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

�! #"�"�$&%&')(+*
(�,.-/(�0&,21/34350&(+6�')3879,2:
79;<:=3>')-5"?')@9')ACBED�"�$
%FB
(�0=151G,2@&HI1/6&"KJL"�"�$&%9')(+*
A.;E;<:M')@&$�'):&:&ACBE,.@&HN35,.H<@9'OA.3K1/;�1/6&"P;<:Q"�@M(�,.-5(�0&,C1�R

�TSU7&,.:V79;<:M,.3?3W1+')%=A."P,.@V"�,21G6="�-X;)JY1[ZK;�351G'O1G"�3�R
�TS]\I^_79,.:M79;<:�(�')@�%Q"P3WZX,21G(+6="�$`%a"�1[Zb"�"�@�351G')%&A."P3W1+'O1/"�3c%FB�'O:&:&A.,2(�'O1/,.;<@d;)J
'�\X"�35"�1I;<-c^e"f1I,2@&:&0=1�R

�!gh1[Be:a"i79,2:d79;<:=3K0&35"P')@_,.@kj)"�-51/"�-?'l1K1G6="m,.@&:=0=1b1/;n:&-5"�j<"�@k1c1/6&"i;E(�(�0&-/-5"�@&(�"
;)J>'O@�,2@&$&"f1G"�-5op,2@9'O1/"q351+'l1G")R

�srt'O1/"�$u79,2:`79;<:=3q(�')@v;<@&ACB�od')*O"
1G-/')@&35,21G,2;<@&3cZX6&"�@w'_Hk'O1/"n;<-i(�A.;E(+*`:&0=A.3/"
,.3?:&-5"�3/"�@k1i;<-X'l1c1/6&"P:Q;)3/,21/,2j)"q;<-?@&"�H<'O1G,Cj<"PH<;<,2@&HN"�$&H)"t;OJ>'N(�A2;e(+*d:&0&A.35")R

x 6&"zyb;e;<A2"�')@`')@&$�;)1/6&"�-IA.;<H),.(t(�,.-5(�0&,C1G3cZX6&,.(+6uZb"n69'�j<"N(�;<@&35,.$&"�-/"�$�,2@�{I@=,21G3
| 1G;v}e~d;<:Q"�-G'O1/"_')3
351+'l1G,.(p(�,2-/(�0=,21G3��>,.@=$&"�:a"�@&$="�@k1GACB�;)J?1/,.o�")R x 6&"V;<0=1/:&0=1/3N')-/"
$="�1G"�-/o�,.@&"�$�;<@&ACBs%kBT1G6&"`351+'l1G"u;)Jq1/6&"u3W1+'O1/,.(`,2@&:&0=1/3�R��w"u@&;�Z�,.@k1G-5;e$=0&(�"�'O@
"��E1G-G'NJL"�'l1G0&-5"m1G;N1G6&"q(�,.-5(�0&,C1W��Zb"q,.@k1/-/;E$&0&(�"mJL"�"�$&%&')(+*_JL-/;<o�1G6="t;)0=1G:&0e1X%9')(+*d1/;
'O@�,2@&:&0=1�3/;n1G6&'O1?1G6&"q(�,.-5(�0&,C1�351G'O1G"q,23?@&;�Zh35:Q"�(�,C�9"�$M@&;)1X;)@&A2Bp%kBd1G6="q��:&-/,2od')-WB
,2@&:&0=1/3X%&0=1c')A23/;z%kBM;<@&"q;<-Xo�;<-/"q;)JY1G6="t;)0=1G:&0e1G3?JL-/;<o�1G6&"P(�,.-/(�0&,21�R

