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15.1 

Chapter 15 Instructor Notes 
 Chapter 15 continues the discussion of integrated circuit electronics begun in Chapter 8with op-amps.  The 
Chapter is extremely modular, and the degree of coverage can vary widely, depending on the requirements of each 
individual Instructor.  The first two sections cover measurement systems and transducers, providing asummary in 
Table 15.1 (p. 712), and noise problems.  The third covers the instrumentation amplifier (which had been introduced 
in Chapter 8) in greater depth.  This section might be of interest by itself as an extension of Chapter 8, and can be 
covered immediately following Section 8.2.  Section 15.3 also discusses practical active filters, focusing on 
Butterworth and Chebyshev designs, and isa logical continuation of Section 8.3 on active filters; the material in this 
section is fairly advanced, and will require the student to have had a rigorous introduction to the Laplace Transform 
and to systems concepts.  Thus, this section will be appropriate for a second course on electronics and 
instrumentation.  The active filter design material would be nicely complemented by laboratory exercises; the 
importance of filter design and analysis in instrumentation problems is not to be underestimated.  This material 
could also be supplemented very effectively by a review of filter design and analysis procedures using computer aids 
(e.g., MATLAB® or Electronics Workbench®). 
 The material in Section 15.4, on the subject of signal interface (A/D, D/A conversion and sample-and-hold 
amplifiers) is, on the other hand, much more quantitative, and can be presented separately, for example, in 
conjunction with Chapter 8, or with Chapters 13 and 14.  There are excellent possibilities for very useful laboratory 
experiments in connection with this material.  The emphasis is on illustrating the important parameters and 
performance limitations in the application of commercial ADCs, DACs, and sample-and-hold amplifiers.  A 
commercial data acquisition board is also described in Focus on Measurements: Data Acquisition Card for Personal 
Computer (pp. 747-750).  It is this Author's opinion that this material is of great practical importance to non-majors, 
many of whom will at some point make use of a microcomputer-based digital data acquisition system, regardless of 
their specialty. 
 Section 15.5 can also be viewed as an extension of Chapter 8, and could be covered in a first course.  
Again, the section is independent of the other sections in the chapter.  In this section, the op-amp comparator and the 
Schmitt trigger are introduced first.  The section closes with a functional description of timing circuits including a 
one-shot IC (74123) and the NE 555 timer IC. 
 Section 15.6 provides a summary of other IC instrumentation circuits, togive the student a flavor of the 
capabilitiesof modern integrated electronics.  The box Focus on Measurements: Using the ADXL202 Accelerometer 
as a Multifunction Sensor in Car Alarms (pp. 762-766) provides a detailed look at an application note (Courtesy: 
Analog Devices).  The aim of this box is to present Application Notes as a valuable design resource for practicing 
engineers.  
 The last section, 15.7, is somewhat unusual for a textbook of this nature in covering the basic elements of 
digital data transmission.  However, given the pervasive presence of digital instruments and microcomputers in 
engineering laboratories and in the field, a brief survey of the IEEE 488 and RS-232 standards can prove extremely 
useful in practice.  New in the 4th Edition are a brief overviewof the USB and CAN bus standards. 
 The homework problems present a variety of analysis and design problems on instrumentation amplifiers 
and active filters.  Several design problems are also given to complement the section on timing circuits; a few of the 
problems require the student to explore the data sheets for the AD 625 instrumentation amplifier, the 555 timer, and 
the 74123 one-shot.  Although these problems are fairly simple, they can be used to educate the student to search for 
design parameters in the data sheets.  The data sheets are provided in the CD-ROM and on the website.. 
 Also included is a series of problems on DAC and ADC analysis and design.  Some emphasis is again 
placed on reading and understanding the device data sheets of commercial ADCs and DACs.  Issues in sampling 
frequency selection and resolution are approached in a few applied problems, where practical measurement 
situations pertaining to the measurement of angular position (problem 15.59), torque (problem 15.61), and altitude 
(problem 15.62) are described.  The chapter problems end with a few simple problems on data transmission and 
coding. 
 
 
 
 
 
 
 
 

Learning Objectives 
1. Review the major classes of sensors.   Section 1. 
2. Learn how to properly ground circuits, and methods for noise shielding and reduction. Section 2.
3. Design signal conditioning amplifiers and filters. Section 3. 
4. Understand A/D and D/A conversion, and select the specifications of a the appropriate 

conversion system for a given application. Section 4. 
5. Analyze and design simple comparator and timing circuits using integrated circuits.  Review 

other common instrumentation integrated circuits.  Section 5, 6. 
6. Learn basics of data transmission in digital instruments. Sections 6. 
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Section 15.1:  Measurement Systems and Transducers 
Problem 15.1 

Solution: 
Find: 
Explain the differences between tachometers and speedometers. 
Analysis: 
Frequency - engine speed is normally measured right at the crankshaft prior to any gearing in rpm - 
typically several thousands.  The transducers used with speedometers measure speed at the axle in rpm - 
typically much lower than at the engine output. 
Scale factors - the tachometer would require none, the speedometer requires a conversion factor from rpm 
of the axle (rotational) to mph (linear). 
______________________________________________________________________________________ 

Problem 15.2 

Solution: 
Find: 
Explain the differences between the engineering specifications you would write for a transducer to measure 
the frequency of an audible sound wave and a transducer to measure the frequency of a visible light wave. 
Analysis: 
Audio frequencies:  kHz150 ≤< f  

Visible frequencies:  Hz1097Hz1093 1414 ×≤≤× .f.  
Devices used to measure quantities at audio frequencies will be incapable of sensing or measuring 
accurately those same quantities at frequencies in the visual range. 
Various types of photocells are available for use as light sensors.  For audio frequencies, more conventional 
devices like bridges may be used for measuring signals. 
______________________________________________________________________________________ 

