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8.1 

Chapter 8 Instructor Notes 
 
 Chapter 8 introduces the notion of integrated circuit electronics through the most common building 
block of electronic instrumentation, the operational amplifier.  This is, in practice, the area of modern 
electronics that is most likely to be encountered by a practicing non-electrical engineer.  Thus, the aim of 
the chapter is to present a fairly complete functional description of the operational amplifier, including a 
discussion of the principal limitations of the op-amp and of the effects of these limitations on the 
performance of op-amp circuits employed in measuring instruments and in signal conditioning circuits.  
The material presented in this chapter lends itself particularly well to a series of laboratory experiments 
(see for example1), which can be tied to the lecture material quite readily. 
 After a brief introduction, in which ideal amplifier characteristics are discussed, open- and closed- loop 
models of the op-amp are presented in section 8.2; the use of these models is illustrated by application of 
the basic circuit analysis methods of Chapters 2 and 3. Thus, the Instructor who deems it appropriate can 
cover the first two sections in conjunction with the circuit analysis material.  A brief, intuitive discussion of 
feedback is also presented to explain some of the properties of the op-amp in a closed-loop configuration.  
The closed-loop models include a fairly detailed introduction to the inverting, non-inverting and differential 
amplifier circuits; however, the ultimate aim of this section is to ensure that the student is capable of 
recognizing each of these three configurations, so as to be able to quickly determine the closed loop gain of 
practical amplifier circuits, summarized in Table 8.1 (p. 402).  The section is sprinkled with various 
practical examples, introducing practical op-amp circuits that are actually used in practical instruments, 
including the summing amplifier (p. 938), the voltage follower (p. 400)), a differential amplifier (Focus on 
Measurements: Electrocardiogram (EKG) Amplifier, pp. 402-404), the instrumentation amplifier (pp. 404-
405), the level shifter (p.406), and a transducer calibration circuit (Focus on Measurements: Sensor 
calibration circuit, pp. 407-409).  Two features, new in the third edition, will assist the instructor in 
introducing practical design considerations: the box Practical Op-Amp Design Considerations (p. 410) 
illustrates some standard design procedures, providing an introduction to a later section on op-amp 
limitations; the box Focus on Methodology: Using Op-amp Data Sheets (pp. 410-412) illustrates the use of 
device data sheets for two common op-amps.  The use of Device Data Sheets is introduced in this chapter 
for the first time.  In a survey course, the first two sections might be sufficient to introduce the device. 
 Section 8.3 presents the idea of active filters; this material can also be covered quite effectively 
together with the frequency response material of Chapter 6 to reinforce these concepts.  Section 8.4 
discusses integrator and differentiator circuits, and presents a practical application of the op-amp integrator 
in the charge amplifier (Focus on Measurements: Charge Amplifiers, pp. 420-421).  The latter example is 
of particular relevance to the non-electrical engineer, since charge amplifiers are used to amplify the output 
of piezo-electric transducers in the measurement of strain, force, torque and pressure (for additional 
material on piezo-electric transducers, see, for example2).  A brief section (8.5) is also provided on analog 
computers, since these devices are still used in control system design and evaluation.   

Coverage of sections 8.4 and 8.5 is not required to complete section 8.6. 
 The last section of the chapter, 8.6, is devoted to a discussion of the principal performance limits of the 
operational amplifier.  Since the student will not be prepared to fully comprehend the reason for the 
saturation, limited bandwidth, limited slew rate, and other shortcomings of practical op-amps, the section 
focuses on describing the effects of these limitations, and on identifying the relevant parameters on the data 
sheets of typical op-amps.  Thus, the student is trained to recognize these limits, and to include them in the 
design of practical amplifier circuits.  Since some of these limitations are critical even in low frequency 
applications, it is easy (and extremely useful) to supplement this material with laboratory exercises.  The 
box Focus on Methodology: Using Op-amp Data Sheets – Comparison of LM 741 and LMC 6061, pp. 441-
446) further reinforces the value of data sheets in realizing viable designs. 
 The homework problems present a variety of interesting problems at varying levels of difficulty; many 
of these problems extend the ideas presented in the text, and present practical extensions of the circuits 
discussed in the examples. In a one-semester course, Chapter 8 can serve as a very effective capstone to a 
first course in circuit analysis and electronics by stimulating curiosity towards integrated circuit electronics, 

                                                           
1 Rizzoni, G., A Practical Introduction to Electronic Instrumentation, 3rd Ed. Kendall-Hunt, 1998 
2 Doebelin E. O., Measurement Systems, McGraw-Hill, Fourth Edition, 1987. 
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and by motivating the student to pursue further study in electronics or instrumentation.  In many respects 
this chapter is the centerpiece of the book. 

 

 

 

 

 

 

 

 

 

 

 

Section 8.1:  Ideal Amplifiers 

Problem 8.1 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.1: 
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Find: 
The power gain G = Po/PS, in dB. 
Analysis: 
 
Starting from the last stage and going backward, we get  

Learning Objectives 
1. Understand the properties of ideal amplifiers, and the concepts of gain, input 

impedance, and output impedance. Section 1. 

2. Understand the difference between open-loop and closed-loop op-amp configuration, 
and compute the gain (or complete the design of) simple inverting, non-inverting, 
summing and differential amplifiers using ideal op-amp analysis.  Analyze more 
advanced op-amp circuits, using ideal op-amp analysis, and identify important 
performance parameters in op-amp data sheets. Section 2. 

3. Analyze and design simple active filters. Analyze and design ideal integrator and 
differentiator circuits. Sections 3 and 4. 

4. Understand the structure and behavior of analog computers, and design analog 
computer circuits to solve simple differential equations. Section 5. 

5. Understand the principal physical limitations of an op-amp. Section 6. 
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Problem 8.2 

Solution: 
Known quantities: 
The temperature sensor shown in Figure P8.2 produces a no load (i.e., sensor current = 0) voltage: 

s
radk 6.28mV 500Ω 400cos   =         =  V  =  R     t V =  v sossos ωω  

The temperature is monitored on a display (the load) with a vertical line of light emitting diodes. Normal 
conditions are indicated when a string of the bottommost diodes 2 cm in length are on.  This requires that 
a voltage be supplied to the display input terminals where: 
 V 6coskΩ 12   =  V          t V  =  v           =  R oooL ω . 
The signal from the sensor must therefore be amplified.  Therefore, a voltage amplifier is connected 
between the sensor and CRT with: kΩkΩ 2  3  =  R           =  R oi . 

Find: 
The required no load gain of the amplifier. 
Analysis: 
The overall loaded voltage gain, using the amplitudes of the sensor voltage and the specified CRT voltage 
must be: 
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so

o
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An expression for the overall voltage gain can also be obtained using two voltage divider relationships: 
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The loss in gain due to the two voltage divisions or "loading" is characteristic of all practical amplifiers.  
Ideally, there is no reduction in gain due to loading.  This would require an ideal signal source with a 
source resistance equal to zero and a load resistance equal to infinity. 
______________________________________________________________________________________ 



G. Rizzoni, Principles and Applications of Electrical Engineering Problem solutions, Chapter 8 

 

8.4 

Problem 8.3 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.3: 
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Find: 
The power gain G = Po/Pi, in dB. 
Analysis: 
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Problem 8.4 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.4: 
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Find: 
a) The power gain in, dB. 
b) The overall voltage gain vO/vS. 
 
Analysis: 
a) 
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b) The input voltage of the first stage can be determined in terms of the source voltage using voltage 
division: 
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Problem 8.5 

Solution: 
Known quantities: 
Figure P8.5. 
Find: 
What approximations are usually made about the voltages and currents shown for the ideal operational 
amplifier [op-amp] model. 
Analysis: 

000     v             i            i DNP ≈≈≈ . 
______________________________________________________________________________________ 

Problem 8.6 

Solution: 
Known quantities: 
Figure P8.6. 
Find: 
What approximations are usually made about the circuit components and parameters shown for the ideal 
operational amplifier [op-amp] model. 
Analysis: 

0   r                       r oi ≈∞≈∞≈ µ . 
______________________________________________________________________________________ 



G. Rizzoni, Principles and Applications of Electrical Engineering Problem solutions, Chapter 8 

 

8.6 

Section 8.2:  The Operational Amplifier 
Problem 8.7 

Solution: 
Known quantities: 
The circuit shown in Figure P8.7. 
Find: 
The resistor Rs that will accomplish the nominal gain requirement, and state what the maximum and 
minimum values of Rs can be.  Will a standard 5 percent tolerance resistor be adequate to satisfy this 
requirement? 
Analysis: 
For a non-inverting amplifier the voltage gain is given by: 
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To find the maximum and minimum RS we note that 
v

s A
R 1∝ , so to find the maximum RS we consider 

the minimum Av: ( ) Ωk02.1
102.0116

Ωk15
max =

−−
=sR . 

Conversely, to find the minimum RS we consider the maximum Av: ( ) Ω980
102.0116

Ωk15
min =

−+
=sR . 

Since a standard 5% tolerance 1-kΩ resistor has resistance 950 < R < 1050, a standard resistor will not 
suffice in this application. 
______________________________________________________________________________________ 

Problem 8.8 

Solution: 
Known quantities: 
The values of the two 10 percent tolerance resistors used in an inverting amplifier: 

Ωk2.1;Ωk33 == SF RR . 

Find: 
a. The nominal gain of the amplifier. 
b. The maximum value of vA . 

c. The minimum value of vA . 

