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Problem 4.1: Find vo(t) for the circuit below in terms of the input voltages va(t) and vb(t). The
potentials at all of the terminals are measured with respect to a ground that is not shown.

vb(t)

R3

�

R2

R1

+

vo(t)

va(t)

Solution: Let v+(t) be the node potential at the output of the upper opamp and
v
�

(t) be the node potential at the output of the lower one. Then

vo(t) = v+(t)� v
�

(t):

We can write KCL equations at the two nodes at opposite ends of R2. The node
potentials of these nodes are va(t) and vb(t), respectively.

upper node:
va(t)� v+(t)

R1

+
va(t)� vb(t)

R2

= 0

lower node:
vb(t)� v

�

(t)

R3

+
vb(t)� va(t)

R2

= 0:

From the �rst equation�
1

R1

+
1

R2

�
va(t)�

v+(t)

R1

�
vb(t)

R2

= 0:

If we solve this equation for v+(t) we get

v+(t) =

�
1 +

R1

R2

�
va(t)�

R1

R2

vb(t):
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If we use the second of the KCL equations to solve for v
�

(t) in a similar fashion, we
get

v
�

(t) =

�
1 +

R3

R2

�
vb(t)�

R3

R2

va(t):

Finally, we can subtract these two expressions.

vo(t) = v+(t)� v
�

(t) =

�
1 +

R1

R2

+
R3

R2

�
(va(t)� vb(t))

This circuit therefore is a two opamp realization of a di�erence ampli�er. Unlike
the one opamp version, the output voltage is 
oating, i.e. it is not measured with
respect to the ground.

Problem 4.2: Determine the output voltage vout(t) in terms of the input voltage vin(t) for the
circuit below.

R2

R1

vin(t)

R4

R3

R5

vout(t)

Solution: We can write KCL equations at the two nodes on the opposite ends of
R3. Let the potential at the left node by e(t). The potential at the right node is
zero.

left node:
e(t)� vin(t)

R1

+
e(t)� vout(t)

R4

+
e(t)

R3

+
e(t)

R2

= 0

right node: �
e(t)

R3

�
vout(t)

R5

= 0

The �rst of these equations reduces to

e(t)

�
1

R1

+
1

R2

+
1

R3

+
1

R4

�
=

1

R1

vin(t) +
1

R4

vout(t)

and the second reduces to

e(t) = �
R3

R5

vout(t):

We can substitute the latter expression into the earlier equation and solve for vout(t)
to get

vout(t) =
�1

R3R4

1

R5

�
1

R1
+ 1

R2
+ 1

R3
+ 1

R4

�
+ 1

R3R4

vin(t):
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Problem 4.3: This is Problem 6.6-16 from Dorf and Svoboda. The circuit shown below is called
the inverted R � 2R ladder digital-to-analog converter (DAC). The input to this circuit is a
binary code represented by b1, b2, : : :, bn, where bi is either 1 or 0. Each switch shown in the
�gure is controlled by one of the bits in the binary code. If bi = 1, that switch will be in the
`1' position; if bi = 0, that switch will be in the `0' position. Depending on the position of
the switch, each current ik is diverted either to true ground (adding to the + terminal of the
opamp) or to the virtual ground (adding to the � terminal.)

(a) Show that i = vR=R regardless of the digital input code.

(b) Show that the output voltage can be expressed as

vout(t) = �
Rf

R
vR(b12

�1 + b22
�2 + : : :+ bn�12

�n+1 + bn2
�n)

vR

R
� � �

R

2R

b1

2R

b2

2R

bn�1

2R

bn

2R

1 0 1 0 1 0 1 0

vout

Rf

Solution:

(a) The voltage source see the ladder of resistors. Because the voltages at the two
input terminals of the opamp are virtually equal to each other, all of the 2R
resistors are essentially connected to ground. Thus from the point-of-view of
the voltage source the circuit looks like

vR

i

2R

i1

R
� � �

R

� � �

2R

i2

2R

in�2

2R

in�1

2R

in

This is readily seen to be equivalent to a resistance of R
. Thus, i = v=R.
Using current dividers

i1 =
i

2
=

v

2R
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i2 =
i

22
=

v

22R
...

in =
i

2n
=

v

2nR

(b)

vout(t)

Rf

= b1i1 + b2i2 + : : :+ bnin

or

vout(t) =
RfvR
R

�
b12

�1 + b22
�2 + : : :+ bn2

�n
�
:

Problem 4.4: Find the value of the voltage v(t) when the current is(t) is the complex exponential
time function is(t) = ej!t:

is(t)

R

L

+

�

v(t)

Solution: The equivalent impedance is

Zeq(j!) = R+ j!L

Therefore,

V = Zeq(j!)I

= (R + j!L)I:

Since I = 1,
V = R+ j!L

or
v(t) = (R+ j!L)ej!t
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Problem 4.5: For the circuit below �nd v(t) when vs(t) = cos(!t).

vs(t)

1mH 10 pF

200


+

�

v(t)

Solution: If the input were a complex exponential time function with a complex
amplitude of Vs, then by using the voltage divider we would have

V = Vs
200

200+ 1

j10�8!
+ j10�3!

= Vs
j(2� 1010)!

(1� 105!2) + j(2� 1010)!

Since vs(t) = cos(!t); we recognize that Vs = 1 and v(t) is

v(t) = <e

�
j(2� 1010)!

1� 105!2 + j(2� 1010)
ej!t

�

=
2� 1010!p

(1� 105!2)2 + (2� 1010!)2
cos(!t+

�

2
�

�
tan�1

2� 1010!

1� 105!2

�
)

=
2� 1010!p

(1� 105!2)2 + (2� 1010!)2
sin(!t�

�
tan�1

2� 1010!

1� 105!2

�
)

Problem 4.6: For the following circuit �nd i(t) when vs(t) = sin(!t).

vs(t)

200
i(t)

160�H 10�F

Solution: For this circuit i(t) = =m(Yeqe
j!t). We can �nd the equivalent admit-

tance by �rst �nding the equivalent impedance.

Zeq = R+
jL!

1� LC!2
=

R�RLC!2 + jL!

1� LC!2

Plugging in the component values, this is equal to

Zeq =
(3:2� 10�7)!2 + 200 + j(1:6� 10�4)!

1� (1:6� 10�9)!2
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Thus

Yeq =
1� (1:6� 10�9)!2

�(3:2� 10�7)!2 + 200 + j(1:6� 10�4)!

and

i(t) = jYeq j sin(!t� tan�1
�

(1:6� 10�4)!

200� (3:2� 10�7)!2

�

The magnitude of the admittance is given by

jYeq j =
j1� (1:6� 10�9)!2j

(200� (3:2� 10�7)!2)2 + (1:6� 10�4!)2
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