
!"##$%&'()&*"#+$,"&-$&-."&/0&12"+343$(&5'6&)34+7443(8&4#"*&2'-"%&9'2-&:;&&0(&-.34&<3)"$&
*"=##&8$&$<"2&-."&-."$2>&6".3()&4#"*&2'-"&'()&+$,9'2"&-."&4#"*&2'-"&'()&+722"(-&
+$(47,9?$(&$@&)3A"2"(-&/0&',9#3B"24;&
&

:&



C#"*&2'-"&34&)"B(")&'4&-."&,'D3,7,&2'-"&$@&+.'(8"&$@&'(&$9&',9=4&$7-97-&<$#-'8"&
'()&34&83<"(&7(3-4&$@&<$#-4&9"2&,3+2$4"+$();&&C#"*&2'-"&34&,"'472")&6>&'99#>3(8&'&#'28"&
438('#&4-"9%&47+.&'4&:E%&-$&-."&3(97-&$@&-."&$9&',9%&'()&,"'4723(8&-."&2'-"&$@&+.'(8"&
@2$,&:FG&-$&HFG&$@&-."&$7-97-&438('#=4&',9#3-7)";&&&
&

/."&)'-'&4.""-&#'28"I438('#&4-"9&2"49$(4"&34&'(&3()3+'?$(&$@&-."&',9#3B"24&4#"*&2'-";&&
0(&-.34&"D',9#"%&*"&+'#+7#'-"&-."&4#"*&2'-"&-$&6"&'6$7-&JHEK74;&L8'3(%&-."&4#"*&2'-"&
)"B(3?$(&$(#>&+$(43)"24&-."&2'-"&$@&+.'(8"&$@&-."&438('#&@2$,&:FG&-$&HFG%&*.3+.&3(&
-.34&+'4"&34&:E&-$&HE;&&

&
C#"*&2'-"&34&'&)3A"2"(-&49"+3B+'?$(&-.'(&4,'##I438('#&6'()*3)-.%&*.3+.&+$(43)"24&
)3A"2"(?'#&3(97-&438('#4&$@&M:FF,E&$2&#"44;&&

J&



N"@$2"&*"&8"-&3(-$&'(&3(I)"9-.&4#"*&2'-"&)34+7443$(%&#"-=4&B24-&2"<3"*&4$,"&6'43+4;&&
&
/."&"O7'?$(&-.'-&)"B("4&.$*&'&+'9'+3-$2&*$2P4&4-'-"4&-.'-&-."&+722"(-&Q$*&-.2$78.&
'&+'9'+3-$2&34&"O7'#&-$&-."&+'9'+3-'(+"&?,"4&-."&)"23<'?<"&$@&<$#-'8"&*3-.&2"49"+-&-$&
?,";&/.34&6".'<3$2&+'(&'#4$&6"&3(-"292"-")&-$&,"'(&-.'-&3@&>$7&.'<"&'&+$(4-'(-&
+722"(-%&-."(&-."&<$#-'8"&'+2$44&-."&+'9'+3-$2&*3##&234"&#3("'2#>&$<"2&?,";&&

