
FE REVIEW
OPERATIONAL AMPLIFIERS

(OP-AMPS)

FE REVIEW

( )

1

8/25/2010



The Op-amp
2

An op-amp has two inputs and one output.  
 h   l   h  l l l d Note the op-amp below.  The terminal labeled 

with the (-) sign is the “inverting” input and 
the input labeled with the (+) sign is the “non-the input labeled with the ( ) sign is the non
inverting” terminal.  The standard way to 
show the device is with the “inverting” 
terminal on top but this is not always the terminal on top but this is not always the 
case.  BE CAREFUL!!
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The “Ideal” assumptions
3

When we assume “Ideal” characteristics for an When we assume Ideal  characteristics for an 
op-amp we are able to make several 
assumptions which make analysis MUCH 

  easier.  
The first of these is that the input 
i t f h f th  t  t i l  i  resistance of each of the two terminals is 

“Infinite”.

inR  
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“Ideal” assumptions continued)
4

The next major assumption is that the output j p p
impedance is equal to zero.

0R 0outR 

This assumption allows us to make
the further assumption that V isthe further assumption that Vout is
independent of the load.  This means 
that it can not be loaded down.
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“Ideal” assumptions continued)
5

The next assumption is that the “open-loop” The next assumption is that the open loop  
gain (A) is infinite (in real life if is in the 
millions so this is a safe assumption).

 GainOpen Loop  GainOpen Loop
A  
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“Ideal” assumptions continued)
6

The assumption that A is infinite allows us to p
make a further assumption that the voltage on 
each terminal is equal to each other.  This is 

t i  ll d  “Vi t l Sh t”   Thi  concept is called a “Virtual Short”.  This 
assumption turns out to be the KEY to op-amp 
circuit analysiscircuit analysis.

out

d

V A(V V )
AV

  



out

d

Vout
Ad A

VV     so,  lim 0
A 

  
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“Ideal” assumptions continued)
7

A “Virtual” short is not like a real short 
(or it wouldn’t be virtual).  A virtual short only 
affects voltage  not currentaffects voltage, not current.
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The Inverting Op-amp
8

V- = 0 volts

due to the Virtual 
IfRf

Short to the ground

-
+
Vi
-

+
Vo

I- = 0AIi +
Ri Ideal

-
With the addition of two resistors and a ground on
the non-inverting terminal we get an “inverting”g g g
op-amp.  Note that since the non-inverting terminal
is grounded the voltage on the “inverting”
terminal is also grounded due to the “Virtual” 

8/25/2010

terminal is also grounded due to the Virtual  
short.



The Inverting Op-amp continued)
9

Note that as long as there isn’t a voltage 
  th  i ti  t i l th  source on the non-inverting terminal there 

could be a dozen resistors on it and it still 
would not affect the voltage on that would not affect the voltage on that 
terminal.

Since the current is assumed to be zero Since the current is assumed to be zero 
on the “inverting” terminal, KCL proves that 
current Ii is equal to the feedback current i q
If. 0

0
i f

i f
I I I

I I
I I

   
 
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The Inverting Op-amp continued)
10

Another aspect of the virtual short is that the p
input resistance of the “inverting” op-amp is 
equal to Ri.

i i iV V V 0 VI v i i

i i

i
i

i

V V V VI
RR R

  
V- = 0 volts

IfRfdue to the Virtual 

Short to the ground

IfRf

+
Vi
-

+
Vo

I- = 0AIi +

-
Ri Ideal
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The Inverting Op-amp continued)
11

The closed-loop gain of the ideal inverting op-
IR

p g g p
amp is: IfRf

R
+
V +I- = 0AIi

-
Ri Ideal

f
CL

i

RA
R




Vi
- Vo

-

Ii +

The FE exam uses a (A) for closed-loop gain.
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The Inverting Op-amp continued)
12

IfRf

10k
Find Vo, Ii, If, and Rin
for the circuit 

+ I
-

Ri Ideal

10k
2k

for the circuit 
shown:

fR
2v
-

+
Vo
-

Ii +
Ri Ideal

   10 2 5 2 10

f
i

i
o

R V

k

V
R



  
 

12 0iV V v vI I mA
 

  

   2 5 2
2

10v v
k

v     


 

1

2

2i f

in

i

i

I I mA

R R k
R k















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The “Non-inverting” op-amp
13

If you shift the input voltage down to the y p g
non-inverting terminal and ground Ri you now 
have a “Non-inverting” op-amp.
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The “Non-inverting” op-amp continued)
14

The gain of the Non-inverting op-amp is:
R

If 10kV-=Vi

1 f
cl

i

RA
R

 

0A

ideal

5kifR R
R




o

ideal

1k

IiiR
Note that since there’s 0A
on the non-inverting 
t i l  th  ill b  0 lt

Vi

terminal, there will be 0 volts
across the resistor so the
voltage on the inverting terminal

8/25/2010
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The “Non-inverting” op-amp continued)
15

The input resistance of an ideal non-he nput res stance of an deal non
inverting op-amp will be infinite.

