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6HTXHQWLDO�ORJLF

q 6HTXHQWLDO�FLUFXLWV
½ VLPSOH�FLUFXLWV�ZLWK�IHHGEDFN
½ ODWFKHV
½ HGJH�WULJJHUHG�IOLS�IORSV

q 7LPLQJ�PHWKRGRORJLHV
½ FDVFDGLQJ�IOLS�IORSV�IRU�SURSHU�RSHUDWLRQ
½ FORFN�VNHZ

q $V\QFKURQRXV�LQSXWV
½ PHWDVWDELOLW\ DQG�V\QFKURQL]DWLRQ

q %DVLF�UHJLVWHUV
½ VKLIW�UHJLVWHUV
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6HTXHQWLDO�ORJLF

q 8S�XQWLO�QRZ��ZH¶YH�EXLOW�FRPELQDWLRQDO�FLUFXLWV��RXWSXWV�DUH�MXVW�D�IXQFWLRQ�RI�
WKH�LQSXWV�

q 1RZ��ZH�JHW�LQWR�FLUFXLWV�ZLWK�IHHGEDFN��
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6HTXHQWLDO�ORJLF�GLDJUDP

q %XW��KRZ�GR�ZH�NQRZ�WKDW�WKH�RXWSXWV�=���=Q�ZLOO�VWDELOL]H"

q ,VQ¶W�SRVVLEOH�WKDW�WKH�RXWSXWV�ZLOO�HQGOHVVO\�FKDQJH��QHYHU�UHDFKLQJ�D�VWDEOH�
VWDWH"

q <HV��WKLV�FDQ�KDSSHQ�
½ :H�ZLOO�KDYH�WR�PDNH�VXUH�WKDW�SHUSHWXDO�RVFLOODWLRQ�GRHVQ¶W�KDSSHQ�
½ 2U�WKDW�ZH�DFWXDOO\�:$17�LW�
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6HTXHQWLDO�ORJLF��ZKDW·V�WKH�SRLQW"

q %XW��IHHGEDFN�VHHPV�WR�PDNH�WKLQJV�PRUH�FRPSOLFDWHG��H�J���QHHG�WR�PDNH�
VXUH�WKLQJV�GRQ¶W�RVFLOODWH���6R�ZKDW¶V�WKH�SRLQW"

q :HOO��IHHGLQJ�RXWSXWV�EDFN�LQWR�LQSXWV�OHWV�XV�GR�LQWHUHVWLQJ�WKLQJV��OLNH«
½ RVFLOODWLQJ�FLUFXLWV

½PHPRU\��VWDWH
q /HW¶V�VHH�DQ�H[DPSOH�RI�KRZ�WKLV�FDQ�EH�XVHIXO�
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6HTXHQWLDO�FLUFXLWV

q &LUFXLWV�ZLWK�IHHGEDFN
½ RXWSXWV� �I�LQSXWV��SDVW�LQSXWV�� �I�LQSXWV��FXUUHQW�VWDWH�

� QH[W�VWDWH� �I�LQSXWV��FXUUHQW�VWDWH�
½ 6WDWH�LV�GLVWLOODWLRQ�RI�NQRZOHGJH�DERXW�WKH�SDVW��/LPLWHG�WR�WKH�QXPEHU�RI�
ELWV�RI�PHPRU\���Q�ELWV�RI�PHPRU\� ��Q SRVVLEOH�VWDWHV�

½ PXWH[ LV�LQKHUHQWO\�VHTXHQWLDO
� VDPH�LQSXWV�FDQ�KDYH�GLIIHUHQW�RXWSXWV��� GHSHQGV�RQ�RUGHU�RI�DUULYDO�

current state

logic

next state

outputs

inputs

what
prevents
runaway
looping?

example: mutex
State remembers 
which request came 
first. Don’t care 
about exactly when

clock
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0XWH[ ([DPSOH��IURP�,QWUR�

