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

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 example'), 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 example®. 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,

! Rizzoni, G., A Practical Introduction to Electronic Instrumentation, 3" Ed. Kendall-Hunt, 1998
2 Doebelin E. 0., 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.

L earning 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.

Section 8.1: Ideal Amplifiers
Problem 8.1

Solution:

Known quantities:
For the circuit shown in Figure PS8.1:

G=2Lo R = 06kQ R, = 0.6kQ
Ps

R[l = 3kQ R[2 = 3kQ Rol = 2kQ R02= 2kQ
A = 100 Gua = 350mQ" Vo =V, Vi =V,

Find:
The power gain G = P,/Ps, in dB.

Analysis:

Starting from the last stage and going backward, we get
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2

Vo= GM2V12M:161-5 V, = F =V, =V—0=43.49 |5
02 RL RL
R.
Via =Av01V11ﬁ=60 V, = F,=1.566 1o0° V“2
i2 01
R.
v, :Vsﬁ:O.SB V, = P,=1.087500° 1/
il S
1 - -
I :Vsm:2~778 007~ Vy = Py = VI, =2.778 0077
P . 5
. 12(;2;;5@[](])94 =3.91500° =20dB Log,,[3.91500° ]=171.85dB
S .
Problem 8.2
Solution:

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

b =Vgcosa R, =400Q  p, =500mV = 628k™d
S

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 ¢m in length are on. This requires that

a voltage be supplied to the display input terminals where:
R, = 12kQ v, = V,cosax V,=6V.

The signal from the sensor must therefore be amplified. Therefore, a voltage amplifier is connected

between the sensor and CRT with: R; = 2kQ R, = 3kQ.
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:

) 6V
A=t = =
V. 500mV
An expression for the overall voltage gain can also be obtained using two voltage divider relationships:
Vo= AvwVio L = A [ Vso R ] Ry
RoTRL RiTRs RoTRL
g =Yoo - ALRFTRI[RFR] _ [12][04+2][3 #12] _ ¢
Ve RiR. [2][12 ]

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.
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Problem 8.3

Solution:

Known quantities:
For the circuit shown in Figure P8.3:

2
_ P VIl

Problem solutions, Chapter 8

G P = R, = 0.7kQ R, = 16Q
Pi Ril
Ri=11kQ R, =19kQ R =29kQ R,= 220
Avol = 65 GmZ = 130mS
Find:
The power gain G = P,/P;, in dB.
Analysis
OL: v = Gy R2RL 120413,
02T RL
Rix vo _ [65][19]
VD : =[ 4. ——J[1.204] =>= —=—"—[1.204]= 6791
Vo [ 1VI1 L+ izj[ ] v 29+19 [ ]
2
Vo
G = R—L2= [Ye 2 R _ [67.91]2@=317.1Eﬂ03=20dBLog10[317.1Euo3]=110.0:de
v Vi1 L 16
Ri
Problem 8.4
Solution:

Known quantities:
For the circuit shown in Figure P8.4:

R, = 03kQ R, =2kQ Ry = Ri2

=77kQ R, = R, = 1.3kQ

Aot = Avor=17 Y2=1499
v
Find:
a) The power gain in, dB.
b) The overall voltage gain Vo/Vs.
Analysis:
a)
2
Vo
G=Lo_ R _voppRi_ 14992 7 _ 6509 = 20 Log, [86509] = 98.74dB
Pr v v L 2
Ri
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b) The input voltage of the first stage can be determined in terms of the source voltage using voltage

division:
Ri
VS R+ R 7.7
go=Yo=Yorvn_vo RaTRs _y499 "1 _—1443=20Log,[144.3]=43.18dB
Vs v vs v Vs 0.3 +7.7

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

0
<

ir=0 in=0 VD

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:
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Section 8.2: The Operational Amplifier
Problem 8.7

Solution:

Known quantities:

The circuit shown in Figure P8.7.

Find:

The resistor Ry that will accomplish the nominal gain requirement, and state what the maximum and
minimum values of R 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:
v R.+R R R R
A==t o= gy oy =16="L+1 = R =—'_=1kQ
v, R R R - 16-1

12/) s s s

1
To find the maximum and minimum R  we note that RS 0 A_ , 5o to find the maximum R  we consider

14

the minimum A,: R .. = _ Lok 1.02kQ.
‘ 16(1-0.02)-1
_ 15kQ
S 16(1+0.02) -1
Since a standard 5% tolerance 1-KQ resistor has resistance 950 < R < 1050, a standard resistor will not
suffice in this application.

=980Q2.

Conversely, to find the minimum R we consider the maximum 4,: R

Problem 8.8

Solution:

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

Ry =33kQ ; Ry =12kQ.

Find:
a. The nominal gain of the amplifier.

b. The maximum value of |Av| .
c. The minimum value of |Av| .

Analysis:
a. The gain of the inverting amplifier is: 4, = ———=——-=-27.5.

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
RgS.

_ Ry _ 33+0.1(33)

- _1.2—0.1(1.2):33'6'

|AV |max R

S min
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_ Rywin _ 33-0.1(33)

c. Tofind |4,| . we consider the opposite case: |4,| . = = =225.
Re... 1.2+0.1(1.2)
Problem 8.9
Solution:
Known quantities:
For the circuit shown in Figure P8.9, let
v (t)=10+107sin(ar)V , R, =10kQ , V,, =20V.
Find:
a. The value of Rg such that no DC voltage appears at the output.
b. The corresponding value of V(7 ?).
Analysis:
a. The circuit may be modeled as shown:
Applying the principle of superposition:
For the 20-V source:
-10kQ
Voloo = (20)
S
For the 10-V source:
10kQ
Volio = { + 1](10)
RS
10,000 10,000
The total DC outputis: V| pe = V|20 + V|10 == R (20) +( T 1](10) =0
S S

10,000

S

Solving for Rg (10-20) =-10 = Ry =10kQ.

b. Since we have already determined R 5 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,

R
v, (£)=0.001sin(ar) EER—f + 1) =0.001sin(cx) {1 +1)= 2007 sin(ar) V .
S

Problem 8.10

Solution:

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

R=2MQ 4, =200,000 R,=50Q
R,=1kQ R =1kQ R,=100kQ R,,,, =10kQ
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Find:

v,
The gain 4, =%
\%

Analysis:
The op-amp has a very large input resistance, a very large "open loop gain" [A y(or)], 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

3
AV :1+&:1+M:10]
R, 100
Problem 8.11

Solution:

Known quantities:

Vo (t) = —(2sinwt+4sinw,t +8sinwyt +16sinw,t) V, R, =5kQ.

Find:

Design an inverting summing amplifier to obtain v_, (t ) and determine the require source resistors.