Problem 15.3 

Solution: 
Find: 
A simple schematic diagram of a circuit to compute the sum of a temperature and a percentage relative 
humidity signal. 
Analysis: 
Use a transducer that will convert temperature in degrees Fahrenheit to volts between the values of the 2-
sided supply voltage. 
Similarly measure the percentage relative humidity and convert the transducer output to the requisite 
voltage. 
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______________________________________________________________________________________ 

Problem 15.4 

Solution: 
Known quantities: 

The capacity of a capacitive displacement transducer F2550
d

A.C = , where A is the cross-sectional 

area of the transducer plate (in2), and d the air-gap length (in). 
Find: 
The change in voltage (∆v0) when the air-gap changes from 0.01 in to 0.015 in. 
Analysis: 

t
vCi o

∆
∆

= , ovCq ∆∆ = , ov
C
q ∆∆ =  

Assume no change in charge. 

V
2
3

3
2 =�= ooldnew vCC ∆  

______________________________________________________________________________________ 

Problem 15.5 

Solution: 
Known quantities: 
The circuit of Figure P15.5 in which WAmµ1050 26−= .HiD . 

Find: 
a) Show that the output voltage varies linearly with H. 
b) If  2mW5001,H = , V57.VD = , and an output voltage of 1 V is desired, determine an 

appropriate value for RL. 
Analysis: 
a) LDout RiV =  
Given a large enough value of VD, 

Lout HR.V 61050 −= ;  hence, varies linearly with H. 

b) ( ) LLDout R.RHiV 150010501 6−=�= , RL = 1333Ω  

+

-

V+

V-

RT 

RH 

RF

Output (Note: Output 
will be inverted) 

Temp. 
Transducer 

Humidity 
Transducer 

Summing Amplifier
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______________________________________________________________________________________ 

Problem 15.6 

Solution: 
Known quantities: 

The value of the constant G for quartz in compressive stress, 
N

mV0550 ⋅. , and for polyvinylidene 

fluoride in axial stress, 
N

mV220 ⋅. . 

The quartz element of a force sensor is 0.25 in thick and has a rectangular cross section of 0.09 in2. 
The fluoride film of a piezoelectric sensor is 30 µm thick, 1,5 cm wide, and 2.5 cm in the axial 
direction. 
Find: 
a) The output of the force sensor in V/N. 
b) The output of the load sensor in V/N. 
Analysis: 

a) 
N
V668

in250
1

m02540
in1

N
mV0550 .

..
.Vout =×⋅=  

b) 
N
V0  

______________________________________________________________________________________ 

Problem 15.7 

Solution: 
Known quantities: 
The allowable levels of error in the measurement of K, m and ξ: ±5 %, ±2 %, ±10 %. The expression 
for b, Kmb ξ2= . 

Find: 
The percentage error limit for b. 
Analysis: 

%513
2

2510 .error ±=�
�

�
�
�

� ++±=  

______________________________________________________________________________________ 

Problem 15.8 

Solution: 
Known quantities: 
The measurements taken by a sensor that measure the thickness of a wet pulp layer every 2 feet along the 
sheet: 8.2, 9.8, 9.92, 10.1, 9.98, 10.2, 10.2, 10.16, 10.0, 9.94, 9.9, 9.8, 10.1, 10.0, 10.2, 
10.3, 9.94, 10.14, 10.22, 9.8. The roller speed is adjusted based on the last 20 measurements unless 
the probability that the mean thickness lies within ±2 % of the sample mean exceeds 0.99.  
Find: 
The adjustment of the speed roller. 
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Analysis: 

746914410%29459
20

..min,..max,.
tsmeasuremen

mean ==±== �  

average deviation 2250
20

.
deviations

== �  

standard deviation 4270
20

2

.
deviations

== �
 

Measurement #1 exceeds the standard deviation σ  probability<0.99  �  roller speed will be adjusted 
______________________________________________________________________________________ 

Problem 15.9 

Solution: 
Find: 
Discuss: 
a) Measurement accuracy. 
b) Instrument accuracy. 
c) Measurement error. 
d) Precision. 
Analysis: 
a) This term and instrument accuracy are used interchangeably if only one instrument is involved and if 

the measurement method is appropriate.  Basically, the accuracy of the measurement is given by the 
instrument’s specifications (ordinarily in terms of percent of indicated value or full scale value). 

b) See answer to part a). 
c) Measurement error can be synonymous with measurement accuracy, but can also refer to sloppy 

methods of data acquisition, use of multiple transducers and/or instruments whose individual errors 
combine, or simply a lack of reliable, multiple data points. 

d) Precision and resolution are interchangeable terms and refer to the smallest increment of measured 
quantity that can be detected by the instrument. 

______________________________________________________________________________________ 

Problem 15.10 

Solution: 
Known quantities: 
Four sets of measurements shown in Figure P15.10 taken on the same response variable of a process using 
four different sensors. 
Find: 
Rank these data sets with respect to: 
a) Precision. 
b) Accuracy. 
Analysis: 
(b) and (c) are precise,  (a) and (d) are not. 
(a) and (c) are accurate, (b) and (d) are not. 
______________________________________________________________________________________ 
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Section 15.3:  Signal Conditioning 
Problem 15.11 

Solution: 
Known quantities: 
The resistances for the instrumentation amplifier of Figure P15.11, Ωk11 =R , Ωk52 =R . 