0A5k

If 10kV-=Vi

o

0A

ideal

5k

Ii

1k

Vi

inR  
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The “Voltage Follower”
16

A Voltage follower is a special case of g p
the “Non-inverting” op-amp with a voltage 
gain of 1.

1A  ideal
Vi

1CL

i

A
R



 inR  
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The “Ideal” Op-amp Integrator
17

Ic C

   1 0
t

V Vd Vt t
 

o

ideal
Vi

Ii

Ri
   

0
0o i o

i
V Vd Vt

RC
t 

o

2 6 1410
v (t)i

3

-3

v (t)o

t,  s

R=10kΩ
with:

3
2  v

( )o

3

2 6 10 14
t,  s

  C=400
with:

 μ f
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The “Ideal” Op-amp Differentiator
18

Rf

  iR C dVV t

ideal
Vi

If
C   f

i
o R C

t
V

d
t  

oIc

211593

3
iv (t)

t,  s

R 50k
with
 

-3

5

,

R 50k
C .1nf
 


5

-5

v (t)o

t,  s
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Example

What is the output 
voltage  V  of the voltage, Vo, of the 
ideal op-amp circuit 
shown? 1k

10k

shown?

o

ideal

1k

2V


The circuit is 
configured as


configured as
An “Inverting Op-amp”.

 10 202
1

f
o i

R kVV VV
R k
 







 
1iR k
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Example

What is the current, I-, 
(inverting terminal current) in I(inverting terminal current) in 
the circuit shown?
a) -0.88A
b) -0 25A I-

8

If 8

2v
4

b) -0.25A
c) 0A
d) 0.25A

I

ideal
83v

Since the input resistance of the inverting and
non inverting inputs is ideally infinite  the non-inverting inputs is ideally infinite, the 
current into those inputs is ideally 0A.  So the
answer is: c)  0A

8/25/2010 20



Example

What is the output 
If 8

2v
4

voltage of the circuit 
shown?

o

I-

ideal
8

2v
3v

1 2
1 2

f f
o

R RV V V
R R

    
    
    The circuit is an op-amp 

8 82 3
4 8

v v

   
              

The circuit is an op-amp 
“summing circuit” or 
a “Linear Combination 
Ci it”   2 2 1 3

4 3 7oV v
v   

   

Circuit”.
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Example

For the “Difference 
Amplifier circuit shown, 

If 20V-

p
determine the output voltage.
a) -28.3v
b) -6.07V

I-

ideal

15

5
30v
25v)

c) 15.45v
d) -18.13v

o
25v

3V+

W  h ’  lk d b   First  We haven’t talked about a 
“difference amp” but it can 
be easily solved with KCL, the
Virtual short  and Ohm’s law

First, 
the 5v in the equation is 
the voltage on the non-
inverting leg “voltage 

3 25 5
5 3

V v v      

Virtual short, and Ohm s law. g g g
divided” between the 5 and 
the 3 ohm resistors to give 
us V+.

5 3    

8/25/2010 22
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(Example continued)
23

Next, due to the virtual 
short  the inverting iV VI


short, the inverting 

terminal also has 5 volts 
on it.  Now we can 
d  h h  h  

15
30 5

iI

v v





determine Ii, which is the 
difference between the 
voltages on each side IV-=5v

15
1 667A




g
divided by 15 ohms.

I-15

If 20

30v

V =5v
Ii

1.667A

o

ideal5
30v
25v

35v
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(Example continued)
24

Now we note that Now we note that 
since the current
into the inverting
t i l i  

30v
25vterminal is zero,

If = 1.667A by 
KCL.

25v

0
0 1 66 07

i fI I I
A A I

   

 0 1.66 0
.66

7
1 7f

fA
I

A
A

I  




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(Example continued)
25

30v
25v

Finally we write an equation for Vo in terms of If.

20f
oVI V 




 

20
51.667
20

ovA V







8/25/2010
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Example
26

For the ideal operational amplifier below, p p ,
what should the value of Rf be in order to 
obtain a gain of 5?

Example continued on

8/25/2010

Example continued on
the next page.



(Example continued)
27

1k
ideal

o

Ii

ideal

RF

i

3k
IF

2k

First, note that the op-amp isFirst, note that the op amp is
upside down from the way we normally look at
it.  This is the way that the exam seems to show it a
Lot  but it is not ‘industry standard’   So  in the nextLot, but it is not industry standard .  So, in the next
slide we will flip it over.

Example continued

8/25/2010

Example continued
on the next page



(Example continued)
28

1k
ideal

o

Ii

ideal

RF

i

3k
IF

2k

Now that it is flipped over, note that the voltage
on the non-inverting terminal is a voltage ‘divided’ Vi.

2
3

2
1 2 i

k
k

V V
k

 
 

  
Example continued

8/25/2010
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(Example continued)
29

The voltage divider 
has been replaced byhas been replaced by
the result of the
divider.

2
3 iV2V V 

Next, note that due
to the “virtual short”

3
due to the 
virtual short

iV V
the voltage on the
inverting terminal,
V- is also 2/3 VV is also 2/3 Vi.