Analysis: 

a. The gain of the inverting amplifier is: 5.27
2.1
33 −=−=−=

s

f
v R

R
A . 

b. First we note that the gain of the amplifier is proportional to Rf and inversely proportional to RS.  This 
tells us that to find the maximum gain of the amplifier we consider the maximum Rf and the minimum 
RS. 
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c. To find minvA  we consider the opposite case: 
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______________________________________________________________________________________ 

Problem 8.9 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.9, let 

( ) ( ) V20,kΩ10,Vsin1010 3
1 ==+= −

battF VRttv ω . 

Find: 
a. The value of RS such that no DC voltage appears at the output. 
b. The corresponding value of vout(t). 
Analysis: 
a. The circuit may be modeled as shown: 

Applying the principle of superposition: 

For the 20-V source: 
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Solving for RS Ωk10 -10  20)-(10 10,000 S
S
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R

. 

b. Since we have already determined RS such that the DC component of the output will be zero, we can 

simply treat the amplifier as if the AC source were the only source present.  Therefore, 
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______________________________________________________________________________________ 

Problem 8.10 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.10, let: 
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Find: 

The gain 
i

V v
vA 0=  

Analysis: 
The op-amp has a very large input resistance, a very large "open loop gain" [ΑV(OL)], and a very small 
output resistance.  Therefore, it can be modeled with small error as an ideal op-amp. 
The amplifier shown in Figure P8.10 is a noninverting amplifier, so we have 
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______________________________________________________________________________________ 

Problem 8.11 

Solution: 
Known quantities: 

( ) Ω=+++−= k5V,)sin16sin8sin4sin2( 4321 Fout Rtttttv ωωωω . 

Find: 
Design an inverting summing amplifier to obtain ( )tvout  and determine the require source resistors. 

Analysis: 
The inverting summing amplifier is shown in the following figure. 
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that coincides with the desired output voltage. 
So, the required source resistors are 
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______________________________________________________________________________________ 

Problem 8.12 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.12: 
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Find: 
a. An expression for the input resistance vi/ii including the effects of the op-amp. 
b. The value of the input resistance in including the effects of the op-amp. 
c. The value of the input resistance with ideal op-amp. 
Analysis: 
a. The circuit in Figure P8.12 can be modeled as in the following figure 
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Substituting the expression for vd in all the other equations, we obtain 
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By solving the second equation above for v0 and substituting in the third equation 
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and finally, 
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b. The value of the input resistance is 
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c. In the ideal case: 
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Problem 8.13 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.13: 

( ) ( ) kΩ8.1,kΩ47,kΩ220,Vcos1002.0 21
3 ===+= − RRRttv FS ω . 

Find: 
a) expression for the output voltage. 
b) The corresponding value of vo(t). 
Analysis: 
a)  the circuit is a noninverting amplifier, then 
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______________________________________________________________________________________ 

Problem 8.14 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.13: 

( ) ( ) Ω200,Ω50,Vcos103005.0 3 ==⋅+= −
LSS RRttv ω . 

Find: 
The output voltage vo. 
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Analysis: 
It is a particular case of a noninverting amplifier where v0=vS. 
______________________________________________________________________________________ 

Problem 8.15 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.15: 
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Find: 
The output voltage vo and a numerical value. 
Analysis: 
By using superposition, 
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Problem 8.16 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.15: 

kΩ47,kΩ72,mV7
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S  

Find: 
The output voltage vo analytically and numerically. 
Analysis: 
From the solution of Problem 8.15, 
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Problem 8.17 

Solution: 
Known quantities: 
If, in the circuit shown in Figure P8.17: 
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Find: 
a) The output voltage. 
b) The voltage gain for the two input signals. 
Analysis: 
a) The op amp has a very large input resistance, a very large "open loop gain" [µ], and a very small 
output resistance.  Therefore, it can be modeled with small error as an ideal op amp with: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Using the results above: AV1 = -2.588  AV2 = -1.467. 

Note: The output voltage and gain are not dependent on either the op amp parameters or the load 
resistance.  This result is extremely important in the majority of applications where amplification of a 
signal is required. 

______________________________________________________________________________________ 

Problem 8.18 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.15: 
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Find: 
a) The output voltage. 
b) The conditions required for the output voltage to depend only on the difference between the two 

temperatures.  
Analysis: 
a) From the solution of Problem 8.15,  
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b) For R3=R4, R1=R2= k R3 , the output voltage is 
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k

kT
R
R

RR
RkT

R
Rv −=��

�

�
��
�

� +
+

+−=��
�

�
��
�

�
+

+
+−=  

______________________________________________________________________________________ 

Problem 8.19 

Solution: 
Find: 
In a differential amplifier, if: 22 +20 - 21   =  A         =  A vv ,  derive expressions for and then 
determine the value of the common and differential mode gains. 
Analysis: 
There are several ways to do this.  Using superposition: 

v
v  =  A           v  =  v + v  =  v     =  v :If

v
v  =  A          v  =  v + v  =  v     =  v :If

D-S

D-O
D-vD-OD-OC-OOC-S

C-S

C-O
C-vC-OD-OC-OOD-S

�

�

:0

:0
 

Assume that signal source #2 is connected to the non-inverting input of the op-amp.  The common-mode 
output voltage can be obtained using the gains given above but assuming the signal voltages have only a 
common-mode component: 

2  =  ] 22 + [ + ] 20 - [

11

21

2121

212211

  =  A + A  =  A 
A v  =]  A + A [ v  =  A v + A v  =  v

0  =  v   :Let

v 2
 + v  = v        v 2

 - v  =  v        A v + A v  =  v

vvC-v

C-vC-SvvC-SvC-SvC-SC-O

D-S

D-SC-SSD-SC-SSvSvSO

�

 

The difference-mode output voltage can be obtained using the gains given but assuming the signal voltage 
have only a difference-mode component: 

21 +  =  ) ] 20 - [ - ] 22 + [ ( 
2
11

111
0

12

2121

  =]   A - A [ 
2

  =  A

A v  =]   A + A - [ 
2

 v  =  A]  v 2
  [ + A]  v 2

 - [  =  v

  =  v   :Let

vvD-v

D-vD-SvvD-SvD-SvD-SD-O

C-S

 

Note: If signal source #1 were connected to the non-inverting input of the op amp, then the difference mode 
gain would be the negative of that obtained above. 
______________________________________________________________________________________ 

Problem 8.20 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.15: 

kΩ10,1.9V
kΩ7.4,1.3V

432

211

===
===

RRv
RRv

S

S  

Find:  
a) The output voltage. 
b) The common-mode component of the output voltage. 
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c) The differential-mode component of the output voltage.  
Analysis: 
a) From the solution of Problem 8.15, 

V28.13.1
4700

100009.1
100004700

10000
4700

1000011 2
1

3

42

4
1

1

3
0 =−

+
�
�

�
�
�

� +=��
�

�
��
�

�
+

+
+−= SS v

R
R

RR
Rv

R
Rv  

b) The common-mode component is zero. 
c) The differential-mode component is v0. 
______________________________________________________________________________________ 

Problem 8.21 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.15: 

kPa5,kPa6
kΩ8.1,kΩ10,kΩ7.4

V/psi7.0,3.0,

21

4321

212,1

==
=====

==+=

PP
RRRRR

BABPAv

L

,S

 

Find:  
a) The common-mode input voltage. 
b) The differential-mode input voltage.  
Analysis: 
a) The  common-mode input voltage is   
 

V858.0
2
1011101.45047.03.0

22

3
4-2112 =⋅⋅⋅+=++=+=+

PPBAvvv SS
in  

b) The differential-mode input voltage is 
V1015.010101.45047.0)( 3-4

1212 −=⋅⋅⋅−=−=−=− PPBvvv SSin  
______________________________________________________________________________________ 

Problem 8.22 

Solution: 
Known quantities: 
A linear potentiometer [variable resistor] Rp is used to sense and give a signal voltage vY proportional to 
the current y position of an x-y plotter.  A reference signal vR is supplied by the software controlling the 
plotter. The difference between these voltages must be amplified and supplied to a motor. The motor turns 
and changes the position of the pen and the position of the "pot" until the signal voltage is equal to the 
reference voltage [indicating the pen is in the desired position] and the motor voltage = 0. For proper 
operation the motor voltage must be 10 times the difference between the signal and reference voltage.  For 
rotation in the proper direction, the motor voltage must be negative with respect to the signal voltage for the 
polarities shown.  An additional requirement is that iP = 0 to avoid "loading" the pot and causing an 
erroneous signal voltage. 
Find: 
a) Design an op amp circuit which will achieve the specifications given.  Redraw the circuit shown in 

Figure P8.22 replacing the box [drawn with dotted lines] with your circuit.  Be sure to show how the 
signal voltage and output voltage are connected in your circuit. 

b) Determine the value of each component in your circuit.  The op amp is an MC1741. 
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Analysis: 
a) The output voltage to the motor must be dependent on the difference between two input voltages.  A 

difference amp is required.  The signal voltage must be connected to the inverting input of the 
amplifier.  However, the feedback path is also connected to the inverting input and this will caused 
loading of the input circuit, ie, cause an input current.  This can be corrected by adding an isolation 
stage [or voltage follower] between the input circuit and the inverting input of the 2nd stage.  The 
isolation stage must have a gain = 1 and an input current = 0. The difference amplifier, the second 
stage, must give an output voltage: 

( )101kΩ10
100 ��

�

�
��
�

�
+

SR
  =  v  

1010
101010

 -  =  A       =  A 
v]   - [ + v]   [  =] v - v [   =  v

vyvr

YRYRM

�

 

The circuit configuration shown will satisfy these specifications. 
b) In this first approximation analysis, assume the op amps can be modeled as ideal op amps: 

0    i  =  i          0    v  NPD ≈≈�  
Consider the first or isolation or voltage follower stage: 

v  =  v              v       =  v + v + v -   :KVL     0    i     Ideal YODODYP 11 00: �≈≈�  

R R
R R  

R
 + 

R

R
v

  =  v            i             =  i + 
R

 - v + 
R

v - v   :KCL

R R
R R  

R
 + 

R

R
v + 

R
v

  =  v           i          =  i + 
R

v - v + 
R

v - v   :KCL

v  =  v              v          =  v + v - v -   :KVL

43

43

43

3

R

PPP
4

P

3

RP

21

21

21

2

M

1

O

NNN
2

MN

1

ON

PNDPDN

11
000

11
00

00

1

1

�≈

�≈

�≈

 

The second stage: 

kΩ 100kΩ 1010

kΩ 10 kΩ 10010 -

1
1

  =  R       =  R   :Choose          =  
] R + R [ R
] R + R [ R  =  A

  =  R      =  R   :Choose                  =  
R
R -  =  A

A v + A v  =  
] R + R [ R
] R + R [ R v +]  

R
R - [ v  =  v

R + R
R v  =  

R + R
R v + 

R + R
R v           v  =  v     v  =  v

43
341

124
vr

12
1

2
vy

vrRvyY
341

124
R

1

2
YM

34

4R

12

1M

12

2O
PNYO �

 

The resistances chosen are standard values and there is some commonality in the choices.  Moderately 
large values were chosen to reduce currents and the resistor power ratings.  Cost of the resistors will be 
determined primarily by power rating and tolerance. 