q 3RLQW��7KH�NH\�WR�V\QFKURQRXV�VHTXHQWLDO�ORJLF�LV�WKH�VWRUDJH�HOHPHQW��ODWFKHV�
DQG�IOLS�IORSV�

2XWSXW��*$�*%�1H[W�6WDWH6WDWH,QSXW��5$�5%�

��%�:DV�)LUVW%�:DV�)LUVW��

��$�:DV�)LUVW%�:DV�)LUVW��

��%�:DV�)LUVW%�:DV�)LUVW��

��:DLW%�:DV�)LUVW��

��$�:DV�)LUVW$�:DV�)LUVW��

��$�:DV�)LUVW$�:DV�)LUVW��

��%�:DV�)LUVW$�:DV�)LUVW��

��:DLW$�:DV�)LUVW��

��$�:DV�)LUVW:DLW��

��$�:DV�)LUVW:DLW��

��%�:DV�)LUVW:DLW��

��:DLW:DLW��

State

Combinational
Logic

GA, GB

RA, RB

clock
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([SHULPHQW�D�OLWWOH

q /HW¶V�VWDUW�H[SHULPHQWLQJ�ZLWK�IHHGEDFN��,Q�DVVLJQPHQW����\RX�DOUHDG\�EXLOW�D�
FLUFXLW�ZLWK�IHHGEDFN�

q 7KLV�FLUFXLWV�RVFLOODWHV�EHFDXVH�WKHUH�DUH�DQ�RGG�QXPEHU�RI�LQYHUVLRQV�LQ�WKH�
IHHGEDFN�

q 6R«�ZKDW�KDSSHQV�LI�ZH�RQO\�KDYH�DQ�HYHQ�QXPEHU�RI�LQYHUVLRQV�LQ WKH�
IHHGEDFN"�/HW¶V�WDNH�D�ORRN�
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&DVFDGHG�LQYHUWHUV

q ,) $�LV�³�´��WKHQ�%�LV�³�´��ZKLFK�IRUFHV�$�DJDLQ�WR�³�´��ZKLFK�IRUFHV�%�DJDLQ�WR�
³�´��DQG�VR�RQ��7KXV��WKH RXSXW <�LV�³�´��DQG�VWD\V�³�´�IRUHYHU��7KLV�LV�D�
VWHDG\�VWDWH��FRQWUDVW�WKLV�WR�WKH�RVFLOODWRU�\RX�GLG�LQ�\RXU�DVVLJQPHQW��

q 6LPLODUO\��,) $�LV�³�´��WKHQ�<�ZLOO�VWD\�DW�³�´�IRUHYHU�

q :RZ��WKLV�ORRNV�OLNH�D�ELW�RI�PHPRU\��LI�\RX�LJQRUH�WKH�PDJLFDO�,)����

q %XW��ZDLW�D�VHFRQG«�+RZ�FDQ�WKLV�FLUFXLW�VWRUH�D�YDOXH�IRUHYHU��LW�GRHVQ¶W�
VHHP�WR�EH�XVLQJ�DQ\�SRZHU��DIWHU�DOO�ZH�DUH�QRW�DSSO\LQJ�DQ\�LQSXWV���

q 7KLV�LV�D�FRPPRQ�IDOODF\��5HPHPEHU��ZH�GRQ¶W�GUDZ�WKH�SRZHU�VXSSOLHV��EXW�
WKH\�DUH�$6680('�WR�EH�WKHUH�
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&DVFDGHG�LQYHUWHUV��FRQW·G�

q ,Q�GHVFULELQJ�WKLV�FLUFXLW��ZH�XVHG�WKH�PDJLFDO�,)��%XW�ZKDW�KDSSHQV�LI�\RX�
EXLOG�WKLV�LQ�WKH�ODE"�:KLFK�VWDWH�ZLOO�LW�JR�LQ"

q ,V�WKHUH�D�SRVVLELOLW\�WKDW�$�DQG�%�ZLOO�MXVW�UHPDLQ�XQGHILQHG��PD\EH�ERWK�ZLOO�
VWD\�DW�����9ROWV����

q :HOO��,Q�WKHRU\�WKLV�FLUFXLW�KDV�DQ�XQGHILQHG�EHKDYLRU��%XW�LI�\RX�EXLOG�LW��LW�
:,//�JR�LQWR�RQH�RI�WKH�WZR�VWDWHV��:K\"
½ 6D\�WKH�FLUFXLW�ODQGV�LQ�DQ�XQGHILQHG�VWDWH��PD\EH�$ ����9ROWV��DQG�%� �
����9ROWV�

½ 7KH�RQO\�ZD\�\RX¶OO�VWD\�LQ�WKLV�VWDWH�LV�LI�\RX�DUH�LQ�SHUIHFW�HTXLOLEULXP�
½ %XW�WKHQ��DQ\�SHUWXUEDWLRQ�LQ�$�RU�%�ZLOO�FDXVH�\RXU�FLUFXLW�WR�VSLUDO�
WRZDUGV�RQH�RI�WKH�WZR�VWDWHV�

q :KDW¶V�ZRUVH�LV�WKDW�ZH�GRQ¶W�NQRZ�ZKDW�VWDWH�LW�ZLOO�JR�LQ�

q 7KDW¶V�QRW�JRRG«�:H�QHHG�D�ZD\�WR�JXDUDQWHH�WKDW�ZH�ODQG�LQ�WKH�VWDWH�ZH�
:$17�
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&DVFDGHG�LQYHUWHUV�ZLWK�´6HWµ

q 7KLQN�RI�WKH�VZLWFK�DV�D�SXVK�EXWWRQ��ZLWK�WKH�GHIDXOW�VWDWH�DV�VKRZQ��:KHQ�
\RX�DFWLYDWH�WKH�EXWWRQ��LW�FRQQHFWV�D�³�´�WR�WKH�LQSXW�RI�WKH�ILUVW�LQYHUWHU��
:KHQ�\RX�UHOHDVH�WKH�EXWWRQ��LW�ERXQFHV�EDFN�WR�WKH�GHIDXOW�VWDWH�

q :KHQ�\RX�SXVK�WKH�EXWWRQ��WKH�ORRS�LV�EURNHQ��7KH�HIIHFW�LV�WKDW LW�VHWV�<�WR�
³�´��:KHQ�ZH�UHOHDVH�WKH�EXWWRQ��WKH�YDOXH�RI�³�´�DW�WKH�RXWSXW�UHPDLQV�
WKHUH�

q :H¶OO�FDOO�WKLV�D�³6HW´��ZH¶UH�VHWWLQJ�WKH�RXWSXW«���7KLV�LV�JRRG��EXW�WKLV�
PHDQV�ZH�FDQ�RQO\�VWRUH�D�³�´��:KDW�DERXW�D�³�´"
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&DVFDGHG�LQYHUWHUV�ZLWK�´6HWµ�DQG�´5HVHWµ

q $GG�D�³5HVHW´�VZLWFK��ZKLFK�PDNHV�WKH�RXWSXW�<�JR�WR����$JDLQ��ZKHQ�WKH�
VZLWFK�LV�UHOHDVHG��<�VWD\V�DW���

q :KDW�KDSSHQV�LI�QRQH�RI�WKH�VZLWFKHV�DUH�SUHVVHG"�:HOO��WKH�YDOXH�RI�<�WKDW�
ZDV�WKHUH�EHIRUH�ZLOO�VWD\�WKHUH��7KLV�LV�FDOOHG�D�³+ROG´�

q 6R��ZH�KDYH�D�RQH�ELW�RI�PHPRU\�WKDW�ZH�FDQ�VHW��UHVHW��RU�MXVW�OHDYH�DV�LV�

q 1RZ��SXVKLQJ�VZLWFKHV�LV�QRW�D�VFDODEOH�VROXWLRQ��:H�QHHG�WR�FRQWURO�RXU�
PHPRU\�FHOO�ZLWK�GLJLWDO�VLJQDOV�
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&DVFDGHG�LQYHUWHUV�ZLWK�´6HWµ�DQG�´5HVHWµ

q 1RZ��WDNH�D�ORRN�DW�WKH�EODFN�ER[HV�DERYH��(DFK�KDV�WZR�LQSXWV��:KHQ�WKH�
ILUVW�LQSXW�LV����WKH�RXWSXW�VKRXOG�JR�WR����ZKHUHDV�ZKHQ�WKH�ILUVW�LQSXW�LV����
WKHQ�WKH�RXWSXW�VKRXOG�EH�WKH�QHJDWLRQ�RI�WKH�VHFRQG�LQSXW��:KDW LV�WKDW"
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&DVFDGHG�LQYHUWHUV�ZLWK�´6HWµ�DQG�´5HVHWµ

q 7KH�EODFN�ER[HV�DUH�125V��6R�ZH�FDQ�UHGUDZ�WKH�FLUFXLW�ZLWK 125V LQVWHDG�RI�
WKH�EODFN�ER[HV�

Rearranging

and renaming
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&URVV�FRXSOHG�125�JDWHV

q 7KLV�LV�FDOOHG�DQ�5�6�ODWFK��:H�FDQ�EXLOG�D�WDEOH�WKDW�VKRZV�KRZ�WKLV�FLUFXLW�
EHKDYHV�

S R Q
0 0 hold
0 1 0
1 0 1
1 1 ???