R&



/.34&34&3,9$2-'(-&*3-.&2"49"+-&-$&4#"*&2'-"&$@&'(&',9#3B"2;&L(&',9#3B"2&.'4&'(&
3(-"2('#&8S%&$2&-2'(4+$()7+-'(+"%&4-'8"&*.3+.&-'P"4&-."&3(97-&)3A"2"(?'#&<$#-'8"&'()&
+$(<"2-4&3-&-$&'(&$7-97-&+722"(-%&0TU/;&0TU/&Q$*4&3(-$&-."&("D-&4-'8"&*."2"&3-&34&74")&-$&
+.'28"&VV%&*.3+.&34&+'##")&-."&S3##"2&+'9'+3-'(+";&0@&0TU/&34&'&+$(4-'(-%&-."(&-."&<$#-'8"&
'+2$44&VV&*3##&234"&#3("'2#>&*3-.&?,"%&W74-&#3P"&*"&)34+744")&$(&-."&92"<3$74&4#3)";&
&
X$2&4#$*I,$<3(8&438('#4%&0TU/&34&#"44&-.'(&4$,"&,'D3,7,&<'#7"&0TU/YSLZ;&/.34&,"'(4&
-.'-&0TU/&34&'6#"&-$&+.'(8"&'++$2)3(8&-$&-."&)3A"2"(?'#&3(97-&<$#-'8"&*3-.$7-&6"3(8&
#3,3-");&N7-&@$2&2'93)#>&,$<3(8%&#'28"&438('#4%&0TU/&2"'+."4&3-4&,'D3,7,&'()&6"+$,"4&
#3,3-")&-$&4$,"&+$(4-'(-&<'#7";&0(&-.34&+'4"&-."&3(97-&-$&-."&',9#3B"2&*3##&($&#$(8"2&
6"&'&<32-7'#&4.$2-%&'()&-."2"@$2"&'&)3A"2"(?'#&<$#-'8"&*3##&)"<"#$9&'+2$44&-."&3(97-&
93(4;&C3(+"&0TU/&34&+$(4-'(-%&ETU/&'+2$44&-."&S3##"2&+'9'+3-$2&VV&3(+2"'4"4&#3("'2#>&$<"2&
?,";&/.34&34&*."(&-."&$7-97-&$@&-."&',9#3B"2&34&+$(43)"2")&-$&6"&4#"*&2'-"I#3,3-")%&
*.3+.&34&@'4-"4-&-.'-&-."&$7-97-&<$#-'8"&+'(&+.'(8";&&
&

[&



!"2"&34&'&-2'(434-$2I#"<"#&<3"*&$@&*.'-=4&.'99"(3(8&3(43)"&-."&',9#3B"2;&\."(&*"&
'99#>&'&4-"9&3(97-&-$&-."&',9#3B"2%&*.3+.&34&'(&"D-2","#>&@'4-I,$<3(8&438('#%&$("&
-2'(434-$2&3(&-."&8S&4-'8"&*3##&6"&-72(")&$A&'()&-."&$-."2&*3##&6"&-72(")&@7##>&$(;&/."&
+722"(-&Q$*3(8&-.2$78.&-."&-2'(434-$2&*.3+.&34&T]%&34&-."&0TU/YSLZ&,"(?$(")&3(&-."&
92"<3$74&4#3)";&L4&92"<3$74#>&)34+744")%&0TU/YSLZ&Q$*4&3(-$&-."&S3##"2&+'9'+3-'(+"&VV%&
+'743(8&-."&$7-97-&<$#-'8"&-$&2',9&#3("'2#>&$<"2&?,";&

^&



!"2"&*"&+$,9'2"&-."&->93+'#&4#"*&2'-"&'()&O73"4+"(-&+722"(-%&$2&0_%&@$2&)3A"2"(-&
',9#3B"24;&&
&
T(&$("&"()&$@&-."&49"+-27,%&*"&.'<"&-."&T1LR`H&*.3+.&34&'&<"2>&#$*&0_&'()&#$*&4#"*&
2'-"&)"<3+";&X$2&F;abL&$@&+722"(-&*"&+'(&'+.3"<"&'2$7()&^,EKb4&$@&4#"*;&V$,9'2"&
-.'-&-$&-."&T1La[c%&*.3+.&+$(47,"4&:a;:,L&$@&0_&67-&+'(&4#"*&'-&a^FEKb4;&/.34&
4.$*4&74&-.'-&',9#3B"24&*3-.&.38."2&4#"*&2'-"%&'()&-."2"@$2"&.38."2&6'()*3)-.%&-"()&
-$&.'<"&.38."2&+722"(-&+$(47,9?$(;&
&