Analysis
The inverting summing amplifier is shown in the following figure.

. . R, . . .
By superposition and by selecting Rg; = ?, Vg, =sinwt, i =1...4, the output voltage is

4R 4 4
—_ F —_ i - [
Vou = Z—R Vg = 22 Vg = 22 sin Wt
=1 L\ i=1 i=1

that coincides with the desired output voltage.
So, the required source resistors are

R, = Re — 5 5xq, Ry, = Re —125k0, R, = Re ~ 6250, Ry, = R 31250
2 4 8 16
Problem 8.12

Solution:

Known quantities:
For the circuit shown in Figure P8.12:
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r=2MQ u=200,000 7, =25Q

R, =22kQ R =1kQ R, =8.7kQ R, =20Q

Find:

a. An expression for the input resistance vy/i; 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
i
R I,
r
R, i °

in

»/W‘_"'l,+

- i
“u‘ Fr.
I :

where
v, ==v,*R i,
v, =1 —iz),
v, tv,
Ry

lp .

v,
— )
Vo =MV, TR ).
R,
Substituting the expression for v, in all the other equations, we obtain

v, =(R +n)i, —rip,
_ LY

1
F
R +r,

2

Ty _ . .
Vo I+ ) = —pri; +(Ur, +1,)ip .
R,
By solving the second equation above for v, and substituting in the third equation

v, = (R +1)i, —rig,

¥
1+°+u]r;
= ( RL

Ip
(1+1:°J(RF )+ Ut

L

i

1

and finally,
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1+r—0+'u }/}2
v, R,
— =R +r) -
i (1+“](RF+r,»)+ur,»+ro
RL

b. The value of the input resistance is

(l+1:°+u]rf (1+25+2EI]05]4D]012
YR+ - L =2.00100° - —- 20 -
i (1 +F"J(RF +r) U+, (1 +20j2.0087 d0° +4000'" +25
RL 1 1
=1.0001kQ
c. Inthe ideal case:
Y =R =1kQ
li
Problem 8.13
Solution:

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

vi(t)=0.02+107 cos(ar)V , R, =220kQ , R =47kQ , R,=1.8kQ.

Find:

a) expression for the output voltage.

b) The corresponding value of V,(?).
Analysis

a) the circuit is a noninverting amplifier, then

Vy = (1 +%]v§
2

b) v, = 1+@ Vg =2.464+0.1232 cos(awr) V
0 18 N

Problem 8.14

Solution:

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

ve(t)=0.05+30007 cos(cr)V , Ry =50Q , R, =200Q.

Find:
The output voltage Vv,
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Analysis:
It is a particular case of a noninverting amplifier where vy=vs.

Problem 8.15

Solution:

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

ve,(1)=2.9007 cos(ewr)V , R =1kQ , R, =3.3kQ
ve,(1)=3.1007 cos(er)V , R, =10kQ , R, =18kQ

Find:

The output voltage v, and a numerical value.

Analysis

By using superposition,

vy = —&vs1 PR R L Vg, = (1 +&j 83 imo cos(ar) —2.9007 cos(ar) =
R " R+R R 1)18+33

=-1.8300 cos(at) V

Problem 8.16

Solution:

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

v, =5mV , R =1kQ , R,=15kQ
v, =7mV , R, =72kQ , R, =47kQ
Find:

The output voltage v, analytically and numerically.

Analysis.
From the solution of Problem 8.15,

v, = —&vm P (1+&va2 =(1+72) Y7107 -3.6000" =27.37mV
R

R, R, +R, 1 15+47
Problem 8.17
Solution:

Known quantities:
If, in the circuit shown in Figure P8.17:

VS1— Vs2 T 7TmV Rl = 850Q R2 = 1.5kQ RF = 2.2kQ
Op Amp: Motorola MC1741C
jo= 2MQ = 200,000 f, = 250
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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" [L/], and a very small
output resistance. Therefore, it can be modeled with small error as an ideal op amp with:

KVL: yp+yy =0

w=0 = yy=0 AT
Soanl aw | e
§§‘ atfv‘" ia
§ i ;»%\\
W § Y
. £ ¢y 1
KCL . 1 B , R i
[ ® 35g, RF 4
. LVN-VS2 , VN-Vsl , VWW-VOo _ Ar ot e
1N+ + + =0 \%‘gg g%@;?‘ é&‘%%?‘
R> R; RF % AT RS
§ H
= 7 = S ke
VN ~ 0 IN ~ 0 = -

R R 2.2 2.2
=y = gty = [-——][7TmV]+[-==][7mV]
R R> 0.85 1.5

= [-2.588][7mV ]+[-1.467][7TmV] = -28.38 mV

b) Using the results above: Ay; = -2.588 Ay, =-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:

v, =kI, , R =11kQ , R, =27kQ

ve, =kT, , R, =33kQ , R, =68kQ
1,=35°C , 7,=100°C , k=50mV/°C
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,
Vy = —&kﬂ T P} kT, :(1+£J—68 5-33175=
R R +R R 11)68+27 11
=9.065V

b) For R;=R, R;=R,= k R;, the output voltage is
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+
Vo :—&k]; +L(]+&]k7~2 :—lk];+ R3 (Rl R3Jsz :TZ_TI

R, R, +R, R, k R +R, R,
Problem 8.19
Solution:

Find:

In a differential amplifier, if: ~ 4,; = - 20 Ayy = T22, 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:

) — 0. _ _ _ Vo-c

If :vsp = 0: vo = vo.ctvop = voc =  Avc=—

e

If‘ . = 0‘ = —‘,— = : = _VO_D
‘vs-.c * Vo = vo-c TVvo-p = Vo-p Av-p

VS-D

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:

1 1
vo = vsi An T vsa A Vs1 = Vs.c- S Vs-D vs2= vs.c T S Vs-D

Let : Vs.D — 0
voc = vs.c Antvsc A = vsel Ant Al = vs.c Ave
= Avc = AntT A =[-20]+[+22] =2

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

Let N vs.c — 0

1 1 1
vo-p = ['EVS-D] Ant/[ EVS-D] A = VS-DE['AV1+Av2] = vs.p Av-D

Avp = %[sz-fm] - %(sz]-[-zon _ 421

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:

vy, =13V |, R =R, =4.7kQ
v, =19V, R, =R, =10kQ

Find:
a) The output voltage.
b) The common-mode component of the output voltage.
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¢) The differential-mode component of the output voltage.

Analysis
a) From the solution of Problem 8.15,
R, R, ( R ] . :(1+10000j 10000, ,_10000

1.3=1.28V

R R+R| R

1 2 4 1
b) The common-mode component is zero.
c) The differential-mode component is vy.

v, =——= 1+ .
0 4700 ) 4700 +10000 4700

Problem 8.21

Solution:

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

vg,=A+BR, , A=03 , B=0.7V/psi
R =R,=47kQ , R, =R,=10kQ , R, =1.8kQ
F=6kPa , P =5kPa

Find:

a) The common-mode input voltage.
b) The differential-mode input voltage.