Example continued

8/25/2010

Example continued
on the next page



(Example continued)
30

We can now find an equation 

2

for Ii.  The voltage on the 
“butt” of the current arrow is 
2/3 Vi and the voltage at the 2

3 iV2
3

due to the 

iV V 

2/3 Vi and the voltage at the 
tip of the current arrow is 0 
volts.  
Divide that “difference virtual shortDivide that difference 
voltage” by 3k ohms and you 
get Ii.

2
0 3

i

iVVI V  
   Example continued

8/25/2010
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k   Example continued
on the next page



(Example continued)
31

RF
-  0 KCL I IyB I  

Ii
ideal

3k If

2
0A

  0 -
0 - 0

 KCL, i

i

f

f

I I
I

I
I

y

I

B I  

  

o2
3 iVif II 

Now  remember that the INFINITE impedance of theNow, remember that the INFINITE impedance of the
Inverting and non-inverting terminals means that the
current out of those terminals is “assumed” to be zero.
U i  thi  d KCL ( b )  fi d th t th  f d b kUsing this and KCL (above) we find that the feed back
current, If is equal to Ii.

Problem continued on

8/25/2010

Problem continued on
the next page.



(Example continued)
32

RF

V V 

Ii
ideal

3k If

2
0A

i f
f

oV
R

I I V


o2
3 iV

Now we can define this current in terms of Vo.  The “butt” 
of the arrow is Vo while voltage at the tip of the arrow is 
(2/3)V(2/3)Vi.

Problem continued on

8/25/2010

Problem continued on
the next page.



(Example continued)
33

The problem statement states that the gain is 
5   S  th t  th t V 5V o

i f
f

V VI I
R


 

5.  So, that means that Vo=+5Vi

25
3i iV V 
3

2

i i

i f
f

I I
R

 

2

So, the answer to
the question is that
an Rf value of 19 5k2

3 iV 5

3

V

k




2
3i V

f

i

R

an Rf value of 19.5k
ohms will result in
a gain of 5.

1

2 25 23 3 5 4 5
3

5
3

9. .fR k
R

k
k


         


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Example
34

Evaluate the following amplifier to Evaluate the following amplifier to 
determine the value of R4 required to 
obtain a voltage gain of -120.oV 

 g g f
iV 

 
R4500k

100

o

1M
ideal

i
Continued on

8/25/2010
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the next page



(Example continued)
35

Note that the invertingNote that the inverting
terminal voltage is 0 volts
due to virtual short which
exists between it and the 
non-inverting terminal.

Continued on

8/25/2010

Continued on
the next page



(Example continued)
36

We can now find an equation 
f  th  t I   N t  for the current Ii.  Note 
that the voltage at the 
“butt” of the arrow is +Vii
and the voltage at the tip of 
the arrow is 0v.  We use this
voltage difference and Ohms voltage difference and Ohms 
law to find an equation for 
Ii.

0 i
i

iV v VI 
  Continued on

8/25/2010
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the next page



(Example continued)
37

Now, using the fact that the 
current into both the inverting
and non-inverting terminals
is “assumed” to be 0A due tois assumed  to be 0A due to
the “assumed” infinite
input resistance, we
can use KCL to can use KCL to 
show that  I2 equals Ii.

0 I II   2

2

0
0 0

i

i

I I
I

I
I

I
A

I

   

   
Continued on
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the next page



(Example continued)
38

We can use the same
technique as before
t  d fi I i  tto define I2 in terms
of Vx. and then equate
again to Ii.g i

0v V

Continued on 

2

  so  500

0
500

x
i

i i
x

v
k
VI

V k

I

I IV
  

 




8/25/2010

Continued on
the next page

   so  500
500i ix kI I

k
V  





(Example continued)
39

Next define the current
I4 in terms of Vo and Vx.

4
x oV VI
R




Continued on

4R

8/25/2010

Continued on
the next page



(Example continued)
40

And now use KCL
t  d fi  thto define the
currents in terms
of voltage.

CL KBy

g

4 3 2

24 3

0 - -I I I
I I I





Continued on
4 500 100

x o x xV V V V
kR

  
 

 
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Continued on
the next page



(Example continued)
41

From the problem statement:

o
o

V 120 120V
i

iV
V  

and I2 = I1 so we can expand that to
500 

1 0 1
 

5 0
i x

x i
k

M k
V V V V

M
        




and I2 = I1 so we can expand that to

 

4 500 100
500

x o x xV V V V
kR

k

  
 

 

  500k  500k 

Continued on

500
1 iM

Vk  
  

120 iV  
4

500
1 iV

R

k
M

     

500
1

500

i
k

M
k

V     
 100
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(Example continued)
42

 500 500 500120k k k          
      

4

120
1 1 1

500 100
500 500 500

M M M
k

k k k
R

                     
 

         

4

500 500 500120
1 1 11

500 100

k k k
M M MM

kR

                      
  

  

4

500 120 500 500
500 100

119 5 119 5

k M k k
k

M M
R

 
      

 
 

 
4

119.5 119.5
1 5 1

M M
k

R   
 

 
23.895 2

5
4

k
k k 




So, the value of R4 required to have a voltage gain
f 120 i  24k h  

8/25/2010

of -120 is 24k ohms. 


