80%#4%$ .5-"%2 /& &!),52%3 0%2 5.)4 4)-% )3

E (fail unit time) � fc fd W e
� tr
tsw �1� 		

�335-).' 4(!4 !,, $!4! 42!.3)4)/.3 !2% ).$%0%.$%.4

!.$ 4(!4 4(% #,/#+ (!3 ! &)8%$ 0%2)/$� 4(% -%!. 4)-%

"%47%%. &!),52%3 ������ )3



��� ���� ���� ���	��	

��


��

MTBF � 1
E (fail unit time)

�
e

tr
tsw

fc fd W �:� 
�

@2/;/ �%�� 3< + 6/+<>;/ 80 28@ 80=/7� 87 =2/ +?/;D
+1/� + 6/=+<=+,5/ /?/7= 5+<=< + =36/ =; 8; 5871/;�

���	��	
�
��� �	�	

%2/ <=;871 ;/</6,5+7-/ ,/=@//7 �����

� �� +7.
�����

� � 3< ,+</. 87 =2/ 9;/.3-=387< 80 =2/ 03;<=D8;D
./; -3;->3= +7+5B<3< 80 +7 #$ 0539D0589�  �7 0+-=� =2/
6/=+<=+,353=B ;/<85?371 =36/ -87<=+7=� =<@� 3< .3;/-=5B
;/5+=/. =8 =2/ ?+;3+,5/ �� @23-2 3< ,+</. 87 =2/ 0539D
0589�< 1+37D,+7.@3.=2 9;8.>-=�

%2/ ./?3-/D./9/7./7= ?+;3+,5/ ( ./9/7.< 68<=5B
87 =2/ @37.8@ 80 =36/ @3=237 @23-2 =2/ -86,37+=387
80 =2/ 379>= +7. -58-4 1/7/;+=/ + 6/=+<=+,5/ -87.3D
=387�  %23< 9+;+6/=/; +5<8 ./9/7.< 87 9;8-/<<� =/6D
9/;+=>;/� +7. ?85=+1/ 5/?/5<�  %2/ �%�� /:>+=387
3< ><>+55B 958==/. @3=2 =; �=2/ ;/<85?371 =36/ +558@/.
08; 6/=+<=+,5/ /?/7=<� 87 =2/ ) +A3< +7. =2/ 7+=>;+5
581 80 =2/ �%�� 958==/. 87 =2/ * +A3< �<// =2/ +9D
9/7.3A 37 =23< 78=/��  �/-+></ =2/ 6/=+<=+,353=B
/:>+=387 3< 958==/. 87 + </63D581 <-+5/� =2/ 1;+92 80
=; ?< 57��%��� 3< + 537/ ./<-;3,/. ,B =2/ /:>+=387

ln (MTBF) �
tr

tsw
� ln(fc fd W)

�:� 
�

�;+923-+55B� =2/ 9+;+6/=/; =<@ 3< 
�<589/ 80 =2/ 537/
87 =23< 1;+92�  %2/ /:>+=387 08; =<@ 0;86 =2/ 1;+92
3<

tsw �
tr 1 � tr 2

ln(MTBF1) � ln(MTBF2) �:� 



%8 ./=/;637/ 28@ 80=/7� 87 =2/ +?/;+1/� + 13?/7 <B7D
-2;873C/; 37 + <B<=/6 @355 18 6/=+<=+,5/ ��%����
B8> 6><= 478@ =2/ =@8 ./?3-/D<9/-303- 9+;+6/=/;<
( +7. =<@� @23-2 <28>5. ,/ +?+35+,5/ 0;86 =2/
6+7>0+-=>;/;�  ����	 �� .3<-><</. 5+=/; 37 =23< 78=/�
53<=< =2/</ ?+5>/< 08; �B9;/<< !��<�  �..3=387+5 ?+5D
>/< B8> 7//. +;/ =2/ +?/;+1/ 0;/:>/7-B 80 ,8=2 =2/
<B<=/6 .+=+ +7. =2/ <B7-2;873C/; -58-4 +7. =2/
+68>7= 80 =36/ +0=/; =2/ <B7-2;873C/;�< 6+A36>6
-58-4D=8D" =36/ =2+= 3< +558@/. =8 ;/<85?/ 6/=+<=D
+,5/ /?/7=<�

�8; /A+695/� -87<3./; =2/ 6/=28. 08; ./=/;637371
=2/ �%�� 08; + �B9;/<< !�����'
	 ;/13<=/;/.