Find: 
The gain of the input stage. 
Analysis: 

( ) 11101
Ωk1
Ωk521

2
1

1

2 =+=+=+=
R
RA  

______________________________________________________________________________________ 

Problem 15.12 

Solution: 
Known quantities: 
The resistance Ωk11 =R  for the instrumentation amplifier of Figure P15.11, and the value of the gain for 
the input stage, 50. 
Find: 
The resistance R2 to make that gain for the amplifier. 
Analysis: 

1

221
R
RA +=  ( ) ( )( ) Ωk524150kΩ1

2
11

2
1

12 .ARR =−=−=�  

______________________________________________________________________________________ 

Problem 15.13 

Solution: 
Known quantities: 
The resistance Ωk102 =R  for the instrumentation amplifier of Figure P15.11, and the value of the gain 
for the input stage, 16. 
Find: 
The resistance R1 to make that gain for the amplifier. 
Analysis: 

1

221
R
RA +=  

( ) Ω1333
116

kΩ102
1

2 2
1 ≈

−
=

−
=�

A
RR  

______________________________________________________________________________________ 

Problem 15.14 

Solution: 
Known quantities: 
The resistances for the instrumentation amplifier of Figure 15.16, Ωk11 =R , Ωk102 =R . 
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Find: 
The gain of the input stage. 
Analysis: 

( ) 21201
Ωk1
Ωk102121

1

2 =+=+=+=
R
RA  

______________________________________________________________________________________ 

Problem 15.15 

Solution: 
Known quantities: 
The resistances for the instrumentation amplifier of Figure 15.16, Ωk511 .R = , Ωk802 =R . 

Find: 
The gain of the input stage. 
Analysis: 

( ) 710771061
Ωk51
Ωk802121

1

2 ..
.R

RA =+=+=+=  

______________________________________________________________________________________ 

Problem 15.16 

Solution: 
Known quantities: 
The resistances for the instrumentation amplifier of Figure 15.16, Ωk11 === RRR ' , Ωk52 =R , 

Ωk10=fR . 

Find: 
The differential gain for the IA. 
Analysis: 

( ) 110
1

10
1
521

2
1

1

2 =�
�

�
�
�

� +=��
�

�
��
�

�
+==

R
R

R
R

R
R

AA ff
dif  

______________________________________________________________________________________ 

Problem 15.17 

Solution: 
Known quantities: 
The resistances for the instrumentation amplifier of Figure P15.11, Ωk1=R , Ωk200=fR , 

%2=R∆  of R. 

Find: 
The CMMR of the IA. 
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Analysis: 

A
RRR

RR
R

R
A

logCMRR

f

ff

dif
dB

�
�

�

�

�
�

�

�
−

++
+

=

1
20 10

∆

 

R
R

AA f
dif = , Ω20kΩ1020020 =⋅=⋅= .R.R∆  

dB

RRR
RR

log
A

RRR
RR

R
R

R
R

A
logCMRR

f

f

f

ff

f

dB 80
1

12020 1010 ≈
−

++
+

=

�
�

�

�

�
�

�

�

++
+

=

∆∆

 

______________________________________________________________________________________ 

Problem 15.18 

Solution: 
Known quantities: 
The resistances for the instrumentation amplifier of Figure P15.11, Ωk1=R , Ωk200=fR , 

%2=R∆  of R. 

Find: 
The mismatch in gains for the differential components id dB. 
Analysis: 

Assume 10=A . Then 2000== A
R

R
A f

dif  

dB6620 10 ≈difAlog  

dB80=dBCMRR   (from Problem 15.17) 

dB1420 10 −=− dBdif CMRRAlog  
______________________________________________________________________________________ 

Problem 15.19 

Solution: 
Known quantities: 
The resistances for the instrumentation amplifier of Figure 15.16, Ωk21 =R , Ωk10=fR , and the 

differential gain, 900. 
Find: 
The resistances R and R2 to achieve that gain. 
Analysis: 

( ) 900110
2

2
1102

1 ==�
�

�
�
�

�=��
�

�
��
�

�
= 2

2

1

2f
dif R+ 

R
R+

RR
R+

R
R

A  
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Thus, RR+ 2 901 =  

Choose: Ωk89kΩ1 =�= 2RR  
______________________________________________________________________________________ 

Problem 15.20 

Solution: 
Known quantities: 
The cutoff specification of Example 15.3, srad10=cω . 

Find: 
The order of the filter required to achieve 40 dB attenuation at srad24=sω . 

Analysis: 

srad2540120 2
10 =≤+ s

n
s @log ωω  

Solving the equation, we obtain  431.n = . Thus 2=n  is desired. 
______________________________________________________________________________________ 

Problem 15.21 

Solution: 
Known quantities: 
The circuit for a low-pass filter shown in Figure P15.21 with gain. 
Find: 
a) The relationship between output amplitude and input amplitude. 
b) The relationship between output phase angle and input phase angle. 
Analysis: 
This is an inverting amplifier circuit, with 

in
in

F
out V

Z
ZV −= , where:

FF

F

F
F

F
F

F
FF CRj

R

Cj
R

Cj
R

Cj
RZ

ω
ω

ω
ω +

=
+

⋅
==

11

1
1

 and inin RZ = .  

Therefore, in
FFin

F
out V

CRjR
R

V
ω+

−=
1

1
 

a) 
( )21

1

FFin

F

in

out

CRR
R

V
V

ω+
=  

b) ( )FFinout CRtanVV ωπ 1−−=∠−∠  rad, or ( )FFinout CRtanVV ω1180 −−°=∠−∠  deg. 
______________________________________________________________________________________ 

Problem 15.22 

Solution: 
Known quantities: 
The circuit for a low-pass filter shown in Figure P15.21 with gain, with kΩ20=inR , Ωk100=FR , 

pF100=FC , ( ) V00022 t,sinvin π= . 