Analysis
a) The common-mode input voltage is

v, g, P+P, ,1100°

:A+BIT:0.3+O.7 (1.4504 00 =0.858V

v

in+

b) The differential-mode input voltage is

Vv, =Vs, =Vs, = B(P,—B)=-0.70.450410" 00’ = -0.1015V
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 ) position of an X-y plotter. A reference signal Vg 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:

10kQ
V0|10 - (T + 1}(10)

v =10/ vp-vy /= [10 Jvp+[-10 ] vy
= Aw = 10 Avy =-10

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:

= w=0 ip =iy =0

Consider the first or isolation or voltage follower stage:

Ideal : = ip = 0 KVL: 'VY+VD+V01 =0 vp = 0 = Vol — Vy
KVL -VN-VD+VP:0 VD:O = VN — Vp

Yo L vm
KCL: YNTVOLLVN"VM |, =0 = o, =2 R RiR
Ri R; LJFL RiR>
R R:
VR
KCL : MWLM-HP:O ip=0 = yp= R; R3 R4
Rs Ry LJFL R3 R4
R:; R4
The second stage:
= — VOIRZ + v R _ VR R4
vor = vy VN T vp
R>tR: R:tR: Rs*R;3
_|._
M T VY['&]+VR—R4[R2 Ri] = vy Ay TR Awr
Ri Ri[ RsT R3]
4, = -R2 =10 Choose: R, =100kQ R, = 10kQ
R
+
Avw = Rl R:*RiJ _ 10 Choose: R; = 10kQ R, = 100kQ
Ri[ Ryt R3]

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:

vg =13mV , R =1kQ , R, =13kQ
Ve, =19mV |, R, =81kQ , R, =56kQ
Find:

The output voltage V,,.

Analysis:
From the solution of Problem 8.15,

v —L(H&]m—&vﬂ:msl) ° _9mo= -810300% =0211V

""R,+R | R R, 56+13
Problem 8.24
Solution:

Known quantities:

The circuit shown in Figure P8.24.

Find:

Show that the current /,,,, through the light-emitting diode is proportional to the source voltage Vs as long
as:

Vs> 0.
Analysis
Vo=v'=vV, | 20 4
Assume the op amp is ideal: SU o if Vy>0 I, =—=-=,
] = R2 RZ
Problem 8.25
Solution:

Known quantities:
The circuit shown in Figure P8.25.

Find:
Show that the voltage V,,; is proportional to the current generated by the CdS solar cell. Show that the
transimpedance of the circuit V,/I is —R.

Analysis.
Assuming an ideal op-amp : vidv =0=> V.=—RIg
1 1 : I/out
The transimpedance is givenby R == 7 =-R
s
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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 £ = 20

mV. The op-amp input current is [z = 0.2 YA, and the meter circuit has /,, = 100 PJA full-scale
deflection and

rm =10 kQ.
Find:
Determine suitable values for R3 and R.
Analysis
Ig
Fo———F V..
‘ 1”1
EE Ry
Vou =11, =(100pA )(10kQ) =1V
E E-V V R, +R R

From KCL at the inverting input, —+——2L =0 or —M ="4 3 144

R, R, E R, R,

R V 1

Then, —% =—ou — —1=49 Now, choose R; and Ry such that

R, E  20x10°

]B =WSOZLL

20%1073

At the limit,
49, +10x10’

):0.2x10‘6. Solving for Rz, we have R; =102kQ.
R

w

Therefore, R, =5MQ.

Problem 8.27

Solution:

Known quantities:

Circuit in Figure P8.27.

Find:

The output voltage Vv,

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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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

A - _RF2 (1+RFIJ
v
Ry, Ry,
From Table 2.2, if we select

Ry, =18kQ , Ry, =1kQ
R, =82kQ , R,,=180kQ

we obtain
+
AV:_RF2 1+ Re :_180(1.8 8.2)2_1000
R, R 1 1.8

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

A = _RFZ (1+RF1J
y
Ry, Ry,
From Table 2.2, if we select

R, =18kQ , R, =1kQ
R., =82kQ , R,, =180kQ

we obtain
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4, =—Renfy Bou | _180(1.8+8.2] = 1000
RSZn RSln 1 18

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

4, =K (1 o Re | R, (140.09) (| Ry, (140.09) ) _ _ o 0o
R, R, R;,,(1-0.05) Ry,,(1-0.05)
while the minimum gain is
4 =- Ry, 1+ Ry, - _ R;,,(1-0.05) 1+ R;,,(1-0.05) = -834
4 Ry, ) Ry, (1+0.05) R, (1+0.05)

52

Problem 8.30

Solution:

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

R,=20kQ , v,=0+10V

i, =1mA
Find:
The resistance R such that i, =ImA .
Analysis
V 10
i, =0 = R=—te = ___=10kQ
R i, 10
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

AV = (1 +£J
R2

From Table 2.2, if we select

R2 =33Q
RF = 6.8kQ
we obtain
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=148 )1+ 80 <207

2
The error in the gain is

= 207 =200 _ 350,
v 200
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

AV = (1 +£J
R2

From Table 2.2, if we select

R, =33Q

R,, = 6.8kQ

we obtain

A4, = 1+h :1+6800 =207
2n 33

The maximum gain is given by
|4 Ry, (140.05)) _ 68000005 _
R, (1-0.05) 33%0.95

while the minimum gain is

4 2[4 Re(1-005)) _, , 6800095 _ .,
v R,,(1+0.05) 33*1.05

4. = 228.75

|4

Problem 8.33

Solution:

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

R =R, , R,=R,

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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From Table 2.2, if we select

R =1kQ , R,=100kQ

we obtain
AV = & =100
Rl

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

Problem solutions, Chapter 8

Problem 8.34

Solution:

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

R =R, , R =R,

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
R 100(1+0.01
A, =2 Ay o :¥:102
R, 1(1-0.01)
R 100(1-0.01
4, = = = —( ) =98

R T (140,01
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Section 8.3: Active Filters
Problem 8.35

Solution:

Known quantities:
For the circuit shown in Figure P8.35: C =1pF R =10kQ R, =1kQ.

Find:

a) The gain [in dB] in the pass band.

b) The cutoff frequency.

c) Ifthisis a low or high pass filter.