!�� ></. +< + <B7-2;873C/; 37 + <B<=/6 @3=2 =2/ 085D
58@371 -2+;+-=/;3<=3-<�

( � 	�
�� 9<

=<@� 
�	 9<

0- � <B<=/6 -58-4 0;/:>/7-B � �� ��C

0. � +?/;+1/ +<B7-2;878>< .+=+ 0;/:>/7-B 
� 
	 ��C

�7 +..3=387 =8 =2/</ ?+5>/<� =2/ !���< 6+A36>6 89D
/;+=371 0;/:>/7-B� 06+A� 3< =+4/7 .3;/-=5B 0;86 =2/
.+=+<2//=�  %2/ 0;/:>/7-B 3< <9/-303/. +< =2/ 37=/;7+5
0//.,+-4 6+A36>6 89/;+=371 0;/:>/7-B�  �= 3< -+5->D
5+=/. +<

fmax �
1

tcf � ts
� 41.6MHz

@2/;/ =-0 3< =2/ -58-4D=8D0//.,+-4 =36/�  �0 =2/ .+=+
<2//= .8/< 78= <9/-30B =-0� B8> -+7 ></ =-8 +< =-0�< >9D
9/; ,8>7.�

&<371 06+A� B8> -+5->5+=/ =2/ +68>7= 80 =36/ =2+= +
6/=+<=+,5/ /?/7= 3< +558@/. =8 ;/<85?/� =;� @3=2

tr �
1
fc
�

1
fmax
�

1
25 MHz

�
1

41.6MHz
� 16 ns

 8@ B8> /7=/; =2/</ ?+5>/< 37=8 =2/ �%�� /:>+D
=387� 6+4371 <>;/ =8 4//9 +55 >73=< 37 </-87.<�

MTBF� e
tr

tsw

fc fd W

�
e

16� 10�9 s

190� 10�12 s

25� 106s�1
� 20� 106s�1

� 0.125� 10�12s

� 59.7� 1033s

� 1.89� 1027 years� Almost forever

�0 =2/ 89/;+=371 0;/:>/7-B 80 =2/ <B<=/6� 0-� 3< <3695B
-2+71/. =8 ���� ��C�

MTBF� e
6� 10�9s

190� 10�12s

33.3� 106s�1
� 20� 106s�1

� 0.125� 10�12s

� 623� 109 s

=2/ <B<=/6 0+35<� 87 =2/ +?/;+1/� +,8>= /?/;B 
���		
B/+;<E<=355 ,/B87. =2/ <B<=/6�< 78;6+5 530/=36/�

�7. 30 0- 3< -2+71/. =8 06+A �

�� ��C��

MTBF� e
0� 10�9 s

190� 10�12 s

41.6� 106s�1
� 20� 106s�1

� 0.125� 10�12s



�#� �!&# �

$ ��%�$%�����

���

3(% 2823%, &!)+2� .- 3(% !5%1!'%� %5%18 ��

 ,2�

� 	
:-2 $)&&%1%-#% )- 1%2.+5% 3),%� 31� 1%24+32 )- !+:
,.23 �
 .1$%12 .& ,!'-)34$% $)&&%1%-#% )- �����
�"5).42+8� !##41!3% $!3! )2 -%%$%$ 3. $%2)'- ! 282:
3%, 6)3( ! ()'( $%'1%% .& 1%+)!")+)38 6)3(.43 "%)-'
.5%1+8 #!43).42�

	��#��%�#�)�%�!  !� ��%�$%�����%(

�!-8 !43(.12 ��%&%1%-#%2 
� �� �� 	�� 		� !-$ 	
�
(!5% /%1&.1,%$ -4,%1.42 %7/%1),%-32 .- #)1#4)32
3. /1%$)#3 3(% +)*%+)(..$ .& $%5)#% ,%3!23!")+)38�
�(%2% 1%2%!1#(%12 (!5% 42%$ 2%5%1!+ 3%23)-' 3(%.:
1)%2 !-$ !//!1!342 3(!3 #!- "% #+!22)&)%$ )-3. 3(1%%
"!2)# 38/%2 ��%&%1%-#% 	���

�-3%1,%$)!3% 5.+3!'% 2%-2.12 #.-23)343% 3(% &)123 38/%�
�6. 5.+3!'% #.,/!1!3.12 $%3%1,)-% 6(%3(%1 3(% .43:
/43 5.+3!'%� �� +)%2 "%36%%- 36. ')5%- 5.+3!'%2�  �(%
&)7341% /1.$4#%2 !- %11.1 .43/43 )& � (!2 ! +%5%+ 3(!3
)2 -%)3(%1 ���� -.1 �� � (%-#% ,%3!23!"+%�  �	��
�
�� 2(.62 !- )-3%1,%$)!3% 5.+3!'% 2%-2.1�

�(% 2%#.-$ 38/% .& !//!1!342 42%2 !- .43/43 /1.7:
),)38 2%-2.1 3. $%3%1,)-% )& 3(% � !-$ � .43/432
(!5% !//1.7),!3%+8 3(% 2!,% 5.+3!'%2� 6()#( 6.4+$
)-$)#!3% 3(!3 3(% $%5)#% )2 ,%3!23!"+%�  �	��
� ��
2(.62 !- .43/43 /1.7),)38 2%-2.1�

�(% +!23 38/% .& !//!1!342 42%2 ! +!3%:31!-2)3).- 2%-:
2.1 3. 3%23 &.1 ,%3!23!")+)38�  �.3% 3(!3 )& .-% .1 ,.1%
'!3%2 2%/!1!3% 3(% 2%-2.1 &1., 3(% ,%3!23!"+% 2)':
-!+� 3(% ,%3!23!")+)38 ,)'(3 -.3 "% $%3%#3%$�  �(%
3%23 #)1#4)318 ,423 )-&%1 3(% .##411%-#% .& ,%3!23:
!")+)38 "8 2.,% .3(%1 ,%!-2�  �	��
� �� 2(.62 !- %7:
!,/+% .& ! +!3%:31!-2)3).- 2%-2.1�  �(% 2!,/+% )-/43
)2 $%3%#3%$ !3 3),% 3	� 3(%- !3 ! +!3%1 3),% 3
�  �& 3(%2%

�

�	�� ���������
��������

��� ���������

���&#� ���  � %�#�����%� �!�%��� �� $!#

36. 2)'-!+2 $)2!'1%%� 3(% $%5)#% 4-$%1 3%23 6!2 ,%:
3!23!"+% !3 3	�

� �!#��%�!  �#!� �� &���%&#�#$

�!-8 2%,)#.-$4#3.1 #.,/!-)%2 /1.5)$% ,%3!23:
!")+)38 $!3! .- 3(%)1 /!132�  �.6%5%1� ,.23 #.,/!:
-)%2 $. -.3 /1%2%-3 3(% $!3! )- ! &.1,!3 3(% %-')-%%1
#!- 42%�  �(%8 %)3(%1 /1%2%-3 )-#.-#+42)5% !-$ )-:
#.,/+%3% $!3! .1 3(%8 !224,% 3(% %-')-%%1 #!- 42%
3(% $!3! 6)3(.43 &413(%1 %7/+!-!3).-�  �%6 #.,/!:
-)%2 #.,/!1% 3(%)1 $%5)#%2 6)3( 2),)+!1 $%5)#%2�

��� ,!-4&!#341%12 /1.5)$% +)33+% $!3! +!1'%+8 "%:
#!42% .& ! &%!1 3(!3 3%++)-' 3(% $%2)'- #.,,4-)38
3(!3 $%5)#%2 #!- &!)+ )- 28-#(1.-)9)-' !//+)#!3).-2
6)++ #!42% $%2)'-%12 3. 42% ! #.,/%3)3.1�2 /!132�  �(%
3143( )2 3(!3 -. #.,/!-8 #!- /1.5)$% ! $%5)#% 3(!3
)2 '4!1!-3%%$ -%5%1 3. "%#.,% ,%3!23!"+% 6(%-
42%$ !2 ! 28-#(1.-)9%1�  �3 ! ')5%- ./%1!3)-' &1%:
04%-#8� 6)3( ! ')5%- !28-#(1.-.42 )-/43� !-$ ')5%-
%-.4'( 3),%� 3(% $%5)#% "%#.,%2 ,%3!23!"+%�

�8/1%22 /1.5)$%2 8.4 6)3( $!3! 8.4 #!- 42% 3. "4)+$
! 2823%, 3. !-8 ')5%- +%5%+ .& 1%+)!")+)38 6(%- 42)-'
�8/1%22 ���2�  �8/1%22 (!2 /%1&.1,%$ -4,%1.42
3%232 !-$ #.++%#3%$ %73%-2)5% $!3! .- �8/1%22 ���2�
!2 6%++ !2 ���2 &1., .3(%1 #.,/!-)%2�  �()2 $!3!

�

���

��������

�

���&#� ���  �&%"&% �#!'���%( �� $!#

��������

�
�

�
�

���
�

	
���

����


�����

���&#� ���  
�%� �#� $�%�!  �� $!#



��� ���� 
�	� �����������

��	�

��*�' -#) � $�&'$��(�*� #� (�� $�&(' (��( �&� ��'(
')�(�� �#& � '$������ �$$ ���(�#"�  �$������ ��(� #" (��
!�(�'(��� �(- ���&��(�&�'(��' #� �-$&�'' ��
' �'
�#)"� �" (��' �$$ ���(�#" "#(� �" (�� ��'( ��') (' '��/
(�#"�  ��(�'(��� �(- ��(� �#  ��(�� �- �-$&�'' �#&
#(��& �#!$�"��'� ��
' �' �*�� �� � )$#" &�%)�'(�

��� ���� �������

�-$&�'' )'�' � (�'( (��( ��  ' �"(# (�� ��(��#&- #� (��
 �(�/(&�"'�(�#" ��(��(�#"�  
�&��( - !��')&�"� (��
#)($)(' #� (�� � �$/� #$ �" � ��
 �&� �!$#''�� � �)�
(# (�� ����(�#"�  ��&�)�(&- (��(  ��' ��(+��" (�� � �$/
� #$ �"� (�� #)('��� +#& ��  ��� !�(�'(��� �(- ��(��/
(�#" ��&�)�(&- !)'(� �"'(���� �"��& (�� � �$/� #$�'
'(�(��

���
	� ��  '�#+' (�� !�(�'(��� �(- (�'( ��&�)�( �!$ �/
!�"(�� �" ���� (�'( ��
�  ���' ��&�)�( �  #+' (��

��
 )"��& (�'( (# �����(�*� - (�'( �('� ��  ��� ��*���
)"��& (�'( +�   �#(� $&#�)�� �"� &��#&� !�(�'(�� �
�#"��(�#"'�

���
	� ��  �' � '(�(� ����&�! '�#+�"� (�� #$�&�(�#" #�
(�� ��*����  
)&�"� "#&!�  #$�&�(�#"� (�� (+# � �$/
� #$'� #)($)(' ��	� �
� (&�"'�(�#" ��(+��" '(�(�' �	

�"� �
� ��$�"��"� #" (�� '-"��&#"�.�&�' '(�(��  
)&/
�"� "#&!�  #$�&�(�#"� (�� �,� )'�*�/�� #" (��'�

��
�

�

��
�


�
����
��

�
�

����������
�


����

�����

�
�

�
� 
����

��


����� ���  ������������  ���� �������

����� 	 �� ����� 	 ��


���� 	 �

��
����� 	 �� ����� 	 ��

����� 	 �� ����� 	 ��

����� 	 �� ����� 	 ��

����� 	 �� ����� 	 ��

�� ����� 	 �� ����� 	 �� ��


���� 	 �

����� 	 �� ����� 	 ��


���� 	 �

����� 	 �� ����� 	 ��

����� 	 �� ����� 	 ��

����� 	 �� ����� 	 ��


���� 	 �

��

����� 	 �� ����� 	 ��

����� 	 �� ����� 	 ��


����� ���  ������������  ������� ����� 	������
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�
�

�

���

�
���

�
�

��

�
� 	��


���$!� ���  
�%��$� ���!�#��� �!� $���& ��"#

3984987 463)9(*7 & �����  #-.7 .2).(&8*7 *.8-*6

8-&8 1*8&78&'.0.8= -&7 238 3((966*) ;.8-.2 8-* )*:.(*

36 8-&8 1*8&78&'.0.8= 8-&8 -&7 3((966*) -&7 6*730:*)

'*+36* 8-* 2*<8 (03(/ (=(0*�

�+ & 1*8&78&'0* *:*28 (&2238 6*730:* '*+36* 8-* 2*<8

(03(/ (=(0*� 8-* 78&8* 1&(-.2* 13:* 83 78&8*7 "� 36

"
�  �2 8-.7 (&7*� 8-* 78&8* +0.4?+0347 -&:* .28*646*8*)

8-* 7.,2&0 +631 8-* 7=2(-632.>&8.32 6*,.78*6 ).++*6?

*280=� *<(097.:*?�!.2, 8-.7 7.,2&0 463)9(*7 & ��%

&8 8-* )*:.(*�7 398498� .2).(&8.2, 8-&8 926*730:*)

1*8&78&'.0.8= -&7 3((966*)�

#-.7 8*78 (.6(9.8 )3*7 238 (&8(- &00 1*8&78&'0*

*:*287�  "4*(.+.(&00=� .8 )3*7 238 6*(36) 1*8&78&'0*

*:*287 8-&8 6*730:* '*+36* 8-* 2*<8 (03(/ (=(0*�  �98

1*8&78&'.0.8= (&97*7 &2 *6636 320= ;-*2 .8 -&7 238

6*730:*) '= 8-* 8.1* 8-* 7.,2&0 .7 2**)*)�  #-* �=?

46*77 8*787 8-97 6*:*&0 8-* .2+361&8.32 )*7.,2*67

2**) 83 /23;� -3; 3+8*2 1*8&78&'.0.8= (6*&8*7 &2

*6636 .2 8-* 7=78*1�

#-* 8*78 (.6(9.8 &073 .2(09)*7 8-* &'.0.8= 83 (-*(/ 8-*

1&<.191 34*6&8.2, +6*59*2(= 3+ 8-* )*:.(* 92)*6

8*78 ��	��
� ����  �8 *&(- (03(/ *),*� 8-* +.678 6*,.7?

8*6�7 398498 83,,0*7�  %-*2 8-* )*:.(* 6*&(-*7 .87

1&<.191 34*6&8.2, +6*59*2(=� 8-*  �� &66&= (&2?

238 6*730:* 8-* (-&2,.2, 7.,2&0 +&78 *239,- 83 463?

)9(* & :&0.) 398498�  �8 8-.7 74**)� 32* 6*,.78*6

1.,-8 6*730:* 8-* 7.,2&0 (366*(80= &2) 32* 1.,-8 238�

36 '38- 1.,-8 463)9(* .2:&0.) 7.,2&0 6*73098.327�  �2

&2= (&7*� ;-*2 �<(097.:*?�!.2, 8-* 78&8* #
�#� 3+

8-* 8;3 1&<.191?+6*59*2(= 8*78.2, 6*,.78*67 6*?

79087 .2 &2=8-.2, 38-*6 8-&2 & ����� 8-* 4&68�7 1&<?

.191 34*6&8.2, +6*59*2(= .7 *<(**)*)�

��� ��"# 	��!�

� +396?0&=*6 46.28*) (.6(9.8 '3&6) ;.8- 8;3 7.,2&0

40&2*7� & ,6392) 40&2*� &2) & 43;*6 40&2* .7 97*) 83

���������
�
���

����� ����
��

�����

�������
�����

���������
���
��������

�
���

������


�����

	�

	�

	��
�������

	��������

������


���$!� ���  
�#�"#�����#& ��"# 	��!� 	����

���!��

4*6+361 8-* 1*8&78&'.0.8= 1*&796*1*287�  $7.2,

8-.7 +396?0&=*6 '3&6) ,.:*7 & 59.*8 8*78.2, *2:.632?