`&



\"&+'(&"'43#>&43,7#'-"&4#"*&2'-"&743(8&/0]LI/0;&C3,9#>&'99#>&'&4-"9&@7(+?$(&-$&-."&
3(97-&$@&-."&',9#3B"2%&*.3+.&3(&-.34&+'4"&34&'&M:E&4O7'2"&*'<";&d$7&+'(&4""&-.'-&*."(&
-.34&3(97-&4-"9&34&'99#3")%&-."&3(97-&$A4"-&<$#-'8"&+.'(8"4&@2$,&FE&I&*.3+.&3()3+'-"4&'&
<32-7'#&4.$2-&I&-$&4$,"&$-."2&<$#-'8"%&'2$7()&HFF,E&3(&-.34&+'4";&S$4-&3,9$2-'(-#>%&
-."&$7-97-&<$#-'8"&6"+$,"4&4#"*&2'-"I#3,3-")%&4.$*(&'4&'&+$(4-'(-&2',9&3(&<$#-'8"&
$<"2&?,"&7(?#&B('##>&2"'+.3(8&3-4&-27"&<'#7";&d$7&+'(&$64"2<"&-."&3(97-&$A4"-&<$#-'8"&
,$<3(8&#3("'2#>&6'+P&-$&FE&'4&*"##;&
&
V'#+7#'?(8&-."&4#"*&2'-"&@2$,&-.34&9#$-&83<"4&'&2"47#-&$@&F;cH^EKb4;&/."&)'-'&4.""-&@$2&
-.34&)"<3+"%&-."&T1LJ:aa%&#34-4&-."&4#"*&2'-"&'4&F;aEKb4%&3()3+'?(8&-.'-&-."&,$)"#&
'++72'-"#>&43,7#'-"4&-."&4#"*&2'-"&$@&-."&',9#3B"2;&
&

c&



/.34&4#3)"&",9.'43e"4&-.'-&@'+-&-.'-&*"&($&#$(8"2&.'<"&'&<32-7'#&4.$2-&*."("<"2&'&4-"9&
@7(+?$(&34&'99#3")&-$&-."&3(97-&$@&-."&',9#3B"2;&/."&$7-97-&,$<"4&4#$*"2&-.'(&-."&
3(97-&438('#%&'()&4$&*"&.'<"&4$,"&B(3-"&<$#-'8"&'+2$44&-."&3(97-&93(4;&L4&-."&$7-97-&
2',94&#3("'2#>&-$&3-4&B('#&<'#7"%&-."&3(97-&8"-4&+#$4"2&'()&+#$4"2&-$&'&<32-7'#&4.$2-&
'8'3(%&'()&$(+"&3-&)$"4&-."&',9#3B"2&2"-72(4&-$&3-4&+#$4")I#$$9&+$(B872'?$(;&
&

a&



L(&',9#3B"2=4&)'-'&4.""-&*3##&92$<3)"&'&9#$-&4.$*3(8&4#"*&2'-"&<"2474&-",9"2'-72"%&
$f"(&@$2&6$-.&9$43?<"&'()&("8'?<"&4#"*&2'-"4;&1$43?<"&4#"*&2'-"&$++724&*."(&'&
438('#&34&2343(8%&'()&("8'?<"&4#"*&2'-"&$++724&*."(&'&438('#&34&@'##3(8;&/>93+'##>&-."&
4#"*&2'-"&$@&'(&',9#3B"2&*3##&3(+2"'4"&*3-.&3(+2"'43(8&-",9"2'-72";&
&

H&



C$,"&',9#3B"24&3(+#7)"&'&g4#"*&6$$4-h&+32+73-&*.3+.&'##$*4&@$2&@'4-"2&4#"*&2'-"4;&L(&
"D',9#"&$@&'(&',9#3B"2&*3-.&4#"*&6$$4-&34&4.$*(&3(&-.34&#'28"I438('#&4-"9&2"49$(4"&
9#$-;&\.'-&.'99"(4&34&-.'-&-."&)"<3+"&.'4&-*$&)3A"2"(-&4#"*&2'-"4&i&'(&3(3?'#&2'-"&
*.3+.&34&<"2>&@'4-%&'()&'&4"+$()%&4#$*"2&2'-"&'4&-."&$7-97-&4"j#"4&-$&3-4&B('#&<'#7";&
d$7&,'>&'4P&>$724"#@%&g*.>&)$"4(=-&-."&',9#3B"2&W74-&.'<"&$("&4#"*&2'-"&*.3+.&34&
'#*'>4&@'4-kh&/."&2"'4$(&34&-.'-&*3-.&$("%&"D-2","#>&@'4-&4#"*&2'-"%&-."&$7-97-&*$7#)&
.'<"&'&#'28"&$<"24.$$-;&\."(&-.'-&$<"24.$$-&$++722")%&-."&',9#3B"2&*$7#)&-2>&-$&
+$,9"(4'-"&@$2&-.34&'()&-."&("8'?<"&4#"*&*$7#)&P3+P&3(%&2"47#?(8&3(&'&#'28"&("8'?<"&
$<"24.$$-;&/.34&6".'<3$2&*$7#)&+$(?(7"%&2"47#?(8&3(&$4+3##'?$(;&
&