Analysis:

a) Assume the op-amp is ideal. Determine the transfer function in the form:

. PV Y-
. voli 1 1 A AT
= Lol J _ _ de %
U=y T e T —i1 — |
: - - = S L 3 X % b N »
KVL: Vo -Vag =0 Vg 0 Va 0 g% y ¥ 4, Ng%::;gh@m .
Vi - Vs Vo - Vo _ e I T R 2N
KCL: gt b, + =2 = 0 i S N A
— :gg“’
j C
. Volj .
L0 v, 0 mii ] = Ll L - Re

Vsli 1
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 iy

db e
clipping occurs. In a normal high pass filter, the gain will increase fﬁ""f
with frequency until the cutoff frequency is reached above which the W gi‘;“ yd
gain remains constant. { o,

b) There is no cutoff frequency. W, o, ;’3{?&?;%}@
c) This filter is best called a high pass filter; however, since the output e

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: C =1pF R =1.8kQ R, =8.2kQ R, =333Q.
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Find:

a) Whether the circuit is a low- or high-pass filter.

b) The gain V;)/V in decibel in the passband.

¢) 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

... JwCR, }
V,(jw)=—"—=—V . (jw
(Jw) T+ jwCR s(Jw)
by limeeUD = 2010gR2 = 2010g32 =13.17 dB
w-2V(jw) s R, 1.8
0 @)= ! = _61 T = 5555 rad/s
CR, 1000° .80
Problem 8.37
Solution:

Known quantities:
For the circuit shown in Figure P8.36: C =200 pF R, =10kQ R, =220kQ R, =1kQ.

Find:

a) Whether the circuit is a low- or high-pass filter.

b) The gain V;/Vs in decibel in the passband.

¢) 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

ja CR,

V,(jw) = -2 v G
o(Jw) T+ jwCR s(Jw)
b TimPeY 9 = 0rogRe = 20108220 = 26.84 dB
w-a Vs (jo)|, R 10
0) ! ! =500°rad/s

w, = =
° CR, 200007 0000°

Problem 8.38

Solution:

Known quantities:
For the circuit shown in Figure P8.38: C =100 pF R, =4.7kQ R, =68kQ R, =220kQ.

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

8.23



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

R I+ R +R
V,(jw) = 1+1—2 V. (jw) = Jwé( : 2)V,-
+R 1+ jwCR,
jwC
The circuit is a high-pass filter. The cutoff frequencies are

W = Lo _121 - =2.12700°rad/s
CR, 1000007°[4.7000
_ 1 _ 1
w, = - -12 3
C(R +R,) 1000072[72.700
For high frequencies we have
VolUD| -1, B _y 08 5 46
V. (jw) R, 7
At low frequencies

(jw)

=1.37500°rad/s

A, = lim
-

Problem 8.39

Solution:

Known quantities:
For the circuit shown in Figure P8.39: C =20nF R, =1kQ R, =4.7kQ R, =80kQ.

Find:

a) An expression for H,(jw) = M .
V. (jw)

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

R . 1+ jac
Hu(jw)=V°(]w)=1+ ]aJC=R2+R3+]wCR2R3 _ 1+& R, +R,

V.(jw) R, R, + jwCR, R, R, 1+ jaCR,
b) The cutoff frequencies are
w = L - _91 T =625 rad/s
CR, 20003000
+ 3

W, = (R +R) 84.700 =11263 rad/s

*  CRR, 20007 3000°2.700°
¢) The passband gain is obtained by evaluating the frequency response at low frequencies,

. . R 80
4, =limlH,(jw)|=1+2=1+—=18
©-0 R, 4.7
d) The magnitude Bode plot for the given amplifier is as shown.
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Frequency (radissc)

Problem 8.40

Solution:

Known quantities:
For the circuit shown in Figure P8.40:

Find:

a) Whether the circuit is a low- or high-pass filter.

b) An expression in standard form for the voltage transfer function.

¢) 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

C=047 uF R =9.1kQ R,=22kQ R, =2.2kQ.

R 1
V(jw)=——2——V.(jw
o (JW) R 1+ jwCR, s(Jw)
V(jw R 1
b HGwy=UD M L
V. (jw) R, 1+ jw CR,
¢) The gain in decibel is obtained by evaluating |H L w)| at w=0, i.e.
1H,(j0),, =20 Logﬁ =20 Log2 =7.66dB.
R, 9.1
The cutoff frequency is
w, = L - ! =96.71rad/s

CR, 0.4700°2200°
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Problem 8.41

Solution:

Known quantities:
For the circuit shown in Figure P8.40: C =047 nF R =22kQ R, =68kQ R, =1kQ.

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

H ()= sl o K L
V,(jo) R 1+ jwCR,
b) The gain in decibel is obtained by evaluating |H L a))| at w=0, i.e.

IH,(j0),, =20 Log% =20 Log% =29.8dB.
1 .

The cutoff frequency is

w, = L - _19 + =31289 rad/s
CR, 04700 68010

Problem 8.42

Solution:

Known quantities:
For the circuit shown in Figure P8.42: C, =C, =0.1 u4F R =R, =10kQ.

Find:

a) The passband gain.

b) The resonant frequency.
¢) The cutoff frequencies.
d) The circuit Q.

e) The Bode plot.

Analysis
a) From Figure 8.26, we have
; Z, J&C\R, J&C\R, J&C\R,
ABP(](‘))=_7=_ . . == 2=_ . N2 2 .
Z, (1+JwC1R1)(1+JC‘)C2R2) (1+ij1R1) (Jw) (CR) +2jwCR, +1
The magnitude of the frequency response is ‘ Agp( ja))\ = a'CilRlz
1+@’(CR)
The passband gain is the maximum over w of the magnitude of the frequency response, i.e.
1 1
Ay (j—) ==
»U R 72
1
b) The resonant frequency is @, = —— =1000 rad/s

1~1
c) The cutoff frequencies are obtained by solving with respect to w the equation
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«CR 1
A (jw) = I = =0’ -2\20w+ P =0= —w (2%l
| BP(.] )| 1+a)2(C1R1)2 2 (2 n n a)1,2 n( )
w, = 2414 rad/s

w, =414 rad/s

d) In thi =1, which impli Q——1 =1
n this case (= , which 1mplies - -
P 202

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

Bcde Magnitude Diagram

Vo i i
(IR A IR A R I R R
IR R RN (I A R
SO F--mrTrAanE - I TITT T T TATAAE T T T TR

I W W W

20 - -l

Magnitude (dB)

Y Oy
p

oo
TTAMT T
o

1 anl
10°
Frequency [radfzsc)

Problem 8.43

Solution:

Known quantities:
For the circuit shown in Figure P8.43: C =047 nF R =220Q R, =68kQ R, =1kQ.
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
. V,(jw R 1
HGjaoy=~eU® - K L
V,(jw) R, 1+ jwCR,
b) The gain in decibel is obtained by evaluating |H L w)| at w=0, i.e.
. R 68000
|H,(j0),, =20Log—2 =20Log— — =49.8dB.
R, 220

The cutoff frequency is
1 1

= > T =31289 rad/s
CR, 047007 [6800

w, =
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Problem 8.44

Solution:

Known quantities:
For the circuit shown in Figure P8.44: C, =22 F C,=1nF R, =22kQ R, =100kQ.