G. Rizzoni, Principles and Applications of Electrical Engineering Problem solutions, Chapter 15 

 

15.10 

Find: 
The expression of  outv . 

Analysis: 

( )
994

1

1
2

.
CwRR

R
V
V

FFin

F

in

out =
+

=  

( ) ( ) rad07931086210100101002000 311231 ..tantanVV inout =⋅−=⋅⋅⋅⋅−=∠−∠ −−−− πππ  

( ) ( ) V07932000989 .tsin.tvout += π  
______________________________________________________________________________________ 

Problem 15.23 

Solution: 
Known quantities: 
The circuit of the low-pass filter of Figure 15.22. 
Find: 
The frequency response of the filter. 
Analysis: 
The circuit is shown below: 
We have: 

out
BA

B
AB V

RR
RV
+

=  

1
1 R

VVi s −
= , 

2
2 R

VVi AB−= , ( )VVCji out −= 13 ω , 

ABVCji 24 ω= . 

From 42 ii = , we have: ( )221 CRjVV AB ω+=  

From 231 iii =+ , we have: 

( )
12

22
21

11
1111

R
V

R
CRj

RR
Cj

RR
RCjV s

BA

B
out =

�
�

�

�

�
�

�

�
−��

�

�
�
�
�

�
+��

�

�
��
�

�
++

+
+− ωωω  

( )
( )

�
�

�

�

�
�

�

�
−��

�

�
�
�
�

�
+��

�

�
��
�

�
++

+
+−

=

2
22

21
111

1111

1

R
CRj

RR
Cj

RR
RCjR

j
V

V

BA

Bs

out

ωωω
ω  

Therefore, the frequency response is: 

( ) ( )

( ) ( ) ( )
2121221211

2

2121

11111
1

CCRR
jK

CRCRCR
j

CCRRKj
V

V

s

out

+�
�

�
�
�

�
−+++

=
ωω

ω  

where: 
B

A

R
RK +=1  

______________________________________________________________________________________ 

+

-

vs
R 1 R 2

C 1

C 2

R ARB

vout
vAB

v

i1
i2

i 3

i 4
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Problem 15.24 

Solution: 
Known quantities: 
The circuit of the high-pass filter of Figure 15.22. 
Find: 
The frequency response of the filter. 
Analysis: 
The circuit is shown below: 
We have: 

out
BA

B
AB V

RR
RV
+

=  

( )VVCji s −= 11 ω , ( )ABVVCji −= 22 ω , 

1
3 R

VVi out −
= , 

2
4 R

Vi AB= . 

From 42 ii = , we have: ��
�

�
��
�

�
+=

22

11
CRj

VV AB ω
 

From 231 iii =+ , we have:  

��

�
�
�

��

�
�
�

−�
	



�
�



−��

�

�
��
�

�
+��

�

�
��
�

�
++��

�

�
��
�

�

+
=

1
2

22
21

1
1

1111
R

Cj
RCj

CjCj
RRR

RVVCj
BA

B
outs ω

ω
ωωω  

Therefore, the frequency response is: 

( ) ( )
( ) ( ) ( )

2121221211

2

2

11111
CCRR

j
CRCR

K
CR

j

jKj
V

V

s

out

+�
�

�
�
�

�
++−+

=
ωω

ωω  

where: 
B

A

R
RK +=1  

______________________________________________________________________________________ 

Problem 15.25 

Solution: 
Known quantities: 
The circuit of the band-pass filter of Figure 15.22. 
Find: 
The frequency response of the filter. 
Analysis: 
The circuit is shown below: 
We have: 

out
BA

B
AB V

RR
RV
+

=  

1
1 R

VV
i s −

= , ( )ABVVCji −= 12 ω , 
2

3 R
VVi out −

= . 

+

-

vs

R1

R2C 1 C 2

R ARB

vout
vAB

v

i1
i2

i 3

i4

vs
R1

R2

C 1 C 2

RB

+

-

RA

vout
vAB

v

i1
i2

i3

R3
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From ��
�

�
��
�

�
+= 2

3
2

1 Cj
R

Vi AB ω , we have: ��
�

�
��
�

�
++=

131

2 11
CRjC

CVV AB ω
 

From 231 iii =+ , we have:  

��

�
�
�

��

�
�
�

−
�
�
	




�
�
�



−��

�

�
��
�

� +
+��

�

�
��
�

�
+

+
��
�

�
��
�

�

+
=

2
1

1

21

31
1

1

21

1

11
R

Cj
C

CC
RCj

Cj
R

RR
RR

RV
R
V

BA

B
out

s ω
ω

ω  

Therefore, the frequency response is: 

( )
( ) ( ) ( )

21321

21

22122111

2

21

11111

1

CCRRR
RRjK

CRCRCRCR
j

CR
Kj

j
V

V

s

out

+
+�

�

�
�
�

�
−++++

=
ωω

ω
ω  

where: 
B

A

R
RK +=1  

______________________________________________________________________________________ 

Problem 15.26 

Solution: 
Known quantities: 
The circuit of Figure P15.21, where pF100=FC , and the desired cutoff frequency and gain magnitude 
are respectively 20 kHz and 5. 
Find: 
The appropriate values of RF and Rin. 
Analysis: 

s
radk402kHz20 ππω ==�= CCC ff  

kΩ679
101001040

111
123 .

C
R

CR FC
F

FF
C =

⋅⋅⋅
==�=

−πω
ω  

Ωk915
5

5 .RR
R
R F

in
in

F ==�=  

______________________________________________________________________________________ 

Problem 15.27 

Solution: 
Known quantities: 
The cutoff frequency, 10 kHz, and the DC gain, 10, for a second-order Butterworth high pass filter, with 
Q = 5 and V15±=sV . 