q :KDW�KDSSHQV�LQ�WKH������VWDWH"�$W�ILUVW��ERWK�<�DQG�<¶�ZLOO�EH����WKDW¶V�
DOUHDG\�D�SUREOHP��VLQFH�WKDW�PHDQV�ZH�FDQ¶W�FDOO�WKHP�<�DQG�<¶������%XW��
WKHQ��LI�\RX�³UHOHDVH´�WKH�6�DQG�5�LQSXWV��WKXV��VHWWLQJ�6 ���DQG�5 ����<�DQG�
<¶�ZLOO�RVFLOODWH��)RUHYHU�

q 6R«�:H�',6$//2:�WKLV�VWDWH�
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&URVV�FRXSOHG�1$1'�JDWHV

q :H�FDQ�GR�WKH�XVH�1$1'�JDWHV�DVZHOO�WR�EXLOG�D�ODWFK

q 1RWH�WKH�SRODULW\�RI�WKH�LQSXWV��6¶�DQG�5¶�

q <RX�VKRXOG�FRQYLQFH�\RXUVHOI�WKDW�\RX�FDQ�GHULYH�WKLV�FLUFXLW�LQ WKH�VDPH�ZD\�
WKDW�ZH�GHULYHG�WKH�FLUFXLW�IRU�FURVV�FRXSOHG�125�JDWHV�

4

4


6


5
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5HVHW +ROG 6HW 6HW5HVHW 5DFH

5

6

4

?4

���

7LPLQJ�EHKDYLRU

5

6

4

4
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6 5 4
� � KROG
� � �
� � �
� � XQVWDEOH

6WDWH�EHKDYLRU�RU�5�6�ODWFK

q 7UXWK�WDEOH�RI�5�6�ODWFK�EHKDYLRU

4�4

����

4�4

����

4�4

����

4�4
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5

6

4

4
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7KHRUHWLFDO�5�6�ODWFK�EHKDYLRU

q 6WDWH�GLDJUDP
½ VWDWHV��SRVVLEOH�YDOXHV
½ WUDQVLWLRQV��FKDQJHV
EDVHG�RQ�LQSXWV

4�4

����

4�4

����

4�4

����

4�4

����

65 ��
65 ��65 ��

65 ��

65 ��
65 ��
65 ��

65 ��
65 ��

65 �� 65 ��

65 ��65 ���

65 �� 65 ��

65 ��

SRVVLEOH�RVFLOODWLRQ
EHWZHHQ�VWDWHV����DQG���
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2EVHUYHG�5�6�ODWFK�EHKDYLRU

q 9HU\�GLIILFXOW�WR�REVHUYH�5�6�ODWFK�LQ�WKH�����VWDWH
½ RQH�RI�5�RU�6�XVXDOO\�FKDQJHV�ILUVW

q $PELJXRXVO\�UHWXUQV�WR�VWDWH�����RU����
½ D�VR�FDOOHG��UDFH�FRQGLWLRQ�
½ RU�QRQ�GHWHUPLQLVWLF�WUDQVLWLRQ

65 ��65 ���

4�4

����

4�4

����

4�4

����

65 ��

65 ��
65 ��
65 ��

65 ��
65 ��

65 �� 65 ��

65 �� 65 ��

65 ��
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4�W�∆�
5
6

Q(t)

6 5 4�W� 4�W�∆�
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � ;
� � � ;

KROG

UHVHW

VHW

QRW�DOORZHG FKDUDFWHULVWLF�HTXDWLRQ
4�W�∆�� �6���5¶�4�W�

5�6�ODWFK�DQDO\VLV

q %UHDN�IHHGEDFN�SDWK�WR�ZULWH�HTXDWLRQV

5

6

4

4


� �

� �

; �

; �4�W�

5

6

•Glitch on RS causes state transition
•Can’t have S,R = 1 at same time
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$�7ZR�6WDWH�6\VWHP��3DULW\�&KHFNHU

Two States
Q = 0: Total so far is ODD
Q = 1: Total so far is EVEN

Characteristic Equation: Q (t+∆t)  = S + R’Q(t)
If the Data = 0: R,S = 0,0 No change in state (hold)!
If the Data = 1: Q(t+∆t) = ~Q(t)
Problems?  Continuous cycling and glitches. 