Find:
Determine the passband gain.
Analysis
The voltage frequency response is
. 4 iaC\ R «C\R
ABP(J(A)):—J:— JE L=

. ; = A (JW)| =
Z, (1+jwCR )1+ jwC,R,) s | \/1+(4)2 (e¥: 3% \/1+w2 (C.R,)
The cutoff frequencies are

w = ! ! =206.6 rad/s

' CR2200°2.200°
1 1
a)z = = > 3
C,R, 100710000
The passband gain can be calculated approximately by evaluating the magnitude of the frequency response
at frequencies greater than w; and smaller than wy, i.e.

W <<w<<w, = 1+a)2(C1R1)2=a)2(C1R1)2 , 1+0)2(C2R2)2:1

‘ABP‘ D& :& 2% =45.45

W’ (C1R1 )2 R 2

=10000 rad/s

Problem 8.45

Solution:

Known quantities:
For the circuit shown in Figure P8.45,let C=C,=C, =220 lF R=R =R, =R, =2kQ.

Find:
Determine the frequency response.
Analysis
With reference to the Figure shown below, we have
Cf IC'I
-
I, R,
Ly R -VC2+ W

WA .
ST .

in R, g B + vV,
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1 1
| iw)=—V (jw)=> V., (jw) = | i) = V, (jw),
(JW) R, o(JW) e (Jw) o, RZ(.] ) JWC.R, o(Jw)
1 1
| w)=—V ., (jw)=———V _ (jw),
(W) R, 2 (Jw) JWCRR, o(JW)
1 1
R+——|—V, (jw
alyw) = 1 = JGC.R, JWL | Vo JW),
Jjax,
| (jw)=1.(w) +| ., (jw) -1, (jw) =| juC + C, +L+ ! V,(jw) =
in\J calJ r2\J ri\J JOA C.R, R, JjWwC,R.R, o\J

2 1
=| =+ jwC+ V, (jw),
(R J ; ijj o(JW)

1 1
V. (jw)==-V ., (jw)— R . (jw)=—V_ (jw)—| 2+ jewCR + V., (jw) =
i (J @) 2 (JW) =Ryl (jw) R o(JW) ( J ijRJ o (JW)

2
=— 2+ jwCR+ V, (jw) =
( J ijRj 0o (JW)
L _V,(Jw) _ 1 _ JjaCR
=Y Gy " (jw)(CR) +2jwCR+2
in\J 2+j0fR+ J J
J@CR
Problem 8.46
Solution:

Known quantities:
The inverting amplifier shown in Figure P8.46.

Find:

a) The frequency response of the circuit.

b) IfR; =R,=100kQ and C = 0.1 UF, compute the attenuation in dB at cw= 1,000 rad/s.
¢) Compute gain and phase at W= 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:
1
R, +— .
Vour _ _ JjawC _ 1+ jaR,C

b) Gain= 0.043 dB
¢) Gain= 0.007 dB ; Phase = 177.71°

d) To find the desired frequency range we need to solve the equation:
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1+ jaR,C
Jjar,C
This yields a quadratic equation in @) which can be solved to find ¢ >196.5rad/s .

<0.8913 since 20log,,(0.8913)=-1dB.

Problem 8.47

Solution:

Known quantities:
For the circuit shown in Figure P8.47,1et C=C, =C, =100 u4F R, =3kQ R, =2kQ.

Find:
Determine an expression for the gain.
Analysis:
L, " Ve -
Il
G,
Ir'n R.{ R_-)
=MW +
: 1. s
Vr'n Cf V I Vv

With reference to the Figure shown above, we have

Va(j@) =V (jw) = 14 (jw) = jaC V, (jw),

V,(jw) =Rl o (jw) +V,(jw) = (1 + jaC\R, )Vo(jw)a

|2 = jC, (Vo (j@) =V, (jw) = ~(jw) CCR, Vo (jo),

Vm(jw) = VA(jw) _Rl (I cz(jw) L c1(jw)) = (1 + jaﬁ1(R1 + Rz) + (jw)z C1C2R1 Rz)\/o(jw)
And finally, the expression for the gain is

” V,(j@) 1+ jaC(R +R)+(jwf C’R R, (1+j@CR )1+ jeCR,)

Problem 8.48

Solution:

Known quantities:

The circuit shown in Figure P8.48.

Find:

Sketch the amplitude response of V> / V;, indicating the half-power frequencies. Assume the op-amp is
ideal.
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Analysis:

a
A

T

B AAAA
v, /

AAAA
\A
=
I

From KCL at the inverting input:

Ly I O A
Z. R R jaRC 1

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

- 4
quﬁ:o v, l+ij ==y =1+ jarC)
R Z R R

Combining the above results, we find 2= Y
i (1+jaRrC)
_ @RC

Va| o GRC
1+ (arC)?

Vi

This function has the form of a band-pass filter, with maximum value determined as follows:
v, awre dG _ |1+ (@rC)*|RC - wrClaxRCY?|
Vil 1+(wrC) dw [1 + (ach)z]2

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

1
RC+w'R’C’ —2w’R’C* =0  1-w’R’C*=0 w=—
RC
1
Then G, ,, = m = —, and the half-power frequencies are given by:

ch - LGmax _ 11 WRXCT+1=22aRC  R2C2w? -22RCw+1=0
1+(wrC)? 2 V22
e 2W2RC++8R2C? —4R*C? 2 +1

2R*C? RC

The curve is sketched below.
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G

0.354 |~

0.414 1 2414 ®RC

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 Ry does not influence the output voltage, so
1
.. jaC o 1 .
Vo(jw) =~ = Vi(jw) = ———— V()
s1 JAWCRy,

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
Rt 'wC C
Vo(jw) =1 +% Vs(jw) = (1 +C_S+jwsRFjvs(jw)
F
JaCy
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:

It C=1pF R=10kQ R, =1k€Q, determine an expression for and plot the output voltage as a
function of time.

Analysis

KVL: -yy-vp =0 vwp=0 = Hy=0 . A
dV d[ V —v ] %&\‘i& -xmmw,\“m\?\“\ww ‘i}‘*y‘\“‘i
ic=C= C = cZLVYN" VST 3 R |
c ~ o |
¥ “ N e e |
e L Ay e —
d vn-vs ] VN -V e Sl Law] >
KCL N C#'i_lN'i'M = 0 {?},g%kﬁ* : gg\ég& . %\v@‘» o Q’i%\%b
dt R §z§ '4\? i § g."&% g»ig\g}
H %&x “z § F e
' dvs T O\ ¥ =
iv=0 yy=0 = vo=-RC ” L

i
;

e

~I8.