______________________________________________________________________________________ 
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Problem 8.23 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.15: 

kΩ56,kΩ81,mV19
kΩ13,kΩ1,mV13

432

211

===
===

RRv
RRv

S

S  

Find: 
The output voltage vo. 
Analysis: 
From the solution of Problem 8.15, 

V0.2111013811019
1356

56)811(1 33
1

1

3
2

1

3

42

4
0 =⋅⋅−⋅

+
+=−��

�

�
��
�

�
+

+
= −−

SS v
R
Rv

R
R

RR
Rv  

______________________________________________________________________________________ 

Problem 8.24 

Solution: 
Known quantities: 
The circuit shown in Figure P8.24. 
Find: 
Show that the current Iout through the light-emitting diode is proportional to the source voltage VS as long 
as : 
VS > 0. 
Analysis: 

Assume the op amp is ideal: 
22

0
0 R

V
R
VIVif

I

VVV S
outS

S ==>�
��

�
�
�

≈

=≈ −

−

+−

. 

______________________________________________________________________________________ 

Problem 8.25  

Solution: 
Known quantities: 
The circuit shown in Figure P8.25. 
Find: 
Show that the voltage Vout is proportional to the current generated by the CdS solar cell. Show that the 
transimpedance of the circuit Vout/Is is –R. 
Analysis: 
Assuming an ideal op-amp : Sout RIVvv −=�=≅ −+ 0  

The transimpedance is given by R
I

VR
S

out
trans −==  

______________________________________________________________________________________ 
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Problem 8.26 

Solution: 
Known quantities: 
The op-amp voltmeter circuit shown in Figure P8.26 is required to measure a maximum input of E = 20 
mV.  The op-amp input current is IB = 0.2 µA, and the meter circuit has Im = 100 µA full-scale 
deflection and  
rm = 10 kΩ. 
Find: 
Determine suitable values for R3 and R4. 
Analysis: 

 
V1)kΩ10)(µA100( === mmout rIV  

From KCL at the inverting input, 0
43

=−+
R
VE

R
E out  or 

3

4

3

34 1
R
R

R
RR

E
Vout +=+= . 

Then, 491
1020
11 3

3

4 =−
×

=−= −E
V

R
R out . Now, choose R3 and R4 such that 

 ( ) 0.2µ.
43

≤
+

=
m

B rRR
EI  

At the limit, ( )
6

3
33

3
102.0

101049
1020 −

−
×=

×+
×

RR
. Solving for R3, we have  kΩ1023 ≈R . 

Therefore,  MΩ54 ≈R . 
______________________________________________________________________________________ 

Problem 8.27 

Solution: 
Known quantities: 
Circuit in Figure P8.27. 
Find: 
The output voltage vo. 
Analysis: 
The circuit is a cascade of a noninverting op-amp with an inverting op-amp. Assuming ideal op-amps, the 
input-output voltage gain is equal to the product of the single gains, therefore 
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S
S

F

S

F v
R
R

R
Rv ��

�

�
��
�

�
+−=

1

1

2

2
0 1  

 
______________________________________________________________________________________ 

Problem 8.28 

Solution: 
Known quantities: 
Circuit in Figure P8.27. 
Find: 
Select appropriate components using standard 5% resistor values to obtain a gain of magnitude 
approximately equal to 1,000. How closely can you approximate the gain? Compute the error in the gain 
assuming that the resistors have the nominal value. 
 
Analysis: 
From the solution of Problem 8.27, the gain is given by 

��
�

�
��
�

�
+−=

1

1

2

2 1
S

F

S

F
V R

R
R
RA  

From Table 2.2, if we select 

kΩ180,kΩ2.8
kΩ1,kΩ8.1

21

21

==
==

FF

SS

RR
RR

 

we obtain  

1000
8.1

2.88.1
1

1801
1

1

2

2 −=�
�

�
�
�

� +−=��
�

�
��
�

�
+−=

S

F

S

F
V R

R
R
RA  

So, we can obtain a nominal error equal to zero. 
______________________________________________________________________________________ 

Problem 8.29 

Solution: 
Known quantities: 
Circuit in Figure P8.27. 
Find: 
Same as in Problem 8.28, but use the ±5% tolerance range to compute the possible range of gains for this 
amplifier. 
Analysis: 
From the solution of Problem 8.27, the gain is given by 

��
�

�
��
�

�
+−=

1

1

2

2 1
S

F

S

F
V R

R
R
RA  

From Table 2.2, if we select 

kΩ180,kΩ2.8
kΩ1,kΩ8.1

21

21

==
==

nFnF

nSnS

RR
RR

 

we obtain 
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1000
8.1

2.88.1
1

1801
1

1

2

2 −=�
�

�
�
�

� +−=��
�

�
��
�

�
+−=

nS

nF

nS

nF
Vn R

R
R
RA  

So, we can obtain a nominal error equal to zero. 
The maximum gain is given by 
 

1200
)05.01(
)05.01(1

)05.01(
)05.01(1

1

1

2

2

1

1

2

2 −=��
�

�
��
�

�

−
++

−
+−=��

�

�
��
�

�
+−=+

nS

nF

nS

nF

S

F

S

F
V R

R
R
R

R
R

R
RA  

while the minimum gain is 

834
)05.01(
)05.01(1

)05.01(
)05.01(1

1

1

2

2

1

1

2

2 −=��
�

�
��
�

�

+
−+

+
−−=��

�

�
��
�

�
+−=−

nS

nF

nS

nF

S

F

S

F
V R

R
R
R

R
R

R
RA  

______________________________________________________________________________________ 

Problem 8.30 

Solution: 
Known quantities: 
For the circuit in Figure P8.30, 

mA1
V100,kΩ20

max

0

=
÷==

in

L

i
vR

 

 
Find: 
The resistance R such that mA1

max
=ini . 

Analysis: 

Ω===�= − k10
10
10

3
00

max

max

in
in i

v
R

R
vi  

______________________________________________________________________________________ 

Problem 8.31 

Solution: 
Known quantities: 
Circuit in Figure P8.13. 
Find: 
Select appropriate components using standard 5% resistor values to obtain a gain of magnitude 
approximately equal to 200. How closely can you approximate the gain? Compute the error in the gain 
assuming that the resistors have the nominal value. 
Analysis: 
From the solution of Problem 8.13, the gain is given by 

��
�

�
��
�

�
+=

2

1
R
RA F

V  

From Table 2.2, if we select 

kΩ8.6
33Ω2

=
=

FR
R

 

we obtain 
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207
33

680011
2

=+=��
�

�
��
�

�
+=

R
RA F

Vn   

The error in the gain is 

%5.3
200

200207 =−=
VAε   

______________________________________________________________________________________ 

Problem 8.32 

Solution: 
Known quantities: 
Circuit in Figure P8.13. 
Find: 
Same as in Problem 8.31, but use the ±5% tolerance range to compute the possible range of gains for this 
amplifier. 
Analysis: 
From the solution of Problem 8.31, the gain is given by 

��
�

�
��
�

�
+=

2

1
R
RA F

V  

From Table 2.2, if we select 

kΩ8.6
33Ω2

=
=

Fn

n

R
R

 

we obtain 

207
33

680011
2

=+=��
�

�
��
�

�
+=

n

Fn
Vn R

RA   

The maximum gain is given by 

75.228
95.0*33
05.168001

)05.01(
)05.01(1

2

=⋅+=��
�

�
��
�

�

−
++=+

n

Fn
V R

RA  

while the minimum gain is  

44.187
05.1*33
95.068001

)05.01(
)05.01(1

2

=⋅+=��
�

�
��
�

�

+
−+=−

n

Fn
V R

RA  

______________________________________________________________________________________ 

Problem 8.33 

Solution: 
Known quantities: 
For the circuit in Figure P8.15, 

4321 , RRRR ==  

Find: 
Select appropriate components using standard 1% resistor values to obtain a differential amplifier gain of 
magnitude approximately equal to 100. How closely can you approximate the gain? Compute the error in 
the gain assuming that the resistors the have nominal value. 
Analysis: 
From the solution of Problem 8.15, the gain is given by 
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1

3

R
RAV =  

From Table 2.2, if we select 
Ω=Ω= k100,k1 31 RR  

we obtain 
 

100
1

3 ==
R
RAV  

and the error for the gain with nominal values is zero. 
______________________________________________________________________________________ 

Problem 8.34 

Solution: 
Known quantities: 
For the circuit in Figure P8.15, 

4321 , RRRR ==  

Find: 
Same as in Problem 8.33, but use the ±1% tolerance range to compute the possible range of gains for this 
amplifier. 
Analysis: 
From the solution of Problem 8.33  

98
)01.01(1

)01.01(100

102
)01.01(1

)01.01(100

min
1

3

max
1

3

=
+
−=�=

=
−
+=�=

VV

VV

A
R
RA

A
R
RA

 

______________________________________________________________________________________ 
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Section 8.3:  Active Filters 

Problem 8.35 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.35: Ωk1kΩ10µF1 === LRRC . 