Find: 
The design of the filter. 
Analysis: 

101 =+=
B

A

R
RK ;  choosing Ωk1kΩ9 =�= BA RR  



G. Rizzoni, Principles and Applications of Electrical Engineering Problem solutions, Chapter 15 

 

15.13 

zHk10
2

1

2211

==
CRCR

f
π

 

209
22

11

12

21

11

22 .
CR
CR

CR
CR

CR
CR

=
�
�
�

�

�
�
�

�
−+  

Choose C1 = C2 = 0.01 µF and solve for R1 = 540 Ω and R2 = 4.7 kΩ.  Then, substitute the values 
thus obtained in the high-pass filter of Figure 15.22. 
______________________________________________________________________________________ 

Problem 15.28 

Solution: 
Known quantities: 
The cutoff frequency, 25 kHz, and the DC gain, 15, for a second-order Butterworth high pass filter, with 
Q = 10 and V15±=sV . 

Find: 
The design of the filter. 
Analysis: 

151 =+=
B

A

R
RK ;  choosing Ωk1Ωk14 =�= BA RR  

zHk25
2

1

2211

==
CRCR

f
π

 

1014
22

11

12

21

11

22 .
CR
CR

CR
CR

CR
CR

=
�
�
�

�

�
�
�

�
−+  

Choose C1 = C2 = 1 µF and solve for R1 = 1.8 Ω and R2 = 23 Ω.  Then, substitute the values thus 
obtained in the high-pass filter of Figure 15.22. 
______________________________________________________________________________________ 

Problem 15.29 

Solution: 
Known quantities: 
The circuit of Figure P15.29. 
Find: 
The characteristic of the filter. 
Analysis: 
Note that outb VV ≈ .  Therefore, 

out
b VCj

Cj

V
I

2

2

1

ω

ω

=

�
�
�
�

�

�

�
�
�
�

�

�
=  

and 
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outoutoutba VRCjVVCjRVRIV ��
�

�
��
�

�
+=+��

�

�
��
�

�
=+=

2
1

2
ωω  

Now, writing a KCL equation at node a, 
 

0

2
1

=

�
�
�

�
�
�
�

�

−
++

−

Cj

VV
I

R
VV outaina

ω

 

0

2
1

2
1

2
2

1
=

�
�
�

�
�
�
�

�

−�
�

�
�
�

� +
++

−�
�

�
�
�

� +

Cj

VVRCj
VCj

R

VVRCj outout

out

inout

ω

ω

ω

ω

 

outoutin VRCCjCj
R

V

Cj

RCj
Cj

R

RCj
V

R �
�

�
�
�

� −++=

�
�
�
�
�

�

�

�
�
�
�
�

�

�

�
�
�

	




�

�

�
�

	


�

� −+
++

�
�

	


�

� +
= 22

22
1

2
1

1
2

1

2
2

1
1 ωωω

ω

ω

ω

ω

 

( ) outin VCRRCjV 22221 ωω −+=  �  
( ) RCjRCV

V

in

out

ωω 21
1

2 +−
=  

( ) ( ) ( ) ( )4242 1

1

221

1

RCRCRCRCV
V

in

out

ωωωω +
=

++−
=  

which is a second-order Butterworth low-pass function with cutoff frequency 
RCC
1=ω  

______________________________________________________________________________________ 

Problem 15.30 

Solution: 
Known quantities: 
The cutoff frequency, 15 kHz, and the DC gain, 15, for a second-order Butterworth low pass filter, with 
Q = 5 and V15±=sV . 

Find: 
The design of the filter. 
Analysis: 

151 =+=
B

A

R
RK ;  choosing Ωk1Ωk14 =�= BA RR  

zHk15
2

1

2211

==
CRCR

f
π

 

2014
22

11

12

21

11

22 .
CR
CR

CR
CR

CR
CR

=
�
�
�

�

�
�
�

�
−+  
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Choose C1 = C2 = 1 µF and solve for R1 = 2.6 Ω and R2 = 43.9 Ω.  Then, substitute the values thus 
obtained in the high-pass filter of Figure 15.22. 
______________________________________________________________________________________ 

Problem 15.31 

Solution: 
Known quantities: 
The low cutoff frequency, 200 Hz, the high cutoff frequency, 1 kHz, and the pass band gain, 4. 
Find: 
The value of Q for the filter, and the approximate frequency response of this filter. 
Analysis: 

60.
ff
ff

Q
LH

LH =
−

=  

21 =+=
B

A

R
RK ; choosing Ωk1Ωk1 =�= BA RR  

zHk1
2

1

2211

==
CRCR

f
π

 

Choose R1 = R2 and C1 = C2 = 1 µF   
R1 = R2 = 160 Ω.  Then, substitute the obtained values in the high-pass filter of Figure 15.22.  

21 =+=
B

A

R
RK ; choosing Ωk1Ωk1 =�= BA RR  

zH200
2

1

2211

==
CRCR

f
π

 

Choose R1 = R2 and C1 = C2 = 1 µF   
R1 = R2 = 800 Ω.  Then, substitute the obtained values in the high-pass filter of Figure 15.22.  
By connecting the output of the high-pass filter to the input of the low-pass filter, we obtain the desired 
filter. 
______________________________________________________________________________________ 

Problem 15.32 

Solution: 
Known quantities: 
The circuit of Figure P15.29 and the cutoff frequency, 10 Hz, for a second-order Butterworth low pass 
filter. 
Find: 
The design of the filter. 
Analysis: 

RC
fC π2

1Hz10 ==    
s

rad201021 ππω =⋅==�

RCC  

Choose kΩ20=R .  Then, ( ) nF796
201020

120
kΩ20
1

3 =
⋅⋅

=�=
π

π C
C

 

and the two capacitors have values given by 
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µF12512 .C =  and nF563
2

=C
. 