x 6&"�-/"m,23K'qj<"�-5Bp:Q;�Zb"�-WJL0&A�'O@9')A2BE35,.3�op"f1G6&;E$pZX6&,2(+6d(�')@_%a"I0&35"�$V,2@p$&"f1G"�-/o�,.@e�
,2@&H_1G6="�:a"�-WJL;<-/op')@&(�"N;)JbA.;<H<,2(
(�,.-/(�0&,21/3q,.@uZX6&,2(+6w35,.H<@&')A4JL"�"�$&%9'O(+*�,.3q0&35"�$�Rz��1P,.3
%&')3/"�$�;<@�1G6="d-/"�')3/;)@9')%&A2"d-/0=A."z1G69'O1n'�35,.H<@9'OA�(�')@&@&;O1n%a"d%a;)1G6�'�A.;<H<,2(M~_')@&$�'
A2;<H<,2(��q'O1>1/6&"?3G'Oop"K1/,.o�")R8^e;q,2J#1/6&"�JL"�"�$&%9')(+*n:&'O1G6N,23>(�0=1�'O@&$�')@N"f�E1G"�-/@9'OA&3/,2H<@9')A
'O:&:&A.,2"�$v'O1P1/6&"z(�0=1P1G6="�@���ZX6&"�@w1G6="�35,.H<@&')A>,.3m1/-G')(�"�$�;<@w')-/;<0=@&$�1/6&"z(�,2-/(�0=,21m1/;
'O-/-/,Cj<"
'O1I1/6&"n;)1/6&"�-I3/,2$&"
;)J81G6&"�(�0=1��Q1G6="n;<@&ACBM351+'O%&A."�351+'l1G"�3IJL;<-c1/6&"
(�,.-5(�0&,C1IZX,2A.A
%a"q1G6&"P3W1+'O1/"�3?ZX6&"�@�1G6&"q1[Zb;p35,.H<@&')A.3?;<@M"�')(+6`35,.$&"q;)JY1G6="t(�0=1I')-/"q1/6&"P3G')o�")R

(a) (b)
X Z

Y

 8,.H)0&-/"P})}eR2~)���m� x Hk'l1G"qJL"�"�$&%9')(+*VA.'O1G(+6M(�,2-/(�0&,21�R

~��)�



~��)�  �¡E¢a£k¤)¥d¦f¢9§�¤)¨#©PªC«)ª¬§�¤)¨a­K¨.¦+®f§°¯G±l¢9ª²®+³�´�µN¶X¯�ª°¤)¢�·�¤)¸?¨.¦+³+³

SI3V')@�'O:&:&A.,2(�'O1/,.;<@¹;)Jq1/6&,.3p')@9'OA2BE3/,23do�"�1G6=;e$TZK"u(�;<@&35,.$&"�-d1G6&"�3/,2op:&A2"�1[Zb;
,.@kj<"�-51G"�-��m� x (�,2-/(�0&,21V356&;�ZX@�,.@º 8,2H<0&-5"v}<}eRC~�»°'k¼fR x 6="�')@&')A2BE3/,23V(�;<@=3/,.3W1G3�;)J
(�0=151G,.@=H�1G6&"`(�,.-5(�0&,C1V')3p3/6&;�ZX@½,.@� 8,.H<0=-/"�})}eR2~�»°%#¼d'O@&$�'):&:=A2BE,.@&H�')@�"f�E1/"�-/@&')A
3/,.H)@9')Ae'O1>1G6="?:Q;<,2@k18¾nR x 6&"?:Q;)3/3/,2%&A."�jO')A.0&"�3>;)J#1G6="?,.@&:&0e1>3/,2H<@9')A¿�O¾
�<,.@k1G"�-/o�"�$&,.'O1G"
3/,.H)@9')A²��Àn�)')@=$n-/"�3/0&AC1G,.@=Hi;<0=1/:&0=18')@&$
JL"�"�$&%&')(+*
35,.H<@9'OA²�OÁ8�)'O-/"�3/6&;�ZX@N,.@t1G6&"�1+')%=A.")R