Find: 
a) The gain [in dB] in the pass band. 
b) The cutoff frequency. 
c) If this is a low or high pass filter. 
Analysis: 
a) Assume the op-amp is ideal.  Determine the transfer function in the form: 
 
 
 
 
 
 
 

 

This is not in the standard form desired but is the best that can be done.  There are no cutoff 
frequencies and no clearly defined pass band.  The gain [i.e., the magnitude of the transfer function] 
and output voltage increases continuously with frequency, at least 
until the output voltage tries to exceed the DC supply voltages and 
clipping occurs.  In a normal high pass filter, the gain will increase 
with frequency until the cutoff frequency is reached above which the 
gain remains constant. 

b) There is no cutoff frequency. 
c) This filter is best called a high pass filter; however, since the output 

 will be clipped and severely distorted above some frequency, it is 
not a particularly good high pass filter.  It could even be called a 
terrible filter with few redeeming graces. 

______________________________________________________________________________________ 

Problem 8.36 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.36: Ω333kΩ2.8kΩ8.1µF1 21 ==== LRRRC . 

vH [j ]  =   oV [j ]

sV [j ]
  =   oH  

1
1 +  j f[ ]

KVL :    -  nV  -  dV   =   0 dV      0            nV      0

KCL:    nV  -  sV
1

j C

 +  nI  +  nV  -  oV
R

  =   0

nI      0     nV      0        vH [j ]  =   oV [j ]
sV [j ]

  =   j RC
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Find: 
a) Whether the circuit is a low- or high-pass filter. 
b) The gain V0 /VS  in decibel in the passband. 
c) The cutoff frequency. 
Analysis: 
a) From Figure 8.24, it results that the amplifier in Figure P8.36 is a high-pass filter. 
In fact, the output voltage is  

)(
1

)(
1

2
0 ω

ω
ωω j

CRj
CRjj SVV

+
−=  

b)    dB17.13
8.1
2.8Log20Log20

)(
)(lim

1

20 ===
∞→ R

R
j
j

dBS ω
ω

ω V
V

 

c)    rad/s5555
108.1101

11
36

1
0 =

⋅⋅⋅
== −CR

ω  

______________________________________________________________________________________ 

Problem 8.37 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.36: Ω1kkΩ220kΩ10pF200 21 ==== LRRRC . 

Find: 
a)  Whether the circuit is a low- or high-pass filter. 
b)  The gain V0 /VS  in decibel in the passband. 
c)  The cutoff frequency. 
Analysis: 
a) From Figure 8.24, it results that the amplifier in Figure P8.36 is a high-pass filter. 
In fact, the output voltage is  

)(
1

)(
1

2
0 ω

ω
ωω j

CRj
CRjj SVV

+
−=  

b)    dB84.26
10
220Log20Log20

)(
)(lim

1

20 ===
∞→ R

R
j
j

dBS ω
ω

ω V
V

 

c)    rad/s105
101010200

11 5
312

1
0 ⋅=

⋅⋅⋅
== −CR

ω  

 
______________________________________________________________________________________ 

Problem 8.38 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.38: Ω220kkΩ68kΩ7.4pF100 21 ==== LRRRC . 

Find: 
Determine the cutoff frequencies and the magnitude of the voltage frequency response function at very low 
and at very high frequencies. 
Analysis: 
The output voltage in the frequency domain is  
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)(
1

)(1)(11)(
1

21

1

2
0 ω

ω
ωω

ω

ω j
CRj

RRCjj
R

Cj

Rj ii VVV
+

++=
�
�
�
�

�

�

�
�
�
�

�

�

+
+=  

The circuit is a high-pass filter. The cutoff frequencies are 

rad/s10375.1
107.7210100

1
)(

1

rad/s10127.2
107.410100

11

5
312

21
2

6
312

1
1

⋅=
⋅⋅⋅

=
+

=

⋅=
⋅⋅⋅

==

−

−

RRC

CR

ω

ω
 

For high frequencies we have 

46.15
7.4

6811
)(
)(lim

1

20 =+=+==
∞→∞ R

R
j
jA

i ω
ω

ω V
V

 

At low frequencies 

1
)(
)(lim 0

00 ==
→ ω

ω
ω j

jA
iV

V
 

______________________________________________________________________________________ 

Problem 8.39 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.39: Ω80kkΩ7.4kΩ1nF20 321 ==== RRRC . 

Find: 

a) An expression for 
)(
)()( 0

ω
ωωυ j

jjH
iV

V= . 

b) The cutoff frequencies. 
c) The passband gain. 
d) The Bode plot. 
Analysis: 
a) The frequency response is   

3

32

32

2

3

322

3232

2

3
0

1

1
1

1||
1

)(
)()(

CRj
RR

RRCj

R
R

RCRjR
RCRjRR

R
Cj

R

j
jjH

i ω

ω

ω
ωω

ω
ωωυ +

+
+

��
�

�
��
�

�
+=

+
++=+==

V
V

 

b) The cutoff frequencies are 

rad/s11263
107.410801020

107.84)(

rad/s625
10801020

11

339

3

32

32
2

39
3

1

=
⋅⋅⋅⋅⋅

⋅=+=

=
⋅⋅⋅

==

−

−

RRC
RR

CR

ω

ω
 

c) The passband gain is obtained by evaluating the frequency response at low frequencies,  

18
7.4

8011)(lim
2

3
00 =+=+==

→ R
RjHA ωυω

 

d) The magnitude Bode plot for the given amplifier is as shown. 
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______________________________________________________________________________________ 

Problem 8.40 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.40: Ω2.2kkΩ22kΩ1.9F47.0 21 ==== LRRRC µ . 

Find: 
a)  Whether the circuit is a low- or high-pass filter. 
b)  An expression in standard form for the voltage transfer function. 
c)  The gain in decibels in the passband, that is, at the frequencies being passed by the filter, and the cutoff 
frequency. 
Analysis: 
a) From Figure 8.21, it results that the amplifier in Figure P8.40 is a low-pass filter. 
In fact, the output voltage is  

)(
1

1)(
21

2
0 ω

ω
ω j

CRjR
Rj SVV

+
−=  

b) 
21

20

1
1

)(
)()(

CRjR
R

j
jjH

i ωω
ωωυ +

−==
V
V

 

c) The gain in decibel is obtained by evaluating )( ωυ jH at ω=0, i.e. 

dB66.7
1.9

22Log20Log20)0(
1

2 ===
R
RjH

dBυ . 

The cutoff frequency is  

rad/s71.96
10221047.0

11
36

2
0 =

⋅⋅⋅
== −CR

ω  

______________________________________________________________________________________ 
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Problem 8.41 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.40: Ω1kkΩ68kΩ2.2nF47.0 21 ==== LRRRC . 

Find: 
a)  An expression in standard form for the voltage frequency response function. 
b)  The gain in decibels in the passband, that is, at the frequencies being passed by the filter, and the cutoff 
frequency. 
Analysis: 
a) From Figure 8.21, it results that the amplifier in Figure P8.40 is a low-pass filter. 
The voltage frequency response function is 

21

20

1
1

)(
)()(

CRjR
R

j
jjH

i ωω
ωωυ +

−==
V
V

 

b)  The gain in decibel is obtained by evaluating )( ωυ jH at ω=0, i.e. 

dB8.29
2.2

68Log20Log20)0(
1

2 ===
R
RjH

dBυ . 

The cutoff frequency is  

rad/s31289
10681047.0

11
39

2
0 =

⋅⋅⋅
== −CR

ω  

______________________________________________________________________________________ 

Problem 8.42 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.42: kΩ10F1.0 2121 ==== RRCC µ . 

Find: 
a)    The passband gain. 
b)    The resonant frequency. 
c)    The cutoff frequencies. 
d) The circuit Q. 
e) The Bode plot. 
Analysis: 
a) From Figure 8.26, we have  

( )( ) ( ) 12)()(111
)(

11
2

11
2

11
2

11

11

2211

21

1

2

++
−=

+
−=

++
−=−=

RCjRCj
RCj

RCj
RCj

RCjRCj
RCjjABP ωω

ω
ω
ω

ωω
ωω

Z
Z

The magnitude of the frequency response is 
( )2

11
2

11

1
)(

RC
RCjABP ω

ωω
+

=  

The passband gain is the maximum over ω of the magnitude of the frequency response, i.e. 

2
1)1(

11

=
RC

jABP
 

b) The resonant frequency is rad/s10001
11

==
CRnω  

c) The cutoff frequencies are obtained by solving with respect to ω the equation 
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( )

rad/s414
rad/s2414

)12(022
22

1
1

)(

2

1

2,1
22

2
11

2
11

=
=

±=�=+−�=
+

=

ω
ω

ωωωωωω
ω
ωω nnnBP RC

RCjA

 

d) In this case ζ=1, which implies 
2
1

2
1 ==
ζ

Q  

e) The Bode plot of the frequency response is as shown. 

 
______________________________________________________________________________________ 

Problem 8.43 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.43: Ω1kkΩ6820Ω2nF47.0 21 ==== LRRRC . 