______________________________________________________________________________________ 

Problem 15.33 

Solution: 
Known quantities: 
The low pass Sallen Key filter of Figure P15.33. 
Find: 

The voltage gain 
in

out

V
V

 as a function of frequency and generate its Bode magnitude plot. Show that the 

cutoff frequency is 
RCπ2
1

 and that the low frequency gain is 
3

4

R
R

. 

Analysis: 
We have: 

outAB V
RR

RV
43

4

+
=  

( )VVCji out −= ω1 , 
R

VVi s −
=2 , 

R
VVi AB−

=3 . 

From ABCVji ω=2 , we have: ( )RCjVV AB ω+= 1  

From 231 iii =+ , we have:  

( )( )[ ]
��

�
�
�

��

�
�
�

−−++��
	



��
�




+
= RCjRCjRCj

RR
RVV outs ωωω 112

43

4  

Therefore, the frequency response is: 

( ) ( )
( ) ( ) ( )

( )2
2

2

131

1

RC
jK

RC
j

RC
K

j
V

V

s

out

+��

�
��

� −+
=

ωω
ω    where: 

4

31
R
RK +=  

______________________________________________________________________________________ 

Problem 15.34 

Solution: 
Known quantities: 
The circuit shown in Figure P15.34 
Find: 
The transfer functions relating each of the three outputs to the input inV . 

Analysis: 
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Using Laplace transforms, note that 

12
1V
s

V −=  

1223
11 V
s

V
s

V =−=  

and 

124
1V
s

VV =−=  

Writing a KCL equation at the inverting input to the leftmost op-amp, 

− − − − =KV V aV bVin 1 4 3 0  or 01211 =−−−− V
s
bV

s
aVKVin     

bass
Ks

V
V

in ++
−=� 2

2
1  

which is a second-order high-pass function. 
Also, 
V
V s

V
V

Ks
s as bin in

2 1
2

1
= − =

+ +
 

which is a bandpass function, and 

bass
K

V
V

sV
V

inin ++
−== 2

1
2

3 1
 

which is a low-pass function. 
______________________________________________________________________________________ 

Problem 15.35 

Solution: 
Known quantities: 
The filter shown in Figure P15.35. 
Find: 
Verify that the filter's frequency response has the following expression: 

( ) ( )

( )
2123131211

2

132123

1111
1

CCRR
j

CRCRCR
j

RRCCRR
jH

+��
�

�
��
�

�
+++

−
=

ωω
ω  

Analysis: 
The circuit is shown below: 
We have: 

1
1 R

VV
i s −

= , outVCji 22 ω= , 
3

3 R
VVi out −

= , VCji 14 ω= , 

2
5 R

Vi = . 

From 25 ii −= , we have: outVCRjV 22ω−=  

From 4531 iiii +=+ , we have:  

( ) outoutout
out

out
s VCjVRCCjV

R
RCj

R
VV

R
RCj

R
V

2221
2

3

22

31

22

1

ωωωω
−−=+++  

vs
R1

C 1

+

- vout

i1
i 2R2

i3

C 2

R3

i5i4

v
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Therefore, the frequency response is: 

( ) ( )

( )
2123131211

2

132123

1111
1

CCRR
j

CRCRCR
j

RRCCRR
jH

+��
�

�
��
�

�
+++

−
=

ωω
ω  

______________________________________________________________________________________ 

Problem 15.36 

Solution: 
Known quantities: 
The filter shown in Figure P15.36. 
Find: 
Verify that the filter's frequency response has the following expression: 

( )
( )

21321

21

12132311

2

11

1111
CCRRR

RRj
CR
K

CRCRCR
j

CRKjjH
+

+��
�

�
��
�

� −++++
=

ωω

ωω  

Analysis: 
The circuit is shown below: 
We have: 

( ) K
V

V
KRR

RV out
outAB =

−+
=

1
 

1
1 R

VV
i i −

= , ( )
3

22 R
VVVCji A

A =−= ω , 

2
3 R

VVi out −
= , VCji 14 ω= . 

From ( )
3

22 R
VVVCji A

A =−= ω , we have: �
�
�

�
�
�
�

�
+=��

�

�
�
�
�

�
+=

2323

1
1

1
1

CRjK
V

CRj
VV out

A ωω
 

From 4231 iiii +=+ , we have:  

K
VCj

RCj
Cj

KR
V

KR
V

RCjR
V

KR
V

RCjR
V outoutoutoutouti

��
�

�
��
�

�
++=��

�

�
��
�

�
+−+��

�

�
��
�

�
+− 1

32

1

323221321

1111 ω
ω
ω

ωω
 

Therefore, the frequency response is: 

( )
( )

21321

21

12132311

2

11

1111
CCRRR

RRj
CR
K

CRCRCR
j

CRKjjH
+

+��
�

�
��
�

� −++++
=

ωω

ωω  

where: 
B

A

R
RK +=1  

______________________________________________________________________________________ 

R(K-1)R
Av

vi
R1

C 1

i1

i2

R2
i3

+

-

vo
C 2 R3

i 4

v
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Problem 15.37 

Solution: 
Known quantities: 
The filter shown in Figure P15.35. 
Find: 
Verify that for the filter: 

��
�

�
��
�

�
++=

3211

2
32

1111
RRRC

CRR
Q

 