:F&



C$&.$*&)$"4&-.34&4#"*&6$$4-&#$$P&+$,9'2")&-$&'&4-'()'2)&',9#3B"2k&T(&-."&#"f&.'()&
43)"&34&-."&2"49$(4"&$@&'&4-'()'2)&',9#3B"2;&/."&82""(&2"83$(&4.$*4&-."&4,'##I
438('#&2"49$(4"&l$2&)3A"2"(?'#&3(97-&<$#-'8"&82"'-"2&-.'(&M:FF,Em%&*."2"&-."&
',9#3B"2&+'(&#3("'2#>&+.'(8"&-."&+722"(-&Q$*3(8&3(-$&-."&S3##"2&+'9'+3-'(+";&/."&
6#7"&2"83$(&4.$*4&-."&#'28"I438('#&2"49$(4"&l$2&)3A"2"(?'#&3(97-&<$#-'8"&82"'-"2&
-.'(&M:FF,Em%&*."2"&-."&',9#3B"2&2"'+."4&3-4&4#"*&2'-"&#3,3-&'()&-."&+722"(-&
Q$*&3(-$&-."&S3##"2&+'9'+3-'(+"&34&."#)&+$(4-'(-;;&&

&
\"&.'<"&'&43,3#'2&43-7'?$(&@$2&'(&',9#3B"2&*3-.&4#"*&6$$4-;&/."2"&34&4?##&'&4,'##I

438('#&2"49$(4"&4.$*(&6>&-."&82""(&2"83$(%&67-&$(+"&-."&)3A"2"(?'#&3(97-&<$#-'8"&
"D+"")4&'&+"2-'3(&<'#7"&*"&2"'+.&-."&4#"*&2'-"&#3,3-%&3()3+'-")&6>&-."&6#7"&2"83$(%&
'()&"<"(-7'##>&-."&4#"*&6$$4-%&3()3+'-")&6>&-."&2")&2"83$(;&/."2"@$2"%&*."(&'&
#'28"&4-"9&@7(+?$(&34&'99#3")&-$&-."&3(97-&$@&-."&',9#3B"2%&-."&)"<3+"&*3##&3(3?'##>&
4""&'&#'28"&)3A"2"(?'#&3(97-&<$#-'8"&'()&*3##&6"&3(&C#"*&6$$4-&,$)"%&'##$*3(8&'&
#'28"&$7-97-&+722"(-&3(-$&-."&S3##"2&+'9'+3-'(+"&'()&-."2"@$2"&'&O73+P#>I2',93(8&
$7-97-&<$#-'8";&L4&-."&)3A"2"(?'#&3(97-&<$#-'8"&)"+2"'4"4&-."&',9#3B"2&*3##&,$<"&
-$&3-4&4-'()'2)&4#"*&2'-"%&'()&B('##>&-$&3-4&4,'##I438('#&2"49$(4"&$(+"&-."&3(97-&
<$#-'8"&6"+$,"4&4,'##&"($78.;&L-&-.34&9$3(-&-."&$7-97-&*3##&4"j#"&'()&-."&3(97-4&
$@&-."&',9#3B"2&*3##&$(+"&'8'3(&6"&'&<32-7'#&4.$2-;&

&

::&



C$&@'2&*"&.'<"&+$(43)"2")&4O7'2"&*'<"4&*."(&#$$P3(8&'-&4#"*&2'-";&&!$*"<"2%&4#"*&
2'-"&+'(&#3,3-&l$2&)34-$2-m&'(>&438('#&',9#3B")&6>&'(&$9I',9;&/.34&+.'2'+-"234?+&$@&-."&
$9I',9&34&+'##")&-."&@7##&9$*"2&6'()*3)-.%&$2&,'D3,7,&$7-97-&<$#-'8"&<4;&
@2"O7"(+>;&
&
/."&82'9.&'6$<"&4.$*4&-."&,'D3,7,&$7-97-&43(74$3)'#&*'<"@$2,&-.'-&+'(&6"&
'99#3")&*3-.$7-&4#"*I3()7+")&)34-$2?$(;&/.34&"D',9#"&+$(43)"24&'&JFFP!e&438('#&'-&
6$-.&c;^E9P&'()&:FE9P;&&L-&c;^E9P%&-."&$7-97-&438('#&34&7()"2&-."&+72<"&'()&
-."2"@$2"&*3##&($-&6"&)34-$2-")&6>&4#"*&2'-"&#3,3-'?$(4;&&L-&:FE9P%&-."&$7-97-&438('#&34&
'6$<"&-."&+72<"&'()&*3##&6"&)34-$2-")&6>&4#"*&2'-"&#3,3-4;&&