Find: 
a)  An expression in standard form for the voltage frequency response function. 
b)  The gain in decibels in the passband, that is, at the frequencies being passed by the filter, and the cutoff 
frequency. 
Analysis: 
a) The voltage frequency response function is 

21

2

1
1

)(
)()(

CRjR
R

j
jjH

i

O

ωω
ωωυ +

−==
V
V

 

b) The gain in decibel is obtained by evaluating )( ωυ jH at ω=0, i.e. 

dB8.49
220

68000Log20Log20)0(
1

2 ===
R
RjH

dBυ . 

The cutoff frequency is  

rad/s31289
10681047.0

11
39

2
0 =

⋅⋅⋅
== −CR

ω  

______________________________________________________________________________________ 
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Problem 8.44 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.44: kΩ1002kΩ.2nF1F2.2 2121 ==== RRCC µ . 

Find: 
Determine the passband gain. 
Analysis: 
The voltage frequency response is 

( )( ) ( ) ( )2
22

22
11

2

21

2211

21

1

2

11
)(

11
)(

RCRC

RCjA
RCjRCj

RCjjA BPBP
ωω

ωω
ωω

ωω
++

=�

++
−=−=

Z
Z  

The cutoff frequencies are 

rad/s10000
10100101

11

rad/s6.206
102.2102.2

11

39
22

2

36
11

1

=
⋅⋅⋅

==

=
⋅⋅⋅

==

−

−

RC

RC

ω

ω
 

The passband gain can be calculated approximately by evaluating the magnitude of the frequency response 
at frequencies greater than ω1 and smaller than ω2, i.e. 

( ) ( ) ( )

( )
45.45

2.2
100

11,1

1

2
2

11
2

21

2
22

22
11

22
11

2
21

===≅

≈+≈+�<<<<

R
R

RC

RCA

RCRCRC

BP
ω
ω

ωωωωωω
 

______________________________________________________________________________________ 

Problem 8.45 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.45, let kΩ2F220 2121 ======= SRRRRCCC µ . 

Find: 
Determine the frequency response. 
Analysis: 
With reference to the Figure shown below, we have 
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� ++−−=−−=
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� ++=
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=
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)(11
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2

122222

1
1121

1
22

1

22
2

1

122
2

1
1

22
2

2
2

2
2
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ω

ω
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ω
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ω

ωωω

ω
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ω

ω
ω
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ωω
ω

ω

ω
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ω

ω
ω
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ω

ω
ω

ωωω

j
CRj

CRj

j
CRj

CRjj
CRj

jRjj

j
CRj

Cj
R

j
RRCjRRC

CCjjjjj

jCj
RCj

Cj

j
RCj

R
j

j
RRCj

j
R

j

j
RCj

j
Cj

jj
R

j

O

OOinSCin

O

ORRCin

O

O

C

OCR

ORCOR

V

VVIVV

V

VIIII

V
V

I
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( ) ( ) 2222

1
)(
)()( 22 ++

−=
++

−==
CRjCRj

CRj

CRj
CRjj

jjH
in

O

ωω
ω

ω
ωω

ωωυ V
V

 

______________________________________________________________________________________ 

Problem 8.46 

Solution: 
Known quantities: 
The inverting amplifier shown in Figure P8.46. 
Find: 
a) The frequency response of the circuit. 
b) If R1 = R2 = 100 kΩ and C = 0.1 µF, compute the attenuation in dB at ω = 1,000 rad/s. 
c) Compute gain and phase at ω = 2,500 rad/s. 
d) Find range of frequencies over which the attenuation is less than 1 dB. 
Analysis: 
a) Applying KCL at the inverting terminal: 

CRj
CRj

R
Cj

R

v
v

IN

OUT

1

2

1

2 1
1

ω
ωω +−=

+
−=  

b) Gain = 0.043 dB 
c) Gain = 0.007 dB ; Phase = 177.71o 
d) To find the desired frequency range we need to solve the equation: 
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8913.01

1

2 <+
CRj

CRj
ω
ω

 since ( ) dB18913.0log20 10 −= . 

This yields a quadratic equation in ω, which can be solved to find rad/s5.196>ω . 
______________________________________________________________________________________ 

Problem 8.47 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.47, let kΩ2kΩ3F100 2121 ===== RRCCC µ . 

Find: 
Determine an expression for the gain. 
Analysis: 

 
With reference to the Figure shown above, we have 

( )
( ) ( )

( ) ( )( ) )()(1)()()()(

),()()()(

),(1)()()(
),()()()(

2121
2

211121

221
2

22

2112

111

ωωωωωωω

ωωωωωω

ωωωωω
ωωωωω

jRRCCjRRCjjjRjj

jRCCjjjCjj

jRCjjjRj
jCjjjj

OCCAin

OAOC

OOCA

OCOC

VIIVV

VVVI

VVIV
VIVV

+++=−−=

−=−=

+=+=
=�=

 

And finally, the expression for the gain is 

( ) ( )( )2121
22

21 11
1

)(1
1

)(
)()(

CRjCRjRRCjRRCjj
jjA

in

O
v ωωωωω

ωω
++

=
+++

==
V
V

 

______________________________________________________________________________________ 

Problem 8.48 

Solution: 
Known quantities: 
The circuit shown in Figure P8.48. 
Find: 
Sketch the amplitude response of V2 / V1, indicating the half-power frequencies.  Assume the op-amp is 
ideal. 
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Analysis: 

 
From KCL at the inverting input: 

�
�
�
�

�

�

�
�
�
�

�

�

+
==��

�

�
��
�

�
+=�

�

�
�
�

� +=+−

RCj

VVV
RCj

VCVj
R

CjV
R

V
Z

VV
xxx

x

C

x

ω
ω

ωω
11

11110 111
1

Similarly, from KCL at the output of the op-amp: 

( )RCjVV
R

VCj
R

V
Z
V

R
VV

x
x

C

x ωω +==�
�

�
�
�

� +=+
−

110 22
22  

Combining the above results, we find 
( )2

1

2

1 RCj
RCj

V
V

ω
ω

+
=  

or     
( )2

1

2

1 RC
RC

V
V

ω
ω

+
=  

This function has the form of a band-pass filter, with maximum value determined as follows: 

( )2
1

2

1 RC
RC

V
VG

ω
ω

+
==    

[ ] [ ]
( )[ ]22

22

1

)(2)(1

RC

RCRCRCRC
d
dG

ω

ωωω
ω +

−+=  

Setting the derivative equal to zero and solving for the center frequency, 

RC
CRCRCRRC 10102 222332332 ==−=−+ ωωωω  

Then  
2
1

11
1

max =
+

=G , and the half-power frequencies are given by: 

( )

RCCR
CRCRRC

RCCRRCCRG
RC

RC

12
2

4822

0122221
2
1

2
1

2
1

1

22

2222

222222
max2

±=−±=

=+−=+==
+

ω

ωωωω
ω

ω

The curve is sketched below. 
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______________________________________________________________________________________ 

Problem 8.49 

Solution: 
Known quantities: 
The circuit shown in Figure P8.49.  
Find: 
Determine an analytical expression for the output voltage for the circuit shown in Figure P8.49. What kind 
of filter does this circuit implement? 
Analysis: 
The resistance RF1 does not influence the output voltage, so 

)(1)(

1

)( 1
1

1
1

ω
ω

ωωω j
RCj

j
R

Cjj S
SF

S
S

F
O VVV −=−=  

The circuit is an integrator (low-pass filter). 
______________________________________________________________________________________ 

Problem 8.50 

Solution: 
Known quantities: 
The circuit shown in Figure P8.50.  
Find: 
Determine an analytical expression for the output voltage for the circuit shown in Figure P8.50. What kind 
of filter does this circuit implement? 
Analysis: 
Figure P8.50 shows a noninverting amplifier, so the output voltage is given by 

)(1)(1

1

1)( ωωω

ω

ωω jRCj
C
Cj

Cj

Cj
R

j SFS
F

S
S

S

F
F

O VVV ��
�

�
��
�

�
++=

�
�
�
�

�

�

�
�
�
�

�

� +
+=  

The filter is clearly a high-pass filter. 
______________________________________________________________________________________ 
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Sections 8.4, 8.5:  Integrator and Differentiator Circuits, Analog 
Computers 

Problem 8.51 

Solution: 
Known quantities: 
Figure P8.50. 
Find: 
If: Ωk1Ωk10Fµ1 === LRRC , determine an expression for and plot the output voltage as a 
function of time. 
Analysis: 

dt
dv RC - = v        v        i

  =  
R

v - v + i + 
dt

] v - v d[ C   :KCL

dt
] v - v d[ C  =  

dt
dv C  =  i

    v      v           =  v - v -   :KVL

S
ONN

ON
N

SN

SNC
C

NDDN

�≈≈

≈�≈

00

0

000

 

                   
 
The derivative is the slope of the curve for the source voltage, which is zero for: 

t < 2.5 ms, 5 ms < t < 7.5 ms, and t > 15 ms 

For 2.5 ms < t < 5 ms: V 12 -  = 
102.5-105

 0 -  3 ] 10 1 [ ] 1010 [ 33
63

−−
−

⋅⋅
⋅⋅  =  vO  

For 7.5 ms < t < 15 ms: V 6 + = 
107.5-1015

]  3 + [ - ]  1.5 - [ 1010 - 33
3

−−
−

⋅⋅
⋅ =  vO  

______________________________________________________________________________________ 

Problem 8.52 

Solution: 
Known quantities: 
Figure P8.52(a) and Figure P8.52(b). 
Find: 
If: Ωk1Ωk10Fµ1 === LRRC  
a) An expression for the output voltage. 
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b) The value of the output voltage at t = 5, 7.5, 12.5, 15, and 20 ms and a plot of the output voltage as 
a function of time. 