Analysis: 
From the expression, we can see that  

3221

1
RRCCc =ω  and 

312111

111
RCRCRCQ

c ++=
ω

 

or  ��
�

�
��
�

�
++=

312111
3221

1111
RCRCRC

RRCC
Q

 

or ��
�

�
��
�

�
++=

3211

2
32

1111
RRRC

CRR
Q

 

______________________________________________________________________________________ 
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Section 15.4:  Analog-to-Digital and Digital-to-Analog 
Conversion 

Problem 15.38 

Solution: 
Find: 
List two advantages of digital signal processing over analog signal processing. 
Analysis: 
1. Digital signals are less subject to noise, since one only needs to discriminate between two voltages. 
2. Digital signals are directly compatible with.digital computers, and can therefore be easily stored on a 
disk, or exchanged between computers.  Thus, digital signals are intrinsically more portable than analog 
signals. 
______________________________________________________________________________________ 

Problem 15.39 

Solution: 
Find: 
Discuss the role of a multiplexer in a data acquisition system. 
Analysis: 
It sequentially switches a set of analog inputs to the system input. 
______________________________________________________________________________________ 

Problem 15.40 

Solution: 
Known quantities: 
The circuit shown in Figure P15.40. 
Find: 
Explain the operation of the circuit. 
Analysis: 
Op-amp #1 is an input buffer. The JFET behaves as a low-leakage diode which enables and disables the RC 
holding circuit, and op-amp #2 is a voltage-follower whose purpose is to isolate the circuit from the load. 
______________________________________________________________________________________ 

Problem 15.41 

Solution: 
Known quantities: 
The circuit shown in Figure P15.40. The input is a 1 kHz sinusoidal signal with 0° phase angle, 0 V DC 
offset and 20 V peak to peak amplitude. VG is a rectangular pulse train with 10 µs, and a period 100 µs, 
with a leading edge of the first pulse at t=0. 
Find: 
a) Sketch Vout if the RC circuit has a time constant equal to 20 µs. 
b) Sketch Vout if the RC circuit has a time constant equal to 1 ms. 
Analysis: 
a) 
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b) 

 
______________________________________________________________________________________ 

Problem 15.42 

Solution: 
Known quantities: 
The input to a four-digit DAC, 1210, given that 150RRF = , logic 0 corresponds to 0 V, and logic 1 

corresponds to 4.5 V. 
Find: 
a) The output of the DAC. 
b) The maximum voltage that can be outputted from the DAC. 
c) The resolution over the range 0 to 4.5 V. 
d) The number of bits required if an improved resolution of 20 mV is desired. 
Analysis: 

[ ]01
1

2
2

3
3

0

22254 bbbb
R
R.V F

a +++−=  

a) [ ] V6312
15
154 ..Va −=−=  

b) ( ) ( ) V5415
15
154 ..V maxa −=−=  

c) V30
15
154 ..Va ==δ  



G. Rizzoni, Principles and Applications of Electrical Engineering Problem solutions, Chapter 15 

 

15.24 

d) 

( ) ( )
( )

827
2

1

.
log

V
VV

log

n reqa

maxamaxa

=
�
�

�

�

�
�

�

�
+

−

≥
δ

 

Therefore, we choose n = 8. 
______________________________________________________________________________________ 

Problem 15.43 

Solution: 
Known quantities: 
The input to a eight-digit DAC, 21510, given that 2550RRF = , logic 0 corresponds to 0 V, and logic 

1 corresponds to 10 V. 
Find: 
a) The output of the DAC. 
b) The maximum voltage that can be outputted from the DAC. 
c) The resolution over the range 0 to 10 V. 
d) The number of bits required if an improved resolution of 3 mV is desired. 
Analysis: 
21510 = 110101112 

[ ]01
1

6
6

7
7

0

22210 bbbb
R
RV F

a ++++−= �  

a) [ ] V3418215
255
110 .Va −=−=  

b) ( ) [ ] V10255
255
110 −=−=maxaV  

c) mV239
255
110 .Va ==δ  

d) 

( ) ( )
( )

70311
2

1

.
log

V
VV

log

n reqa

maxamaxa

=
�
�

�

�

�
�

�

�
+

−

≥
δ

 

Therefore, we choose n = 12. 
______________________________________________________________________________________ 

Problem 15.44 

Solution: 
Known quantities: 
The circuit of Figure P15.45, a simple 4-bit DAC. In the circuit if the bit is 1, the corresponding switch is 
up, if the bit is 0 the switch is down. 
Find: 
If the digital number is represented by b3b2b1b0, determine an expression relating v0 to the binary input 
bits.. 
Analysis: 
This circuit is just a summing amplifier, with 
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( )0123
1

2

012
3

1

2
0

1

2
1

1

2
2

1

2
3

1

2

248
8

842842

bbbb
R
VR

bbbb
R

VRVb
R

RVb
R

RVb
R

RVb
R
RvO

+++−=

�
�

�
�
�

� +++−=−−−−=
 

______________________________________________________________________________________ 

Problem 15.45 

Solution: 
Known quantities: 
The input to a eight-digit DAC, 9810, given that 2550RRF = , logic 0 corresponds to 0 V, and logic 1 

corresponds to 4.5 V. 
Find: 
a) The output of the DAC. 
b) The maximum voltage that can be outputted from the DAC. 
c) The resolution over the range 0 to 4.5 V. 
d) The number of bits required if an improved resolution of 0.5 mV is desired. 
Analysis: 

a) [ ] V729.198
255
15.4 ==aV  

b) ( ) [ ] V5.4255
255
15.4max ==aV  

c) mV617
255
154 ..Va ==δ  

d) 

( ) ( )
( )

13613
2

1

.
log

V
VV

log

n reqa

maxamaxa

=
�
�

�

�

�
�

�

�
+

−

≥
δ

 

Therefore, we choose n = 14. 
______________________________________________________________________________________ 

Problem 15.46 

Solution: 
Known quantities: 
The four-digit DAC of Figure P15.46, with an output range V010 ≤≤− OV . 