¾ À Á
� ~ �
~ � ~

��1n,.3
"�')3/,2A2B�3/"�"�@�1G6&'O1
JL;<-
%Q;)1/6�,.@=:&0=1n35,.H<@&')A.3
�u')@&$�~<�>1/6&"_;<0e1G:&0=1/3N')-5"V'
od'O1/(+6&,.@=H
��')@&$`~i')@&$d1/69'O1�1G6&"I3/,2H<@9')A23b'O(�-/;)3/3b1/6&"c(�0=1Kod'O1/(+6�R x 6&"�-/"fJL;<-/"i1/6&"�-5"
ZX,.A.AQ%Q"P@&;�(+69')@=H<"q1G;z1G6&"P(�,2-/(�0&,21X,CJ8'z(�;)@&@&"�(f1G,2;<@�,23?od'O$&"P')(�-5;<3/3X1G6="t(�0=1�R x 6&,23
,.3�1G6="�-/"fJL;<-/"t'N(�,2-/(�0&,21?ZX6&,2(+6�,23?351G')%&A."q,2@M"�,21/6&"�-?3W1+'O1/")R

�m@&"�$&,2Â�(�0&A21[BT,.3z1G6&'O1p1/6&"�-5"u,.3�@&;�o�"�1/6&;E$s;)Jq(+6&')@&H<,2@&H�1G6="`351G'O1G"�;)Jm1/6&"
(�,.-5(�0&,C1�R x 6&"N(�,.-5(�0&,C1q351G'O1G"n(�')@v%Q"
(+69')@&H<"�$w,CJÃ1G6&"z�i� x H<'O1G"�3P')-/"n-5"�:&A.')(�"�$v%FB
�ISm�IgÄ»L;<-X�m�q\I¼�Hk'O1G"�3X')3X3/6&;�ZX@�,.@� 8,.H)0&-/"P})}eRÅ}

Go to 0 Go to 1

out

 8,2H<0&-/"q}<}eRÆ}e�
x 6="�-/"z'O-/"�1[Zb;M"f�E1G"�-/@9'OA8,.@=:&0=1G3I1G;d1/6&,.3I(�,.-5(�0&,C1�Ri�½6="�@u1G6="nA."fJ¬1m69')@=$�,.@&:&0e1

,.3�%&-/;<0=H<6k1K1G;
'
A.;)H<,.(c�tJL-5;<oÇ1G6&"I$&"�J°'O0&A21bA.;<H),.(P~I1/6&"m(�,2-/(�0&,21�;<0=1/:&0=1K,.3K$=-/,2j)"�@d1/;
'pA.;)H<,.(t�d'O@&$u-/"�od'O,.@&3I'O1i'dA.;<H),.(P�_'OJ¬1/"�-X1G6&"�,.@&:=0=1m,23I-5"�A."�')3/"�$u%9')(+*M1G;d'pA2;<H<,.(
~<R?�½6&"�@̀ 1/6&"
-5,.H<6k1c69')@=$u,.@&:=0=1i,23I%=-/;<0&H)6F1I1G;d'pA.;)H<,.(t��JL-5;<oÈ1G6="
$&"fJ°')0&A21cA2;<H<,.(
~m1G6&"m;)0=1G:&0e1X,.3�$&-5,2j)"�@_1G;z'nA2;<H<,2(
~P')@&$V-5"�op'),.@=3�'O1X'nA2;<H<,2(�~P'OJ¬1/"�-K1/6&"q,.@=:&0=1?,23
-/"�A2"�')35"�$�%9'O(+*�1/;M'dA.;<H),.(z~<R x 6&,23mAÉ'l1G(+6&,2@&Hd(�,.-/(�0&,21I1G6&"�-/"fJL;<-/"n-5"�1G'),.@&3i'do�"�o�;<-5B
;)Jb1/6&"z351G'O1G"N1G;VZX6&,2(+6�,C1mZ�'O3�A.')351P$&-5,2j)"�@w')@&$�-/"�op'),2@&3m,.@�1/69'O1t351G'O1G"OR�S�H<;E;E$
')@9')A2;<H)Bz,.3�'
A.,2H<6k1K3WZX,21G(+6VZX6&,2(+6V-/"�od'),2@&3K"�,21/6&"�-��P�Ê;<-X�q > w$="�:a"�@&$&,2@&HN;<@_1/6&"
AÉ')3W1P;<:Q"�-G'O1/,.;<@v;)Jb1G6&"zA2,.H<6k1P35ZX,C1G(+6�Rp��1t,.3t')A.35;VZK;<-W1G6w@&;)1G,2@&HV1G69'l1t1/0&-/@=,.@&H̀ �q�
'�A.'O1G(+6M;<-X35ZX,C1G(+6�1G69'O1c,23I'OA.-/"�')$=BV�P�Ë69'O3I@&;�"�ÌQ"�(f1�R�̂e,.o�,.A.')-/ACBN1G0&-5@&,.@&Hd�q > ¹'
AÉ'O1/(+6�;)-?35ZX,21/(+6�1/69'O1c,.3X'OA.-/"�')$=BV�P 8 T'OA.3/;N6&')3X@&;p"fÌ�"�(�1�R