1*28 ;.8- 6*0.&'0*� 6*4*&8&'0* 6*79087�  �	��
� ��

7-3;7 & '03(/ ).&,6&1 3+ 8-* 8*78 '3&6)� ;.8- 8-*

(3140*8* 7(-*1&8.( 7-3;2 .2 �	��
� ���  #-* )*:.(*

92)*6 8*78 ��$#� .7 )*(3940*) ;.8- 	�	
?�� &2)


		?4� (&4&(.8367�  #-* 8*78 (.6(9.8 .7 )*7.,2*) 83 +.8

&00 .2)9786=?78&2)&6) &2) �=46*77?46346.*8&6=

 ��7�  #-* 73(/*8 &003;7 �$# 4.27 
� �� &2) 
 83

7*6:* &7 (03(/ 4.27�   .2 � .7 8-* )*:.(*�7 &7=2(-63?

2397 .2498�  #-* �!!�! (32).8.32 .7 03(&8*) 32 4.2

�� 3+ & ��?4.2 )*:.(*� &2) 8-* ���� (32).8.32 .7 32

4.2 �	�  #;3 &)).8.32&0 3984987� �
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!.+ ,'89+89 85++* -7'*+8 4, +'). *+;/)+ 9>5+ <+7+
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 ��

1/89 9.+ (+.';/47'1 *+8)7/59/43 :8+* ,47 -+3+7'9/3- '

����� ,/1+�  �11 *+;/)+8 <+7+ 574-7'22+* :8/3-
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7'9+ 7+8:198�  �(4;+ 9./8 ,7+6:+3)>� 2+9'89'(1+
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package test is
component metastability port (

clock, async_in, reset : in bit;      
fail, perror, f1, f2 : out bit);

end component;
end test;

entity metastability is port (
clock, async_in, reset : in bit;      

fail, perror, f1, f2 : out bit);
end metastability;

use work.bv_math.all

architecture fsm of metastability is

signal  sync  : bit;
signal  tsync : bit;   
signal  t1,t2 : bit;
signal  f1_tmp, f2_tmp : bit;
signal  error_tmp : bit;
signal  fail_tmp : bit;

begin
proc1: process begin

wait until clock = ’1’;
sync <= async_in;

end process;

proc2: process begin

wait until clock = ’1’;
f1_tmp <= sync;
f2_tmp <= inv(sync);

end process;

proc3: process begin

wait until clock = ’1’;
error_tmp <= ((((inv(reset) and f1_tmp) and inv(f2_tmp))

or ((inv(reset) and inv(f1_tmp)) and f2_tmp))   
or (reset and inv(error_tmp)));

end process;
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proc4: process begin

wait until clock = ’1’;
if (tsync = ’1’) then

tsync <= ’0’;
else

tsync <= ’1’;
end if;

end process;

proc5: process begin

wait until clock = ’1’;
t1 <= tsync;
t2 <= inv(tsync);

end process;

proc6: process begin

wait until clock = ’1’ ;
fail_tmp <= (t1 xor t2);

end process;

fail <= inv(fail_tmp);
perror <= inv(error_tmp);
f1 <= inv(f1_tmp);
f2 <= inv(f2_tmp);

end fsm;

 (+ ()-#&.& ,2'�"+('#3�+ )�+ (+&�'���  �"�,�

!+�)", #'�#��-� -"� -#&� �-+� �'� -"� ��/#���, &#'#4
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�  +(& ����� �

0"�' .,#'! -"� ��/#�� �, � ,2'�"+('#3�+� ��-�+&#'�
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tsw

fc fd W

tr � tsw (ln(MTBF) � ln(fc fd W))

tr � (0.190� 10�9s) �ln(315 � 106s)

� ln(41.6 � 106� 41.6� 106� 0.125� 10�12)]

� 4.73ns
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���� 72 ��#�  �)'%86) )-7,)5 2* 7,)6) 67%7)

',%1+)6 '%1 '%86) % 0)7%67%&/) )9)17� *( 0867 &) 6)7

72 7:-') 7,) %9)5%+) %6<1',521286 (%7% *5)48)1'<

:,)1 ()7)50-1-1+ 7,) :2567>'%6) � ���
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� 86)(

%6 % 6<1',521-=)5 -1 % 6<67)0 :,26) 287387 5)+-67)56

%5) '/2'.)( %7 %1 *' 2* �
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