:J&



/.34&43,7#'?$(&<"23B"4&-.'-&-."&JFFP!e&438('#&*3-.&c;^E&9"'P&',9#3-7)"&*3##&($-&6"&
)34-$2-");&/."&$7-97-&#$$P4&#3P"&'(&'++72'-"#>&',9#3B")&<"243$(&$@&-."&3(97-;&&L4&'&
43)"&($-"%&-."&g$A4"-h&<$#-'8"&#$$P4&#3P"&'&43(74$3)'#&*'<"&'#4$;&/."&$A4"-&34&2"'##>&
W74-&-."&$7-97-&<$#-'8"&)3<3)")&6>&)3<3)")&6>&LT5%&-."&$9I',9=4&$9"(I#$$9&
6'()*3)-.%&'-&-."&@2"O7"(+>&$@&3(-"2"4-&lJFFP!e&3(&-.34&"D',9#"m;&
&

:R&



/.34&"D',9#"&<"23B"4&-.'-&-."&438('#&*3-.&:FE&9"'P&*3##&6"&)34-$2-");&/."&$7-97-&#$$P4&
,$2"&#3P"&'&-23'(8#"&*'<"&-.'(&'&43(74$3)'#&*'<"&)7"&-$&-."&4#"*I3()7+")&)34-$2?$(;&&
/."&3(97-&$A4"-&34&'#4$&+#"'2#>&)34-$2-")%&'()&34&($&#$(8"2&"O7'#&-$&-."&$7-97-&<$#-'8"&
)3<3)")&6>&LT5;&
&

:[&



/.34&4#3)"&3##74-2'-"4&-.'-&-."&,'D3,7,&$7-97-&<4;&@2"O7"(+>&+72<"&+'(&6"&)"23<")&
*3-.&+'#+7#74;&&d$7&+'(&8$&-.2$78.&-."&,'-.&$(&>$72&$*(%&67-&-."&P">&9$3(-&34&-.'-&
-."&B('#&"O7'?$(%&E9P&n&Co&K&lJ&10&@m&+'(&6"&74")&3@&-.34&+72<"&34&($-&'<'3#'6#";&/."&
"D',9#"&4.$*(&3(&2")&+$(B2,4&-.'-&-."&"O7'?$(&>3"#)4&-."&4',"&2"47#-&'4&-."&+72<";&

:^&



/.'-&+$(+#7)"4&-.34&<3)"$&i&-.'(P&>$7&@$2&*'-+.3(8p&1#"'4"&-2>&-."&O73e&-$&+."+P&>$72&
7()"24-'()3(8&$@&-.34&<3)"$=4&+$(-"(-;&&

:`&



Slew Rate 1 
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Quiz:  Slew Rate 1 
1.! When a constant current is applied to a capacitor, the voltage on the 

capacitor will ___. 
a.! Increase exponentially. 
b.! Increase linearly. 
c.! Remain constant. 
d.! Oscillate. 
  
2.  Slew rate is defined as _____. 
a.! The maximum rate of change of an input signal. 
b.! The maximum frequency that can be applied before attenuation. 
c.! The maximum rate of change of the output voltage. 
d.! The rate of current consumption of the amplifier. 
  
3.  Different model amplifiers have different slew rates.  Surveying many 
different models, you will see slew rate vary from _________. 
a.! 0.1V/ !s to 1000V/us 
b.! 10V/ !s to 100V/us 
c.! 1V/ns to 100V/ns 
d.! 0.1V/ms to 1000V/ms 



4.  What differential input would you expect when an op amp is in slew 
rate limit? 
a.! The differential input is the input offset and would range from !V to mV. 
b.! The differential input can be volts during slew limit. 
c.! The differential input is not affected when an amplifier is in slew limit. 
  