S = Q’Data

R = QData
outputs

input
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SHULRG

GXW\�F\FOH��LQ�WKLV�FDVH������

&ORFNV

q 7LPHNHHSHU
½ 8VH�WR�SUHYHQW�F\FOLQJ
½ 'HILQH�WLPH�ERXQGDULHV�EHWZHHQ�GDWD�YDOXHV�RQ�LQSXWV
½ 'HILQH�WLPH�ERXQGDULHV�EHWZHHQ�VXFFHVVLYH�VWDWHV

q &ORFNV�DUH�UHJXODU�SHULRGLF�VLJQDOV
½ SHULRG��WLPH�EHWZHHQ�WLFNV�
½ GXW\�F\FOH��WLPH�FORFN�LV�KLJK�EHWZHHQ�WLFNV�� H[SUHVVHG�DV���RI�SHULRG�

Define inputs to be 1 value/cycle

Allow inputs to change during part of cycleTi

clock
I/O
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8VLQJ�WKH�&ORFN

outputs

inputCombinational
logic

When Clock Low: RS = 00  (HOLD)
When Clock Hi: 

Characteristic Equation: Q (t+∆t)  = S + R’Q(t)
If the Data = 0: R,S = 0, No change in state (hold)!
If the Data = 1: Q(t+∆t) = !Q(t)

Works Great If one decision/cycle
No Wraparound:             ∆t > Thi
No Missed Transitions: ∆t < Thi + Tlow

Problems?
Fast Circuits
Glitches
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$�7ZR�6WDWH�6\VWHP

FORFN

5��DQG��6

VWDEOH FKJ�RN VWDEOH FKJ�RNFKJ�RN

Want One State Decision/Cycle
TFF + TL > Thi
TFF + TL < Thi + Tlow
• Difficult to guarantee
• Worry about inputs too

Combinational
Logic

5

6 4

4

R

S
Clock

TFF TL
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3UHYHQWLQJ�:UDSDURXQG

R
5

6 4

4

R

S

Clock = 0: master holds state(t), slave gets state(t)
Clock = 1: master gets state(t+1)

slave holds state(t)
Clock 1Å0: master holds state(t+1)

slave gets state(t+1)

Clock

slavemaster
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0DVWHU�6ODYH�)OLS�)ORS

5

6 4

4

R

S

Clock

5

6 4

4


master slave

Changes on inputs can’t propagate to outputs until
next clock cycle begins. 
• No looping possible
• Combinational logic can’t be too fast
• Extra hardware
• Decide next state before input gate closes
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7ZR�6WDWH�6\VWHP�ZLWK�0DVWHU�6ODYH

TMTS TL

Clock
One Transition/Cycle if:
TS + TL + TM + Tskew < Tlow + Thi

•Easier to guarantee
•Worry about inputs!
•Still worry about hazards!Tskew

?
Clock’

Ok if T > skew
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6HW
�V�
FDWFK

6
5

&/.
3
3

4
4


5HVHW

0DVWHU
2XWSXWV

6ODYH
2XWSXWV

7KH��V�FDWFKLQJ�SUREOHP

q ,Q�ILUVW�5�6�VWDJH�RI�PDVWHU�VODYH�))
½ ������JOLWFK�RQ�5�RU�6�ZKLOH�FORFN�LV�KLJK�LV��FDXJKW��E\�PDVWHU�VWDJH
½ OHDGV�WR�FRQVWUDLQWV�RQ�ORJLF�WR�EH�KD]DUG�IUHH

PDVWHU�VWDJH VODYH�VWDJH

3

3


&/.

5

6 4

4
 5

6 4

4
5

6

Solution?
Never use hold! Always
Actively set next state 
even if no change
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���JDWHV

'�IOLS�IORS

q 0DNH�6�DQG�5�FRPSOHPHQWV�RI�HDFK�RWKHU
½ HOLPLQDWHV��V�FDWFKLQJ�SUREOHP��JOLWFKHV�HYHQWXDOO\�VHWWOH�RQ�5�RU�6
½ FDQ
W�MXVW�KROG�SUHYLRXV�YDOXH��PXVW�KDYH�QHZ�YDOXH�UHDG\�HYHU\�FORFN�
SHULRG�

½ YDOXH�RI�'�MXVW�EHIRUH�FORFN�JRHV�ORZ�LV�ZKDW�LV�VWRUHG�LQ�IOLS�IORS
½ FDQ�PDNH�5�6�IOLS�IORS�E\�DGGLQJ�ORJLF�WR�PDNH�'� �6���5
�4

' 4

4


PDVWHU�VWDJH VODYH�VWDJH

3

3


&/.

5

6 4

4
 5

6 4

4
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)LQDO�'HVLJQ�IRU�3DULW\�&KHFNHU�Z��'�))

In this case, D-FF approach is less efficient!