The derivative is the slope of the curve for the source voltage, which is zero for:
t<2.5ms,5ms<t<7.5ms,andt> 15 ms
For2.5ms <t<35ms: v, = [10000° J[1007° ] 33 -0 —=-12V
500~ -2.500
-1.5 1-T+
[151-1+31 _, .y

15007 -7.500°

For7.5ms<t<15ms: v, =-10007°

Problem 8.52

Solution:

Known quantities:

Figure P8.52(a) and Figure P8.52(b).

Find:

It C=1pF R=10kQ R, =1kQ

a) An expression for the output voltage.
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b) The value of the output voltage at £ = 5, 7.5, 12.5, 15, and 20 ms and a plot of the output voltage as

a function of time.
Analysis:

a) Asusual, assume the op amp is ideal so: 3 U
KVL: -yy-vp=0  yp=0 = 4y =0 "L
A ve- Apr G
o= C [VN VO] Y — -
dt LRt TN
- - LUV B T N |
KCL - M+iN+CM—VO] = %ﬁ’{ﬁ N&“% - b @ ‘ii%i?*
1 N =
vw=0 jy=0 = dypy = -——vygdt
N N o RC S
1"
Integrating: vo/ts] = volti] -—— .[VS dt
RC ;

b) Integrating gives the area under a curve. Recall area of triangle = M{,@ P B
1/2[base x height] and area of rectangle = base x height. Fol5 V) 5 ] 5
Integrating the source voltage when it is constant gives an output £ )
voltage which is a linear function of time. ’? \‘\“‘53'“3 s ‘
Integrating the source voltage when it is a linear function of time }5 N HNEAR
gives an output voltage which is a quadratic function of time. ; ! N 12 ﬁf\ \x :

NN x
1 1 rad g ] TG
= —— =100— 2 otann e s
RC [10000°][1007°] s
1 ]
vo[5ms] = 0\7-[100]5[2.5@03 1[3V]=-375mV
vol7.5ms] = -375007 -[100 ][2.5003][3] = -1125mV
; 1 ;
vol12.5ms] = -1124007 -[100] 510 31[3] = -1875mV
] 1 ]
vo[15ms] = -1875007 -[100]2[2500 31[-1.5] = -1687.5mV
vol20ms] = -1687.5007 -[100][ 5007 ][-1.5] = -937.5mV
Problem 8.53
Solution:

Known quantities:

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

v, (£)=10007 +5in(2,00072)V .
Find:

a) Att = 0, the switch S; is closed. How long does it take before clipping occurs at the output if

Ry =10kQ and Cp =0.008 p F?

b) At what times does the integration of the DC input cause the op-amp to saturate fully?
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Analysis:
T
v, = L [V e)at =— ! [[0.01 +sin (200077 )]t
a) RS CF RS CF 0
T T
=—— 1 Joo- [sin (200072 )dt
S~F 0 S~F 0
. . , 1 1
The peak amplitude of the AC portion of the outputis: v, = =1.989V
RCr\ 20007

The output will begin to clip when: v, (DC ) —v, =—15V so we need to find at what time the

T
j0.0ldt =—13V is satisfied. The answer is found below:

condition: —
SCF 0
13R.C
L ooir=-13 = r=B8Cr _joamg
RSCF 0.01
15R
b) Using the results obtained in part a.: T= %OlCF =120ms
Problem 8.54
Solution:

Known quantities:
The circuit shown in Figure 8.21.

Find:

a) If Rg =10kQ, R, =2MQ, C, =0.008 w F, and vg () =10 +5in(2,00072) V , find vous
using phasor analysis.

b) Repeatpartaif R, =200kQ, and if R, =20kQ.

¢) Compare the time constants with the period of the waveform for part @ and 5. 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:

Ry
I+ jaR,C,

For the signal component at @ = 2,00077:

ZS _RS
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_ Rf[ 1 ] _ |
Vour =~ . Vin = =200 . Vin

=v, 200 D(1800 —arctan(a/ ))=1.9839D90.570V
in (a) )z 62.5
1+ %2s
For the signal component at W =0 (DC): v, ==200v,, =-2,000V . Thus,

Yy (£) = =2000 +1.98395in(2,00072 +90.57° )V'= ~2000 + 2 cos(2,00072)V
b) Ry =200kQ
For the signal component at @ = 2,00077:
o= Bef 1
Ry [ 1+ R, C;

For the signal component at @ =0 (DC): v, ==20v,, ==200V . Thus,

out

Ve (1) = =200 +1.97975in(2,00072 +95.68° V= =200 + 2 cos(2.00072) V
R, =20kQ
For the signal component at @ = 2,00077:

]v,.n =1.97970195.68° V

R, 1 o
Vour =~ ———— |v;, =1.410134.8° V
Rg 1+ jaR,C,
For the signal component at W= 0 (DC): v,, ==2v;,, = =20V . Thus,

V() = =20 +1.415in(2,00072 +135° |V= =20 +1 41 c0s(2,00072 +45° )V .

C

Rf T T
2 MQ 16 ms I ms
200 kQ 1.6 ms I ms
20 kQ 0.16 ms 1 ms

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

Problem 8.55

Solution:

Known quantities:
For the circuit of Figure 8.26, assume an ideal op-amp with Vg (l‘) =10007° sin(2,0007‘l)V ,

Cy =100pF, C, =0.008uF, R, =2MQ, and Ry =10kQ.
Find:

Vo [ .
a) The frequency response, —( ¥ w) .

Vs
b) Use superposition to find the actual output voltage (remember that DC = 0 Hz).
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Analysis:
a)
v (®
%]
) R
Zg=Rg+ ! = /
jaCy 1+R,C,jw
R,
Vo o Zp_ IHJRC, JaRCs
Vs Zyg R, + 1 (jaRsCs+1XJaRfo*4)
JaXCyg
Jja
o (i) = 5007°
e (jew)= o
§ w+1 +1
(s )(62_ j
b) v, =v v—"(]a)) By superposition v| =y joi: A\
0 S‘% : ’ oliomv — 'S 149
. 6
v A25TU0Ys  _oh00-g943° v

lumsooon = (1+ j6283)(1+ /100)
v, () = 20007 sin(20007z -89.43° Jv

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
x(t)=-200]zdt or z = ~ L e, =20y
200 dt
1 dx dy

Therefore, y =————.  Also, y = |(4 f\¢)+x\t))dt —=4f(t)+xlt).

ot y= 0 = g s Lzap()est)

1 d’x d*x

Theref —————=4f¢t)+x(¢ ————4000x(z)—16000 f{¢)=0.

erefore 2000 272 f( ) ( ) or % ( ) f( )
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Problem 8.57

Solution:
Find:
Construct the analog computer simulation corresponding to the following differential equation:
d*x dx
== +100—+10x = =5 /(t).
dt dt
Analysis:
dx dx

S5 () o—— N\ dt2 Tdt X(tL
e

100X
-10({
@

dt
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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: Rg = R, =2.2kQ.