Analysis: 
a) As usual, assume the op amp is ideal so: 

dt v RC
 -  =  vd              i         v

0  =  
dt

] v - v d[ C + i + 
R

v - v:KCL

dt
]v - vd[ C = i

    v              v = v - v -   :KVL

SONN

ON
N

SN

ON
C

NDDN

100

000

�≈≈

≈�≈

 

Integrating:  dt v 
RC

 -] t[v  =]  t[v
f

i

t

t
SiOfO �

1
 

b) Integrating gives the area under a curve. Recall area of triangle = 
1/2[base x height] and area of rectangle = base x height. 
Integrating the source voltage when it is constant gives an output 
voltage which is a linear function of time. 
Integrating the source voltage when it is a linear function of time 
gives an output voltage which is a quadratic function of time. 

  

s
rad 100  =  

] 10 1 [ ] 1010 [
11

63 −⋅⋅
  =  

RC
 

mV 937.5 -  =  ] 1.5 - [ ] 105 [ ] 100 [ - 101687.5 -  =  [20ms]

mV 1687.5 -  =  ] 1.5 - [ ] 102.5 [ 
2
1 ] 100 [ - 101875 -  =  [15ms]

mV 1875 -  =  ] 3 [ ]105 [ 
2
1 ] 100 [ - 101124 -  =  [12.5ms]

mV 1125 -  =  ] 3 [ ]10 2.5 [ ]  100 [ - 10375 -  =  [7.5ms]

mV 375 -  =  ] V 3 [ ] 102.5 [ 
2
1 ] 100 [ - V 0  =  [5ms]

3-3-

3-3-

3-3-

3-3-

3-

⋅⋅

⋅⋅

⋅⋅

⋅⋅

⋅

v

v

v

v

v

O

O

O

O

O

 

______________________________________________________________________________________ 

Problem 8.53 

Solution: 
Known quantities: 
In the circuit shown in Figure P8.53, the capacitor is initially uncharged, and the source voltage is: 

( ) ( )V000,2sin1010 3 ttvin π+⋅= − . 

Find: 
a) At t = 0, the switch S1 is closed.  How long does it take before clipping occurs at the output if 

Ωk10=SR   and  Fµ008.0=FC ? 
b) At what times does the integration of the DC input cause the op-amp to saturate fully? 
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Analysis: 

a) 

( ) ( )[ ]

( )��

��

−−=

+−=−=

ττ

τ

π

π

00

0

2000sin101.01

2000sin01.011

dtt
CR

dt
CR

dtt
CR

dttv
CR

v

FSFS

FS
in

FS
out

 

The peak amplitude of the AC portion of the output is: V989.1
2000

11 =�
�

�
�
�

�=
πFS

p CR
v  

The output will begin to clip when: ( ) V150 −=− pvDCv  so we need to find at what time the 

condition: V1301.01
0

−=− �
τ

dt
CR FS

 is satisfied. The answer is found below: 

ms104
01.0

13
1301.01 ==�−=− FS

FS

CR
CR

ττ  

b) Using the results obtained in part a.: ms120
01.0

15 == FSCRτ  

______________________________________________________________________________________ 

Problem 8.54 

Solution: 
Known quantities: 
The circuit shown in Figure 8.21. 
Find: 
a) If Ωk10=SR , ΩM2=FR , Fµ008.0=FC , and ( ) ( )V000,2sin10 ttvS π+= , find vout 

using phasor analysis. 
b) Repeat part a if Ωk200=FR , and if Ωk20=FR . 
c) Compare the time constants with the period of the waveform for part a and b. What can you say about 

the time constant and the ability of the circuit to integrate? 
Analysis: 
a) Replacing the circuit elements with the corresponding impedances: 

vin

ZS

Z
f

-
+ v

out

 

ff

f
f CRj

R
Z

ω+
−=

1
 SS RZ =  

For the signal component at πω 000,2= : 
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( )
( )( ) V57.909839.15.62arctan180

5.621

200
5.621

1200
1

1

2
oo

in

inin
ffS

f
out

v

vjv
CRjR

R
v

∠=−∠
+

=

�
�
�

�

�

�
�
�

�

�

+
−=

�
�

�

�

�
�

�

�

+
−=

ω
ω

ωω
 

For the signal component at 0=ω  (DC): V000,2200 −=−= inout vv .  Thus, 

( ) ( ) ( )V000,2cos22000V57.90000,2sin9839.12000 tttv o
out ππ +−≈++−= . 

b) Ωk200=FR  

For the signal component at πω 000,2= : 

V68.959797.1
1

1 o
in

ffS

f
out v

CRjR
R

v ∠=
�
�

�

�

�
�

�

�

+
−=

ω
 

For the signal component at 0=ω  (DC): V20020 −=−= inout vv .  Thus, 

( ) ( ) ( )V000,2cos2200V68.95000,2sin9797.1200 tttv o
out ππ +−≈++−=  

Ωk20=FR  

For the signal component at πω 000,2= : 

V8.13441.1
1

1 o
in

ffS

f
out v

CRjR
R

v ∠=
�
�

�

�

�
�

�

�

+
−=

ω
 

For the signal component at 0=ω  (DC): V202 −=−= inout vv .  Thus, 

( ) ( ) ( )V45000,2cos41.120V135000,2sin41.120 oo
out tttv ++−≈++−= ππ . 

c)  
Rf τ T 

2  MΩ 16  ms 1  ms 
200  kΩ 1.6  ms 1  ms 
20  kΩ 0.16  ms 1  ms 

In order to have an ideal integrator, it is desirable to have τ  >> T. 
______________________________________________________________________________________ 

Problem 8.55 

Solution: 
Known quantities: 
For the circuit of Figure 8.26, assume an ideal op-amp with ( ) ( )V000,2sin1010 3 ttvS π−⋅= , 

Fµ100=SC , Fµ008.0=FC , ΩM2=FR , and Ωk10=SR . 

Find: 

a) The frequency response, ( )ωj
v
v

S

0 . 

b) Use superposition to find the actual output voltage (remember that DC = 0 Hz). 
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Analysis: 
a)  

  :  
v

S
(t)

ZS

Z
f

-
+ v  (t)o

 

S
SS Cj

RZ
ω
1+=  

ωjCR
R

Z
ff

f
f +

=
1

 

( )( )111
1

++
−=

+

+
−=−=

ffSS

Sf

S
S

ff

f

S

f

S

o

CRjCRj
CRj

Cj
R

CRj
R

Z
Z

v
v

ωω
ω

ω

ω
 

( )
( ) �

�

�
�
�

� ++

⋅−=
−

1
5.62

1

105 3

ωω

ω

ω
jj

j

j
v
v

S

o  

b)    ( )ωj
v
vvv

S

o
So = .  By superposition,  V0

11
0

mV10 =
+

= S
So

vjvv  

( )( ) V43.891020
100162831

10257.1 3
6

2000
oS

o jj
vjv −∠⋅=

++
⋅= −

= πω  

( ) ( )V43.892000sin1020 3 o
o ttv −⋅= − π  

We can say that the practical differentiator is a good approximation of the ideal differentiator. 
______________________________________________________________________________________ 

Problem 8.56 

Solution: 
Find: 
Derive the differential equation corresponding to the analog computer simulation circuit of Figure P8.56. 
Analysis: 

( ) �−= dtztx 200  or 
dt
dxz

200
1−= . Also, yz 20−= . 

Therefore, 
dt
dxy

4000
1= . Also, ( ) ( )( )� += dttxtfy 4  or ( ) ( )txtf

dt
dy += 4 . 

Therefore ( ) ( )txtf
dt

xd += 4
4000

1
2

2
 or ( ) ( ) 01600040002

2
=−− tftx

dt
xd

. 

______________________________________________________________________________________ 
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Problem 8.57 

Solution: 
Find: 
Construct the analog computer simulation corresponding to the following differential equation: 

( )tfx
dt
dx

dt
xd 5101002

2
−=++ . 

Analysis: 
dx
dt-

dt2

2

    

-10

-5 f(t)
x(t)

-100

-100 dx
dt

d  x

 
______________________________________________________________________________________ 
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Section 8.6:  Physical Limitations of Operational Amplifiers 

Problem 8.58 

Solution: 
Known quantities: 
For the circuit shown in Figure 8.8: kΩ2.2== FS RR . 

Find: 
Find the error introduced in the output voltage if the op-amp has an input offset voltage of 2 mV. 
Assume zero bias currents and that the offset voltage appears as in Figure 8.48. 
Analysis: 
By superposition, the error is given by 

mV41 =��
�

�
��
�

�
+=∆ Offset

S

F
O V

R
Rv  

______________________________________________________________________________________ 

Problem 8.59 

Solution: 
Known quantities: 
For the circuit shown in Figure 8.8: kΩ2.2== FS RR . 