5.  Most amplifier data sheets contain a graph called the “large signal 
step response” curve.  What does this curve illustrate? 
a.! The maximum output swing range for an amplifier. 
b.! A large rapid change in load resistance. 
c.! The output in slew limit with the input about 80% of the supply range. 
d.! The output with a 100mV step applied to the input. 

Quiz:  Slew Rate 1 
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Quiz:  Slew Rate 1 
1.! When a constant current is applied to a capacitor, the voltage on the 

capacitor will ___. 
a.! Increase exponentially. 
b.! Increase linearly. 
c.! Remain constant. 
d.! Oscillate. 
  
2.  Slew rate is defined as _____. 
a.! The maximum rate of change of an input signal. 
b.! The maximum frequency that can be applied before attenuation. 
c.! The maximum rate of change of the output voltage. 
d.! The rate of current consumption of the amplifier. 
  
3.  Different model amplifiers have different slew rates.  Surveying many 
different models, you will see slew rate vary from _________. 
a.! 0.1V/ !s to 1000V/us 
b.! 10V/ !s to 100V/us 
c.! 1V/ns to 100V/ns 
d.! 0.1V/ms to 1000V/ms 



4.  What differential input would you expect when an op amp is in slew 
rate limit? 
a.! The differential input is the input offset and would range from !V to mV. 
b.! The differential input can be volts during slew limit. 
c.! The differential input is not affected when an amplifier is in slew limit. 
  
5.  Most amplifier data sheets contain a graph called the “large signal 
step response” curve.  What does this curve illustrate? 
a.! The maximum output swing range for an amplifier. 
b.! A large rapid change in load resistance. 
c.! The output in slew limit with the input about 80% of the supply range. 
d.! The output with a 100mV step applied to the input. 

Quiz:  Slew Rate 1 
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1.  Draw the output waveform for the circuit below and the excerpt from 
the data sheet.  Confirm this result with simulation. 

T

Time (s)
0.00 100.00u 200.00u

Vin

-15.00

-10.00

-5.00

0.00

5.00

10.00

15.00

VEE 18

VCC 18

+
Vin

RF 10kRI 10k

Vos
-

+
+V

U1 OPA188

Vout

Input Draw Output Here 



2.  Why does the output waveform below have two different slopes? 



VEE 15

VCC 15

+

VIN

RF 10kRIN 10k

VoutVos
-

+
+V

U1 OPA192

3.  Will the circuit below have an issue with slew induced distortion?  
What is the maximum 400kHz input signal that can be applied before 
significant slew induced distortion?  What is the bandwidth limit?   

Vin 
5Vpk, 
400kHz  
Sinusoidal 
Wave  
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1.  Draw the output waveform for the circuit below and the excerpt from 
the data sheet.  The amplifier is inverting and will start to slew in the 
oposite direction to the applied signal.  It will take 20us to fully 
transition the 20V step.  Confirm this result with simulation.  Simulation 
result matches this  

! r
VPP
SR

20V( )

0.8
V
µs

"
#
$

%
&
'

25µs

T

Time (s)
0 50u 100u 150u 200u

Vin

-10.00

10.00

Vos

-9.87

9.87

Vout

-10.03

10.03

Draw Output Simulated Output 
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Slew 
Boost 

Normal slew as 
output 
approaches 
final value 

2.  Why does the output waveform below have two different slopes?  
This amplifier has slew boost.  The output rise time reduces as the 
signal approaches its final value. 
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3.  Will the circuit below have an issue with slew induced distortion?  No, 
the OPA192 can support up to 636kHz sinusoidal waveform 5Vpk.   What is 
the maximum 400kHz input signal that can be applied before significant 
slew induced distortion? 7.96Vpk  What is the bandwidth limit?  5MHz 

T

Time (s)
5.00u 7.50u 10.00u

VIN

-5.00

5.00

Vos

-196.88m

196.87m

Vout

-5.03

5.03

fmax
SR
2! VP"

20
V
µS

2 !" 5V( )"
636kHz

Vp
SR

2! fmax"

20
V
µs

2 !" 400kHz( )"
7.96Vpk

BW
GBW
Rf
R1

1+

10MHz
2

5MHz
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