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

Ay, = (1 + %}V%et =4mV

S

Problem 8.59

Solution:

Known quantities:

For the circuit shown in Figure 8.8: R, = R, = 2.2kQ.

Find:

Repeat Problem 8.58 assuming that in addition to the input offset voltage, the op-amp has an input bias
current of 1 JA. Assume that the bias currents appear as in Figure 8.49.

Analysis:

By superposition, the effect of the bias currents on the output is

v, =—RI,, =v_

_ _ 1 1

=l = Dvop =Ry I —R R_+R_ I,

F S

Avy iy —v_ v
RF RS
If R =R, || Ry then vy, = R, (I,_ —1,,)==R,I,s ==22000007° = -2.2mV
The effect of the bias voltage is
R
Av,,, = (1 + R—F)V%et = 4mV

N
So, the total error on the output voltage is

Av, =Av, p + Dy, p =1.8mV

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.

8.39



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

Find:
The value of R, that eliminates the effect of the bias currents in the output voltage.

Analysis:
We can write

Ve =R Ip, =v. , Ly, =1y

Dvy =V v [ ( 1 lj J
——=——-—==], = A, ;=R I, -R|—+—|l,,
RF Rl B 0,IB F B RF Rl B

By selecting R = R, || R,, a zero output voltage error is obtained.

Problem 8.61

Solution:

Known quantities:
For the circuit shown in Figure P8.60: R, =3.3kQ R, =1kQ v, =1.5sin(ar) V

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

R A% 1
Sy =4 ="Lw=10°" - = w,, =-—10°=3.0300° rad/s

R, s 3.3

Problem 8.62

Solution:

Known quantities:

The Bode plot shown in Figure 8.45: 4, =10° @, =107 rad/s

Find:

The approximate bandwidth of a circuit that uses the op-amp with a closed loop gain of 4, =75 and
A2 =350.

Analysis
The product of gain and bandwidth in any given op-amp is constant, so
7
=% 10T 4 R6000° radss
4
A 10’
, =% 10T g 971m0¢ radss
4, 350
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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
Tiong =R, Cp, T =R, Cp, T
a switch. Assume that R, =10MQ, R,, =1MQ, Ry =0.1MQ,and C =0.1pF .

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

time constants - = RC}., which can be selected by means of

medium short

Applying KCL at the inverting terminal:

i+ \fout1 — O
R+~
jaC
Vout — ]CU(:
or, - -
i 1+ jawRC

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
MQ; dashed line: R =1 MQ; dotted line: R = 0.1 MQ).

_100 fesponse of practical charge amplifier

-110

_120 |

2 -130 1%

-140 1

Ty

-150 £

-160
10-1 100 101 102

frequency, rad/s

From the frequency response plot one can approximate the minimum useful frequency for distortionless
response to be (nominally) 1 Hz for the 10 MQ case, 10 Hz for the 1 MQ case, and 100 Hz for the
0.1 MQ 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 A4, = 1,000. Let

v, =sin(2,00072)+0.1sin(12077) V

v, =sin(2,00072 +180° }+ 0.1sin(12077)V

Vo :Adm (vl _V2)+Acm(‘}1 ;sz

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

v, —v, =2sin(2,00077)

“J'Tvz = 0.1sin(12077)

Therefore, v,,, = A, 2sin(200077)+ 4., 2sin(12077)

Since we desire the common mode output to be less than 1% of the differential mode output, we require:

4,,(0.1)<0.01(2) or 4,,<0.2.

A,
CMRR = Aif So  CMRR_, = % =5000 =74 dB.

cm

Problem 8.65

Solution:

Known quantities:
As indicated in Figure P8.65, the rise time, Z,, 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.c.,

1. =1, -1, = —T(ln 0.1-In 0.9) = 2.2T , where Tis the circuit time constant.

Find:
Estimate the slew rate for the op-amp.
Analysis:
‘dvout ‘ = Vin (0'9 ~ 0'1) = 15%0.8 V. = 2_73l . Therefore, the slew rate is approximately
| dt |, (145-101)x10° 44 ps s
A%
2.73—.
us
Problem 8.66
Solution:
Find:

Consider an inverting amplifier with open-loop gain 10°. With reference to Equation 8.18,
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a) If Rg =10k and R, =1MQ, find the voltage gain Ay cry-
b) Repeatpartaif Ry =10kQ and R, =10MQ.
¢) Repeatpartaif Rg =10kQ and R, =100MQ.

d) Using the resistors values of part ¢, find Ay ¢y if Aoy —» ®-

Analysis
__Rg 1
Aeyp Ry 14 Ry +Rg
RgAy,
a) A =-99.899
b) A, =-990
¢) Aq =-9091

d) As Ay, — @, Ay ==10,000.

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
Ry =R, =7.5kQ.

b) Repeatpartaif Ry =5R; =37.5kQ.

Analysis:
a)
R
R, A
/VV\ \% 0 +
+ -
Anl(v -v
= vt @ OL( )Vout
ViI‘l _ 0-

v
_ o+ _ - -—__| Yo _
v, =V and Vv, —AOL(Vm % ) = v = (— vmj.

AOL
» v =0, v -y,
Writing KCL at v : + =0.
S RF
Substituting,
Yo 4, 0 4y
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K, =R,Ry+R;’ +RsA, R, vo _ Ry 1 1

where: > —=

=F +
AOLRS AOLRS

For the conditions of part a we obtain:

1 1
4., = +
c %5x105+1 %5x105+1
1 1

+
6 5 6 5
ASXIO +1 ASXIO +1

Problem 8.68

=1.999

b) Ay =5 =5.999.

Solution:
Find:

Given the unity-gain bandwidth for an ideal op-amp equal to 5.0 MHz, find the voltage gain at frequency
of

=500 kHz.
Analysis.

= K =1x27 x5.0MHz =10z x10°

6
4, =K 100 600
w  2rmrx500
Problem 8.69
Solution:

Find:
Determine the relationship between a finite and frequency-dependent open-loop gain AV(OL)(C()) and the
closed-loop gain AV(CL)(C‘)) of an inverting amplifier as a function of frequency. Plot AV(CL) versus

Analysis:
As shown in Equation 8.84, if we consider a real op-amp:
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Z /”a/
e,

If we choose Ay = 106, and a = 10 TT and since Ay, = A-W;:
_10°dorr

Ry
Ry

Therefore:
4 20Loguw PVCL ‘

, where Ac = - Rr/ Rs, and A is the low-frequency open-loop gain.