Find: 
Repeat Problem 8.58 assuming that in addition to the input offset voltage, the op-amp has an input bias 
current of 1 µA. Assume that the bias currents appear as in Figure 8.49. 
Analysis: 
By superposition, the effect of the bias currents on the output is  

�
�
�

�
�
�
�

�
��
�

�
��
�

�
+−=∆�=−

−∆

=−=

+−−
−−

−++

B
SF

BFIBOB
SF

IBO

B

I
RR

RIRvI
R
v

R
vv

vRIv

11
,

,  

If SF RRR ||=  then ( ) mV2.21012200 6
, −=⋅⋅−=−=−=∆ −

+− OSFBBFIBO IRIIRv  
The effect of the bias voltage is 

mV41, =��
�

�
��
�

�
+=∆ Offset

S

F
VBO V

R
Rv  

So, the total error on the output voltage is 
mV8.1,, =∆+∆=∆ IBOVBOO vvv  

______________________________________________________________________________________ 

Problem 8.60 

Solution: 
Known quantities: 
The circuit shown in Figure P8.60. 
The input bias currents are equal and the input bias voltage is zero. 
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Find: 
The value of Rx that eliminates the effect of the bias currents in the output voltage. 
Analysis: 
We can write 

�
�
�

�
�
�
�

�
��
�

�
��
�

�
+−=∆�=−

−∆

==−=

+−−
−−

−+−++

B
F

xBFIBOB
F

IBO

BBBx

I
RR

RIRvI
R
v

R
vv

IIvIRv

1
,

1

, 11

,

 

By selecting 1|| RRR Fx = , a zero output voltage error is obtained. 
______________________________________________________________________________________ 

Problem 8.61 

Solution: 
Known quantities: 
For the circuit shown in Figure P8.60: V)sin(5.1kΩ1kΩ3.3 1 tvRR SF ω===  

Find: 
The highest-frequency input that can be used without exceeding the slew rate limit of 1V/µs. 
Analysis: 
The maximum slope of a sinusoidal signal at the output of the amplifier is  

rad/s1003.310
3.3

1
s
V10 56

max
6

1
0 ⋅==�==⋅= ωωω

R
RAS F  

______________________________________________________________________________________ 

Problem 8.62 

Solution: 
Known quantities: 
The Bode plot shown in Figure 8.45: rad/s1010 0

6
0 πω ==A  

Find: 
The approximate bandwidth of a circuit that uses the op-amp with a closed loop gain of A1 =75 and  
A2 =350. 
Analysis: 
The product of gain and bandwidth in any given op-amp is constant, so 

rad/s10971.8
350

10

rad/s10186.4
75

10

4
7

2

00
2

5
7

1

00
1

⋅===

⋅===

πωω

πωω

A
A
A

A

 

______________________________________________________________________________________ 
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Problem 8.63 

Solution: 
Known quantities: 
For the practical charge amplifier circuit shown in Figure P8.63, the user is provided with a choice of three 
time constants - FLlong CR=τ , FMmedium CR=τ , FSshort CR=τ , which can be selected by means of 

a switch.  Assume that MΩ10=LR , ΩM1=MR , ΩM1.0=SR , and µF1.0=FC . 

Find: 
Analyze the frequency response of the practical charge amplifier for each case, and determine the lowest 
input frequency that can be amplified without excessive distortion for each case.  Can this circuit amplify a 
DC signal? 
Analysis: 

Applying KCL at the inverting terminal: 

0
1

Vout =
+

+

Cj
R

i

ω

 

or,      
RCj

Cj
i ω

ω
+

−=
1

Vout  

This response is clearly that of a high-pass filter, therefore the charge amplifier will never be able to 

amplify a DC signal. 

The low end of the (magnitude) frequency response is plotted below for the three time constants.  The figure 

illustrates how as the time constant decreases the cut-off frequency moves to the right (solid line: R = 10 
MΩ; dashed line: R =1 MΩ; dotted line: R = 0.1 MΩ). 

-160

-150

-140

-130

-120

-110

-100

10-1 100 101 102

response of practical charge amplifier

frequency, rad/s

dB

 
From the frequency response plot one can approximate the minimum useful frequency for distortionless 

response to be (nominally) 1 Hz for the 10 MΩ case, 10 Hz for the 1 MΩ case, and 100 Hz for the 

0.1 MΩ case. 
______________________________________________________________________________________ 
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Problem 8.64 

Solution: 
Find: 
Consider a differential amplifier. We would desire the common-mode output to be less than 1% of the 
differential-mode output. Find the minimum dB common-mode rejection ratio (CMRR) that fulfills this 
requirement if the differential mode gain Adm = 1,000.  Let 

( ) ( )V120sin1.0000,2sin1 ππ += tv  

( ) ( )V120sin1.0180000,2sin2 ππ ++= otv  

( ) �
�

�
�
�

� ++−=
2

21
210

vvAvvAv cmdm  

Analysis: 
We first determine which is the common mode and which is the differential mode signal: 

( )tvv π000,2sin221 =−  

( )tvv π120sin1.0
2

21 =+
 

Therefore, ( ) ( )tAtAv cmdmout ππ 120sin22000sin2 +=  

Since we desire the common mode output to be less than 1% of the differential mode output, we require: 
( ) ( )201.01.0 ≤cmA  or 2.0≤cmA . 

cm

dif

A
A

CMRR =   So  dB745000
2.0

1000
min ===CMRR . 

______________________________________________________________________________________ 

Problem 8.65 

Solution: 
Known quantities: 
As indicated in Figure P8.65, the rise time, tr, of the output waveform is defined as the time it takes for the 
waveform to increase from 10% to 90% of its final value, i.e., 

( ) ττ 2.29.0ln1.0ln =−−=−≡ abr ttt , where τ is the circuit time constant. 

Find: 
Estimate the slew rate for the op-amp. 
Analysis: 

( )
( ) µs

V73.2
µs
V

4.4
8.015

101.105.14
1.09.0

6
max

≈×=
×−

−
= −

mout V
dt

dv . Therefore, the slew rate is approximately 

µs
V73.2 . 

______________________________________________________________________________________ 

Problem 8.66 

Solution: 
Find: 
Consider an inverting amplifier with open-loop gain 105.  With reference to Equation 8.18, 
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a) If Ωk10=SR  and ΩM1=FR , find the voltage gain )(CLVA . 

b) Repeat part a if Ωk10=SR  and ΩM10=FR . 

c) Repeat part a if Ωk10=SR  and ΩM100=FR . 

d) Using the resistors values of part c, find )(CLVA  if ∞→)(OLVA . 

Analysis: 

OLS

SFS

F
CL

AR
RRR

RA
++

−=
1

1
 

a) ACL = - 99.899 
b) ACL = - 990 
c) ACL = -9091 

d) As ∞→OLA , 000,10−=CLA . 
______________________________________________________________________________________ 
 

Problem 8.67 

Solution: 
Known quantities: 
Figure P8.67. 
Find: 
a) If the op-amp shown in Figure P8.67 has an open-loop gain of 45 X 105, find the closed-loop gain for 

kΩ5.7== FS RR . 

b) Repeat part a if Ωk5.375 == SF RR . 

Analysis: 
a)   

RS

Rf

v -

+
+
-

A    (v  -v  )OL
-+

+

-

vout

vin

+
-

v

 
+= vvin  and ( ) ��

�

�
��
�

�
−−=�−= −−

in
OL

inOL v
A
vvvvAv 0

0 . 

Writing KCL at v-: 00 0 =−+− −−

FS R
vv

R
v

. 

Substituting, 

 ��
�

�
��
�

�
+−=��

�

�
��
�

�
−−−�=

+−

+
+−

FS
in

FFOLSOLFF

in
OL

S

in
OL

RR
v

RRARA
v

R
v

R

v
A

v

R

v
A

v
11111

0
0

00
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��
�

�
��
�

�
+=

−−−

��
�

�
��
�

�
+−

=
21

0 11
111

11

KK
RRA

RRARA

RR
v
v

FSOL

FFOLSOL

FS

in
 

where: 
FOLSFSF

FOLSSSF

RARRRRK

RARRRRK

++=

++=
2

2

2
1    �   

�
�
�
�

�

�

�
�
�
�

�

�

+++
�
�
�
�

�

�

�
�
�
�

�

�

++=
1

1

1

10

SOL

FS

SOL

FSS

F

in
RA
RR

RA
RRR

R
v
v

 

For the conditions of part a we obtain: 

999.1
11045

2
1

11045
2

1
55

=
+×

+
+×

=CLA  

b)    999.5
11045

6
1

11045
6

15
55

=
+×

+
+×

=CLA . 

______________________________________________________________________________________ 

Problem 8.68 

Solution: 
Find: 
Given the unity-gain bandwidth for an ideal op-amp equal to 5.0 MHz, find the voltage gain at frequency 
of 
f = 500 kHz. 
Analysis: 

000,10
5002
1010

10105.0MHz21
6

1
1

6
1100

=
×
×==

×=××=�

==

π
π

ω

ωω

KA

ππK

AKA

 

______________________________________________________________________________________ 

Problem 8.69 

Solution: 
Find: 
Determine the relationship between a finite and frequency-dependent open-loop gain ( )( )ωOLVA  and the 

closed-loop gain ( )( )ωCLVA  of an inverting amplifier as a function of frequency.  Plot ( )CLVA  versus ω. 

Analysis: 
As shown in Equation 8.84, if we consider a real op-amp: 
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( )( )
( )( )

1

0

0

1

1

ω
ω

ω
ω

ω
ω

j
A

j
A

A
A

CCLV

OLV

+

+
= , where AC = - RF / RS, and A0 is the low-frequency open-loop gain. 

If we choose A0 = 106, and ω0 = 10 π, and since 100 ωω CAA = : 

 

S
F

R
R

πω 10106

1
⋅= . 