Can we make this D-FF simpler??
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4

'

&ON �

5

6

�

'¶

�

'¶ '

4¶

QHJDWLYH�HGJH�WULJJHUHG�'�
IOLS�IORS��'�))�

����JDWH�GHOD\V

PXVW�UHVSHFW�VHWXS�DQG�KROG�WLPH�
FRQVWUDLQWV�WR�VXFFHVVIXOO\

FDSWXUH�LQSXW

FKDUDFWHULVWLF�HTXDWLRQ
4�W���� �'

KROGV�'
�ZKHQ
FORFN�JRHV�ORZ

KROGV�'�ZKHQ
FORFN�JRHV�ORZ

(GJH�WULJJHUHG�IOLS�IORSV

q 0RUH�HIILFLHQW�VROXWLRQ��RQO\���JDWHV
½ VHQVLWLYH�WR�LQSXWV�RQO\�QHDU�HGJH�RI�FORFN�VLJQDO��QRW�ZKLOH�KLJK�
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)XQFWLRQDO�$QDO\VLV

'

&ON

5

6

'¶

4�¶

Q3

Q2

Q1

1RW�D�IXQFWLRQ�
RI�'


4�� �'���'Å '
�

1RW�D�IXQFWLRQ�
RI�'


4�� �'�
�RULJ��

���'Å'
�

4�� ���RU�'¶���'�Å '
�

))��ODWFKHV4�� �'�Å�

))��ODWFKHV4�� �'¶�Å�

$IWHU���JDWH�
GHOD\�5�6� �
'�'¶

4�� �'�Å�

))��ZDLWLQJ�WR�
ODWFK

4�� �'�

))��ZDLWLQJ�WR�
ODWFK

4�� �'¶�

)RUFH�5�6�WR��4�� �+2/'�

&RPPHQW9DOXHV&ORFN



CSE 370 - Fall 1999 - Introduction - 33

'�))�7LPLQJ

Setup time: Time data must be stable 
before negedge of clock to ensure proper 
latching. Where does D wait for falling 
edge of clock?
at G2 and G3. Tsu = 2

Hold Time: How long after falling edge of 
clock is D blocked (okay for D to change)
G4 and G3 inputs must be stable. Delay 
from Clock to Blocked is 1 (2 and 3). 
Th = 1

Propagation Delay: Time from Clock to 
new Q
Gates 2,3 then gates 5,6. Tp = 2

4

'

&ON �

5

6

�

'¶

�

'¶ '

4¶

1

2

3

4

5

6
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7LPLQJ�([DPSOH

Minimum Clock Cycle?
Tclock = Tprop + Txor + Tsu

Minimum Txor?
Txor = 0 
the D-FF is inherently safe because Tprop > Thold
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'HDOLQJ�ZLWK�6\VWHP�,QSXWV

How do we make sure inputs don’t violate Tsu,Thold?
If inside the system – it is our design problem

If from outside the system….add a synchronizer

D
FF
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VPDOO��EXW�QRQ�]HUR�SUREDELOLW\�
WKDW�WKH�))�RXWSXW�ZLOO�JHW�VWXFN�

LQ�DQ�LQ�EHWZHHQ�VWDWH

RVFLOORVFRSH�WUDFHV�GHPRQVWUDWLQJ
V\QFKURQL]HU�IDLOXUH�DQG�HYHQWXDO

GHFD\�WR�VWHDG\�VWDWH

ORJLF�� ORJLF��
ORJLF��

ORJLF��

6\QFKURQL]DWLRQ�IDLOXUH

q 2FFXUV�ZKHQ�))�LQSXW�FKDQJHV�FORVH�WR�FORFN�HGJH
½ WKH�))�PD\�HQWHU�D PHWDVWDEOH VWDWH�± QHLWKHU�D�ORJLF���QRU���±
½ LW�PD\�VWD\�LQ�WKLV�VWDWH�DQ�LQGHILQLWH�DPRXQW�RI�WLPH
½ WKLV�LV�QRW�OLNHO\�LQ�SUDFWLFH�EXW�KDV�VRPH�SUREDELOLW\
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' '4 4
DV\QFKURQRXV