x 6="I:a;�ZK"�-K;)Ja1G6&,23�(�;<@&35,.3W1G"�@=(�Bp')@9')ACBE3/,.3�o�"�1/6&;e$�,.3Ã-5"�j)"�')A2"�$dZX6&"�@p1/6&"c1/6&-/"�"
,.@kj<"�-51G"�-c�m� x Hk'l1G"q(�,2-/(�0&,21��&3/6&;�ZX@�,.@� 8,.H)0&-/"P})}eRÆÍe�&,.3X')@&')A2BED�"�$�R

�½6="�@_1G6="IJL"�"�$&%9')(+*pA.;E;<:�,.3K(�0=1?'O@&$d1G6="m,.@&:=0=1K35,.H<@&')A#,.3K(�;<o�:9')-/"�$dZX,21/6p1/6&"
JL"�"�$=%9')(+*V3/,2H<@9')A¿�e1/6&,.3�1/-/0=1/6�1G')%&A."q,23?;<%=1G'),.@&"�$�R



ÎcÏ ¤)¢a£z©Ð§¿µ+Ñ9¦P �¨ÒªÆÑaÓ² �¨.±+Ñ9³ ~�� |

out

 8,.H)0&-/"t}<}ERÆÍ=�

�[@ �q0e1
� ~
~ �

x 6="pA2;<H<,.(�3/,2H<@9')A23P'O1P"�')(+6w3/,2$&"z;)Jb1/6&"z(�0=1
')-5"N,.@&(�;<@&3/,2351/"�@k1t3/;M1G6&"z(�,2-/(�0&,21qZX,2A.A
@=;)1c%Q"P351G')%&A2")R��[@&351/"�')$�;)J4%Q"�,.@&H�351G')%&A."q,2@M;<@&"t351+'l1G"q1G6&"P(�,.-/(�0&,21X;)3/(�,2A.A.'O1G"�3KZX,21/6
'�:Q"�-/,.;E$&,2(X1/,.o�")�kÔt�EZX6=,.(+6_,23b35,C��1G,2op"�3�1/6&"i35,.H<@9'OAa:=-/;<:9'OHk'O1G,2;<@d$="�AÉ'�B�,.@p"�')(+6d;)J
1/6&"P,.@kj<"�-51/"�-c�m� x H<'O1G"�3�RÕ ;<@=3/,.$="�-41/6&"�(�,.-5(�0&,C18,2@
 4,.H<0&-5"b}<}eR×Ön»°'k¼�ZX6=,.(+6n,234-5"�$&-/'�ZX@
,.@� 8,.H<0=-/"b}<}eR×ÖN»L%#¼fR

S

(a)

X

R

Y S

(b)
R

Y X

Y

 8,.H)0&-/"t}<}ERØÖ&���cSm�IgÙHk'l1G"qj<"�-/3/,2;<@�;)J>\Îd79,.:V79;):�»LSi(�1/,2j)"�ÚY�?�Ê¼fR
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D type Flip Flop with level triggered clock
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