20Logw Ac

g
(OV)] Logw W

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 Vg is amplified by two cascaded inverting amplifiers to produce an
amplified signal vy. Determine the peak amplitude of the sound wave (in dB) if Vo = 5 Vrms. Estimate
the maximum peak magnitude of the sound wave in order that vy not contain any saturation effects of the
op-amps.

Analysis:

p(t) =F sin(a,t) Pa ; g (t) =S Eb(t) mV
— AIAZ A AZ —
vo(t) = ve(r) v = SR sin(wr) V) = 44, 5P =5000mV =

1000 1000
Vo =5 Vrms
A A, 8

<12V = P,<12,000H4,4, 5 Pa.
1000
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Problem 8.71

Solution:

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

vg =2.8+0.01cos(at)V 5 vy, =3.5-0.007 cos(at)V
krad
S

A, =-13 ; 4,=10 ; w=4
Find:

a) The common and difference mode input signals.

b) The common and differential mode gains.

¢) The common and difference mode components of the output voltage.
d) The total output voltage.

e) The common mode rejection ratio.

Analysis
a)

Vs.c = %[vsﬁ\/gz] = %([2.8V+10chosaI 1+[3.5V-TmVcoswr | )=

3.15V+1.5mV cosax
vs.p = vsi-vsy = [2.8V+10mV cosar |-[3.5V-7TmV cosar |=
= -0.7V+17mV cosax

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

1
b) Ay = Ant An= -3 AvdZE[Avl'Aﬂ]:-ll.S

vo-c = vs.c dve = [3 15V HLSmVeosar J[-3] = -9.450V -4.5mV cosat
vo-p = vs.p Ava = [-0.7V+17TmV cosar |[-11.5] = 8.050 V-195.5mV coswr
d vo = voctvop = -1.4V-200.0mV cosar

e) CMRR = 20dB Loglo[l| Ave ||] = 20dB Loglo[%] = -11.67dB.
vd .
Problem 8.72
Solution:

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

vs1 = 3.5+0.0lcosar V vsa = 3.5 -0.01cosar
krad
S

A, =10dB 4,, = 20dB w=4

Find:

a) The common and differential mode input voltages.

b) The voltage gains for vg; and vg,.

¢) 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)

I %[mwsz] = %([3.5V+10chosaI 1+[3.5V-10mV cosar ] )= 3.5V

vs.p = vsi-vs2 = [3.5V+10mV cosar |-[3.5V-10mV cosar | = 20 mV cosar

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

below.

b)
10dB 20dB
Ay, = 102048 = 3162 A,y = 102048 =10
Avc = Avl+Av2 = Avlz %Avc—i_Avd = %[3.162]"_10 = 11.581
1 1 1

Avd = E[Avl_sz_] = Av2 = EAVC_AVd = 5[3162]'10 = -8.419
) vo-c = vs.c Ave = [3.5V][3.162] =11.07V
C

vo-p = vs.p Ava = [20mV cosax [[10] = 200 mV cosar
& CMRR = 20dB Log, /|4 |] = 20dBLoglo[%] ~ -10dB.

Avd
Problem 8.73

Solution:

Known quantities:
If, in the circuit shown in Figure P8.73, the two voltage sources are temperature sensors with 7' =
Temperature [Kelvin] and:

vsi = kT; vs2 = kT
Where: k = 120“% RI = R3 = R4 = 5kQ R2 = 3kQ RL = 600Q

Find:

a) The voltage gains for the two input voltages.

b) The common mode and differential mode input voltage.

¢) 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)
AT -
o g ﬁg
WQQ«W :m@ b
ke St § pr
= g R ’%é p ““WE
?\W‘{?w‘e 4 WAY
- = RN
"é:%%k Ry | AP Ry *&i?ﬁ @
o Y -
Tr =
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KVL: -yy-vptvp =0

Assume the op amp is ideal.:

vp =0 = VN = Vp
vsi, vo
KCL - l_N+vN'vS1+VN'V0 -0 =0 =y = Ri R; RiR;
Ry R;3 1,1 RRs
R; R;
Vsa 4 Vo
KCL: jp+YP7VS2,YP"Vo _ =0 = yp = R Ry R2Ry4
R Ry LJFL R>R4
R> Ry
Eaquating: vsiR3tvoR: _ vsaRstvoR>
quating: =
R3 TR RiTR>
VSZL—'—VSI[' R
b = RiTR R;tR;™ [RsTR:J[ Rst R/ ]
0 =
Ri R [RiTR>][ RsTR;i]
R;tR; R+4TR>
_ Rs[ R3TR;] + Rs[ R4t Ry [
Vs2 vsil - ]
Ril RitR2J-R2[ R3t R/ ] Ril RiTR>/-R2[ R3t R/ ]
Ay = Ri[ R;tR;] _ [5 ][10] _
’ Ril RiTR>J-R2[ R3+tR; ]  [S1[8]-[3][10]
A= -R;[ R4t R, ] _ -[5][8]

T R R AR -R:AR+R;J [5I81-[3110]
b)

v = kT, = [120;%][3101{] = 37.20mV

vey = kT, = [120u%][335K] = 4020 mV

Vvs-c = %[vsﬁvsz] = %[37.20 mV +40.20mV ] = 38.70mV
vs.p = vsa-vs; = 40.20mV-372mV = +3mV

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)

vo = vs2 Ava Tvsi As1 = [VS—C+3VS—D] Aot/ VS—C'EVS—D] An

1
= VS—C[Av2+Av1]+VS—DE[Av2'Av1] = vs.c Av-c Tvs.p Ava
Avc = Av2+Av1 = 5+['4] = 1
= 1 1
Avd = E[AVZ-AVI] = 5[5_(-4)] = 45
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vo-c = vs.c Ae=[3870mV][1] = 38.70mV
vop = vs.p Awg = [3mV][4.5] = 13.5mV

e) Anideal 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)]:

Ave g = 20dBLogw[4i5] = -13.06dB.

vd

d)

CMRR = 20dB Log,,/

Problem 8.74

Solution:

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

vs1 =13mV  yg = 9mV vo = voc T vop
Vvoc = 33mV Vvop = 18V
Find:

a) The common mode gain.
b) The differential mode gain.

¢) The common mode rejection ratio in dB.

Analysis
a)
1 1
vsc = 3[V51+Vsz] = 5[13mV+9mV] = 11mV
33mV
= Aje = TC = T =

¢) CMRR = 20dB Log,,/ 'AVC|] = -63.52dB.
| Ayp |
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