Therefore: 

20Log10  AVCL 

20Log10  AC 

ω1 Log10  ω 
 

______________________________________________________________________________________ 

Problem 8.70 

Solution: 
Find: 
A sinusoidal sound (pressure) wave impinges upon a condenser microphone of sensitivity S (mV / Pa).  
The voltage output of the microphone vS is amplified by two cascaded inverting amplifiers to produce an 
amplified signal v0.  Determine the peak amplitude of the sound wave (in dB) if v0 = 5 VRMS.  Estimate 
the maximum peak magnitude of the sound wave in order that v0 not contain any saturation effects of the 
op-amps. 
Analysis: 

( ) ( ) ( ) ( )

( ) ( ) ( )

dB5000log20

mV5000

V5

Vsin
1000

V
1000

mV;Pasin

21
100

021

RMS0

0
2121

0

0

SAA
P

PSAA

v

tPSAAtvAAtv

tpStvtPtp

S

S

⋅
=�

�=⋅⋅�

�
�

�

�
�

�

�

=

⋅==

⋅==

ω

ω

 

Pa000,12V12
1000 210

021 SAAPPSAA ⋅⋅≤�≤⋅⋅
. 

______________________________________________________________________________________ 



G. Rizzoni, Principles and Applications of Electrical Engineering Problem solutions, Chapter 8 

 

8.46 

Problem 8.71 

Solution: 
Known quantities: 
If, in the circuit shown in Figure P8.71 

( ) ( )

s
krad4;10;13

Vcos007.05.3;Vcos01.08.2

21

21

==−=

−=+=

ω

ωω

vv

SS

AA

tvtv
 

Find: 
a) The common and difference mode input signals. 
b) The common and differential mode gains. 
c) The common and difference mode components of the output voltage. 
d) The total output voltage. 
e) The common mode rejection ratio. 
Analysis: 
a)  

t =      
 t  t   =  v -v  =  v

t  =  

)  t  t  =]   v + v [  =  v

SSD-S

SSC-S

ω
ωω

ω

ωω

cosmV 17 + V 0.7 -  
]cosmV 7 - V 3.5 [ - ]cosmV 10 + V 2.8 [

cosmV 1.5 + V 3.15 

]cosmV 7 - V 3.5 [ + ] cosmV 10 + V 2.8 [ ( 
2
1  

2
1

21

21

=

=

 

Note that the expression for the differential input voltage (and the differential gain below) depends on 
which of the two sources (in this case, vS1) is connected to the non-inverting input. 

b)    11.5 -  =
2
1  3 - 2121 ]   A - A [   =  A        =A + A  =  A vvvdvvvc  

c) 
t  t  =  A v  =  v

t  t   =  A v  =  v
vdD-SD-O

vcC-SC-O

ωω
ωω
cosmV 195.5 - V 8.050  =  ] 11.5 - [ ]cosmV 17 + V 0.7 - [ 

cosmV 4.5 - V 9.450 -  =  ] 3 - [ ]cosmV 1.5 + V 3.15 [
 

d) t   =  v + v  =  v D-OC-OO ωcosmV 200.0 - V 1.4 -  

e) dB 11.67 -  =  ] 
11.5

3 [Log dB 20 Log dB 20 1010  =]   
|A|
|A| [  =  CMRR

vd

vc . 

______________________________________________________________________________________ 

Problem 8.72 

Solution: 
Known quantities: 
If, in the circuit shown in Figure P8.71: 

s
krad  4 dB 20dB 10 

cos01.0-  3.5Vcos0.01 + 3.5 21

 =    =  A    =  A

t    =  vt  =  v

vdvc

SS

ω

ωω
 

Find: 
a) The common and differential mode input voltages. 
b) The voltage gains for vS1 and vS2. 
c) The common mode component and differential mode components of the output voltage. 
d) The common mode rejection ratio [CMRR] in dB. 
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Analysis: 
a)  

t =  t  t   =  v -v  =  v

 =)  t  t  =]   v + v [  =  v

SSD-S

SSC-S

ωωω

ωω

cosmV 20  ]cosmV 10 - V 3.5 [ - ]cosmV 10 + V 3.5 [

V 3.5 ]cosmV 10 - V 3.5 [ + ] cosmV 10 + V 3.5 [ ( 
2
1  

2
1

21

21

Note the expression for the difference mode voltage depends on which signal [in this case, vS1] is 
connected to the non-inverting input.  This is also true for the expression for the differential gain 
below. 

b)  

8.419 -  =  10 - ] 3.162 [ 
2
111

11.581  =  10 + ] 3.162 [ 
2
1  1
10  =  103.162  =  01

221

121

dB 20
dB 20

dB 20
dB 10

  =  A - A 2
  =  A  ]        A - A [ 

2
  =  A

=  A + A 2
  = A          A + A  =  A

  =  A               =  A

vdvcvvvvd

vdvcvvvvc

vdvc

�

�  

c) 
tt  =  A v  =  v

Avv
vdD-SD-O ωω cos mV 200  =  ] 10 [ ] cos mV 20 [

V 11.07  =  ] 3.162 [ ] V 3.5 [  =     =  vcC-SC-O  

d) dB 10 -  =  ] 
10

3.162 [Log dB 20 Log dB 20 1010  =]   |
A
A| [ =  CMRR

vd

vc . 

______________________________________________________________________________________ 

Problem 8.73 

Solution: 
Known quantities: 
If, in the circuit shown in Figure P8.73, the two voltage sources are temperature sensors with T = 
Temperature [Kelvin] and: 

Ω 600 kΩ 3kΩ 5
K
V µ 120

21

  =  R      =  R  =  R  =  R  =  R  =  k   :Where

T k  =  v     T k  =  v

L2431

2S1S

 

Find: 
a) The voltage gains for the two input voltages. 
b) The common mode and differential mode input voltage. 
c) The common mode and difference mode gains. 
d) The common mode component and the differential mode component of the output voltage. 
e) The common mode rejection ratio [CMRR] in dB. 
Analysis: 
a)  
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Assume the op amp is ideal.: 
v  =  v              v

  =  v + v - v -   :KVL

PND

PDN

�≈ 0
0

 

R R
R R  

R
 + 

R

R
v + 

R
v

  =  v        i  =  
R

v - v + 
R

v - v + i   KCL
31

31

31

3

O

1

S

NN
3

ON

1

SN
N 11

:00:

1

1
�≈  

R R
R R  

R
 + 

R

R
v + 

R
v

  =  v         i          =  
R

v - v + 
R

v - v + i   :KCL
42

42

42

4

O

2

S

PP
4

OP

2

SP
P 11

:00

2

2
�≈  

Equating: 
R + R

R v + R v  =  
R + R

R v + R v
24

2O4S

13

1O3S 21  

] 
] R + R [ R -]  R + R [ R

] R + R [ R - [ v + 
] R + R [ R -]  R + R [ R

]  R + R [ R v  =      

] R + R []  R + R [
] R + R []  R + R [  

R + R
R - 

R + R
R

] 
R + R

R - [ v + 
R + R

R v
  =  v

132241

243
S

132241

134
S

1324

1324

24

2

13

1

13

3
S

24

4
S

O

12

12

 

4 - =  
]  10 [ ]  3 [ - ]  8 [ ]  5 [

] 8 [ ]  5 [ -

5  =  
] 10 [ ] 3 [ - ] 8 [ ]  5 [

] 10 [ ]  5 [

1

2

  =  
] R + R [ R -]  R + R [ R

] R + R [ R -  =  A

  =  
] R + R [ R -]  R + R [ R

] R + R [ R  =  A

132241

243
v

132241

134
v

 

b)  

mV 3 +  =  mV 37.2 - mV 40.20  

mV 38.70  =  ] mV 40.20 + mV 37.20 [ 
2
1 1

mV 40.20  =  ]K  335 [ ] 
K
Vµ 120 [

mV 37.20  =  ]K  310 [ ] 
K
Vµ 120 [ 

12

21

2

1

=  v - v  =  v

 =]   v + v [ 
2

  =  v

  =  T k  =  v

 =  T k  =  v

SSD-S

SSC-S

2S

1S

 

Note that the expression for the differential mode voltage (and the differential mode gain below) 
depends on Source #2 being connected to the non-inverting input. 

c)  

��

�
�

�
�

4.5  =  ] 4) (- - 5 [ 
2
11

1  =  4] [- + 5  =

1

11

12

12

1212

121122

  =]   A - A [ 
2

  =  A

  A +A  =  A
 

A v + A v  =]  A - A [ 
2

 v +] A + A [ v  =      

A]  v 2
 - v [ + A]  v 2

 + v [  =  A v + A v  =  v

vvvd

vvvc

vdD-Sc-vC-SvvD-SvvC-S

vD-SC-SvD-SC-SSSvSO
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d)    
mV 13.5  =  ] 4.5 [ ] mV 3 [ 

mV 38.70  =  ] 1 [ ] mV 38.70 [
 =  A v  =  v

 = A v  =  v
vdD-SD-O

vcC-SC-O  

e) An ideal difference amplifier would eliminate all common mode output.  This did not happen here.  A 
figure of merit for a differential amplifier is the Common Mode Rejection Ratio [CMRR]: 

dB 13.06 -  =  ] 
4.5
1 [Log dB 20  Log dB 20 1010 =]   

A
A [  =  CMRR

vd

vc . 

______________________________________________________________________________________ 

Problem 8.74 

Solution: 
Known quantities: 
If, for the differential amplifier shown in Figure P8.73: 

V18mV33
mV9mV13

00

00021

  = v  = v
vv  =  v  =  v      =  v

DC

DCSS +
 

Find: 
a) The common mode gain. 
b) The differential mode gain. 
c) The common mode rejection ratio in dB. 
Analysis: 
a) 

3  =  
mV 11
mV 33

mV 11  =  ] mV 9 + mV 13 [ 
2
1 1

21

  =  
v
v  =  A  

 =]   v + v [ 
2

  =  v

SC

OC
VC

SSSC

�

 

 

b)    
4500 -  =  

mV 4 -
V 18 

mV 4 -  =  mV 13 - mV 9 12

 =  
v
v  =  A  

 =  v - v  =  v

SD

OD
VD

SSSD

�

 

c)    dB 63.52 -Log dB 20 10   =]   
| A |
| A | [  =  CMRR

VD

VC . 

______________________________________________________________________________________ 
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