LQSXW
V\QFKURQL]HG

LQSXW

V\QFKURQRXV�V\VWHP

&ON

'HDOLQJ�ZLWK�V\QFKURQL]DWLRQ�IDLOXUH

q 3UREDELOLW\�RI�IDLOXUH�FDQ�QHYHU�EH�UHGXFHG�WR����EXW�LW�FDQ�EH�UHGXFHG
½ �����VORZ�GRZQ�WKH�V\VWHP�FORFN�
WKLV�JLYHV�WKH�V\QFKURQL]HU�PRUH�WLPH�WR�GHFD\�LQWR�D�VWHDG\�VWDWH��
V\QFKURQL]HU�IDLOXUH�EHFRPHV�D�ELJ�SUREOHP�IRU�YHU\�KLJK�VSHHG�V\VWHPV

½ �����XVH�IDVWHVW�SRVVLEOH�ORJLF�WHFKQRORJ\�LQ�WKH�V\QFKURQL]HU
WKLV�PDNHV�IRU�D�YHU\�VKDUS��SHDN��XSRQ�ZKLFK�WR�EDODQFH

½ ����FDVFDGH�WZR�V\QFKURQL]HUV�
WKLV�HIIHFWLYHO\�V\QFKURQL]HV�WZLFH��ERWK�ZRXOG�KDYH�WR�IDLO�
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,Q�LV�DV\QFKURQRXV�DQG�
IDQV�RXW�WR�'��DQG�'�

RQH�))�FDWFKHV�WKH�
VLJQDO��RQH�GRHV�QRW

LQFRQVLVWHQW�VWDWH�PD\�
EH�UHDFKHG�

,Q

4�

4�

&/.

+DQGOLQJ�DV\QFKURQRXV�LQSXWV��FRQW·G�

q :KDW�FDQ�JR�ZURQJ"
½ LQSXW�FKDQJHV�WRR�FORVH�WR�FORFN�HGJH��YLRODWLQJ�VHWXS�WLPH�FRQVWUDLQW�
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' 4

' 4

4�

&ORFN

&ORFN

4�

$V\QF�
,QSXW

' 4

' 4

4�

&ORFN

&ORFN

4�

$V\QF�
,QSXW ' 4

&ORFNHG��
6\QFKURQRXV�
6\VWHP

6\QFKURQL]HU

+DQGOLQJ�DV\QFKURQRXV�LQSXWV

q 1HYHU�DOORZ�DV\QFKURQRXV�LQSXWV�WR�IDQ�RXW�WR�PRUH�WKDQ�RQH�IOLS�IORS
½ V\QFKURQL]H�DV�VRRQ�DV�SRVVLEOH�DQG�WKHQ�WUHDW�DV�V\QFKURQRXV�VLJQDO
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6\QFKURQL]LQJ�$V\QFKURQRXV�,QSXWV

Synchronize
In one place
To make sure
All see same
input
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EHKDYLRU�LV�WKH�VDPH�XQOHVV�LQSXW�FKDQJHV
ZKLOH�WKH�FORFN�LV�KLJK

' 4

&/.

SRVLWLYH
HGJH�WULJJHUHG

IOLS�IORS

' 4
*

&/.

WUDQVSDUHQW
�OHYHO�VHQVLWLYH�

ODWFK

'

&/.

4HGJH

4ODWFK

&RPSDULVRQ�RI�ODWFKHV�DQG�IOLS�IORSV
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7\SH :KHQ�LQSXWV�DUH�VDPSOHG :KHQ�RXWSXW�LV�YDOLG

XQFORFNHG DOZD\V SURSDJDWLRQ�GHOD\�IURP�LQSXW�FKDQJH
ODWFK

OHYHO�VHQVLWLYH FORFN�KLJK SURSDJDWLRQ�GHOD\�IURP�LQSXW�FKDQJH
ODWFK �7VX�7K DURXQG�IDOOLQJ RU�FORFN�HGJH��ZKLFKHYHU�LV�ODWHU�

HGJH�RI�FORFN�

PDVWHU�VODYH FORFN�KLJK SURSDJDWLRQ�GHOD\�IURP�IDOOLQJ�HGJH
IOLS�IORS �7VX�7K DURXQG�IDOOLQJ RI�FORFN

HGJH�RI�FORFN�

QHJDWLYH FORFN�KL�WR�OR�WUDQVLWLRQ SURSDJDWLRQ�GHOD\�IURP�IDOOLQJ�HGJH
HGJH�WULJJHUHG �7VX�7K DURXQG�IDOOLQJ RI�FORFN
IOLS�IORS HGJH�RI�FORFN�

$V\QFK�VHW�UHVHW 8VHG�WR�VHW�UHVHW�ODWFK SURSDJDWLRQ�GHOD\�IURP�ULVLQJ�HGJH

&RPSDULVRQ�RI�ODWFKHV�DQG�IOLS�IORSV��FRQW·G�
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DOO�PHDVXUHPHQWV�DUH�PDGH�IURP�WKH�FORFNLQJ�HYHQW�WKDW�LV��
WKH�ULVLQJ�HGJH�RI�WKH�FORFN

7\SLFDO�WLPLQJ�VSHFLILFDWLRQV

q 3RVLWLYH�HGJH�WULJJHUHG�'�IOLS�IORS
½ VHWXS�DQG�KROG�WLPHV
½ PLQLPXP�FORFN�ZLGWK
½ SURSDJDWLRQ�GHOD\V��ORZ�WR�KLJK��KLJK�WR�ORZ��PD[�DQG�W\SLFDO�

7K
�QV

7Z ��QV

7SOK
��QV
��QV

7SKO
��QV
��QV

7VX
��QV

'

&/.

4

7VX
��QV

7K
�QV
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IN

Q0

Q1

CLK

100

&DVFDGLQJ�HGJH�WULJJHUHG�IOLS�IORSV

q 6KLIW�UHJLVWHU
½ QHZ�YDOXH�JRHV�LQWR�ILUVW�VWDJH
½ ZKLOH�SUHYLRXV�YDOXH�RI�ILUVW�VWDJH�JRHV�LQWR�VHFRQG�VWDJH
½ FRQVLGHU�VHWXS�KROG�SURSDJDWLRQ�GHOD\V��SURS�PXVW�EH�!�KROG�

&/.

,1
4� 4�

' 4 ' 4 287
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WLPLQJ�FRQVWUDLQWV
JXDUDQWHH�SURSHU
RSHUDWLRQ�RI

FDVFDGHG�FRPSRQHQWV

DVVXPHV�LQILQLWHO\�IDVW�
GLVWULEXWLRQ�RI�WKH�FORFN

&DVFDGLQJ�HGJH�WULJJHUHG�IOLS�IORSV��FRQW·G�

q :K\�WKLV�ZRUNV
½ SURSDJDWLRQ�GHOD\V�H[FHHG�KROG�WLPHV
½ FORFN�ZLGWK�FRQVWUDLQW�H[FHHGV�VHWXS�WLPH
½ WKLV�JXDUDQWHHV�IROORZLQJ�VWDJH�ZLOO�ODWFK�FXUUHQW�YDOXH�EHIRUH�LW�FKDQJHV�
WR�QHZ�YDOXH

7VX
�QV

7S
�QV

7K
�QV

,Q

4�

4�

&/.

7VX
�QV

7S
�QV

7K
�QV
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6XPPDU\�RI�ODWFKHV�DQG�IOLS�IORSV

q 'HYHORSPHQW�RI�'�))
½ OHYHO�VHQVLWLYH�XVHG�LQ�FXVWRP�LQWHJUDWHG�FLUFXLWV

� FDQ�EH�PDGH�ZLWK���VZLWFKHV
½ HGJH�WULJJHUHG�XVHG�LQ�SURJUDPPDEOH�ORJLF�GHYLFHV
½ JRRG�FKRLFH�IRU�GDWD�VWRUDJH�UHJLVWHU

q +LVWRULFDOO\�-�.�))�ZDV�SRSXODU�EXW�QRZ�QHYHU�XVHG
½ VLPLODU�WR�5�6�EXW�ZLWK�����EHLQJ�XVHG�WR�WRJJOH�RXWSXW��FRPSOHPHQW�VWDWH�
½ JRRG�LQ�GD\V�RI�77/�66,��PRUH�FRPSOH[�LQSXW�IXQFWLRQ��4�� �-4
�� .
4
½ QRW�D�JRRG�FKRLFH�IRU 3$/V�3/$V DV�LW�UHTXLUHV���LQSXWV
½ FDQ�DOZD\V�EH�LPSOHPHQWHG�XVLQJ�'�))

q 3UHVHW�DQG�FOHDU�LQSXWV�DUH�KLJKO\�GHVLUDEOH�RQ�IOLS�IORSV
½ XVHG�DW�VWDUW�XS�RU�WR�UHVHW�V\VWHP�WR�D�NQRZQ�VWDWH

q 7�)OLS�)ORS��4�� �4�[RU�7

q 7HUPLQRORJ\�
½ /HYHO�6HQVLWLYH� �/DWFK
½ (GJH�7ULJJHUHG� �5HJLVWHU