Find: 
The value of RF that will give that output. 
Assumptions: 
The logic 0 = 0 V and the logic 1 = 5 V. 
Analysis: 
For the circuit of Figure P15.46, kΩ1=OR  and n = 4.  

Therefore, ( ) V10−=maxaV , and 15
1000

510 fR
−=− , or Ω3133.R f = . 

______________________________________________________________________________________ 
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d) 

( ) ( )
( )

28814
2

1

.
log

V
VV

log

n reqa

maxamaxa

=
�
�

�

�

�
�

�

�
+

−

≥
δ

 

Therefore, we choose a 15-bit ADC. 
______________________________________________________________________________________ 

Problem 15.50 

Solution: 
Known quantities: 
The four-digit DAC of Figure P15.46, with an output range V015 ≤≤− OV . 

Find: 
The value of RF that will give that output. 
Assumptions: 
The logic 0 = 0 V and the logic 1 = 5 V. 
Analysis: 
Here,  V015 ≤≤− OV .  For the circuit of Figure P15.46, kΩ1=OR  and n = 4.  

Therefore, ( ) V15−=maxaV , and 15
1000

515 fR
−=− , or Ω200=fR . 

______________________________________________________________________________________ 

Problem 15.51 

Solution: 
Known quantities: 
The circuit of Figure P15.44, and the desired output of the 4-bit DAC, 

( ) V248
10
1

01230 bbbbV +++−= . 

Find: 
The design of the DAC. 
Analysis: 

From the results of Problem 15.44, we see that we must choose V0, 2R  and 1R  such that: 
10
1

8 1

02 =
⋅
⋅
R
VR

 

One possible choice is to let kΩ30V15 1 == R,V  and kΩ612 .R = . 
______________________________________________________________________________________ 

Problem 15.52 

Solution: 
Known quantities: 
The range, ±15 V, and the resolution, 0.01 V, of a data acquisition system. 
Fin 
The number of bits of the DAC. 
Analysis: 

( ) 55111
010

1515
2 .

.
logn =�

�

�
�
�

� +−−≥ . Choose n = 12. 
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______________________________________________________________________________________ 

Problem 15.53 

Solution: 
Known quantities: 
The range, ±10 V, and the resolution, 0.04 V, of a data acquisition system. 
Find: 
The number of bits of the DAC. 
Analysis: 

( ) 9681
040

1010
2 .

.
logn =�

�

�
�
�

� +−−≥ . Choose n = 9. 

______________________________________________________________________________________ 

Problem 15.54 

Solution: 
Known quantities: 
The range, −10 − 15 V, and the resolution, 0.004 V, of a data acquisition system. 
Find: 
The number of bits of the DAC. 
Analysis: 

( ) 6121
0040

1015
2 .

.
logn =�

�

�
�
�

� +−−≥ . Choose n = 13. 

______________________________________________________________________________________ 

Problem 15.55 

Solution: 
Known quantities: 
The range, 0 − 2,500 rev/min, and the resolution, 1 rev/min, of a DAC used to deliver velocity 
commands to a motor. 
Find: 
The number of bits of the DAC. 
Analysis: 

( ) 29111
1

02500
2 .logn =�

�

�
�
�

� +−≥ . Choose n = 12. 

With this choice we compute the following resolution: rev/min610
2

2500
12 .res ==  

______________________________________________________________________________________ 

Problem 15.56 

Solution: 
Known quantities: 
The range, 0 − 10 V, for an ADC. 
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Find: 
a) The resolution if this is a 3-bit device. 
b) The resolution if this is a 8-bit device. 
c) A general comment about the relationship between the number of bits and the resolution. 
Analysis: 
a)  V251V102 3 .res =⋅= − . 

b)  mV062539V102 8 .res =⋅= − . 
c)  more bits give better resolution. 
______________________________________________________________________________________ 

Problem 15.57 

Solution: 
Known quantities: 
The range, -5 − 15 V, and the resolution required, 0.05 %, for a DAC. 
Find: 
The number of bits required. 
Analysis: 
The range is 15 - (-5) = 20 V 

Thus, 97101
0005020

20
2 .

.
logn =�

�

�
�
�

� +
⋅

≥ . Choose n = 11. 

______________________________________________________________________________________ 

Problem 15.58 

Solution: 
Known quantities: 
The number of channels of an ADC, eight, the time required for ADC conversion, 100 µs, the time 
required for computation and output time for four of the channels, 500 µs, and for the other four, 250 µs. 
Find: 
The number of bits required. 
Analysis: 
We assume a data acquisition system of the type shown in Figure 15.32.  Therefore, each channel will be 

sampled at 
1
8

 of the external clock rate and the slowest channels will determine the rate.  

Thus, sampling rate = 8(100 µs + 500 µs)  = 4.8 ms. 

Thus, Hz3208
1084
1

3 .
.

f s =
⋅

= −  and Hz15104
2

.ff s
max ==  

______________________________________________________________________________________ 

Problem 15.59 

Solution: 
Known quantities: 
The range of the potentiometer, 270° and 10 V, and the maximum displacement to be measured, 180°. 
Find: 
a) The voltage to be resolved by an ADC to resolve an angular displacement of 0.5°, and the number of 

bits to do that. 
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b) If the ADC requires a 10 V input voltage find the optimum amplifier gain to take advantage of the full 
range of the ADC. 

Analysis: 
For a dynamic range of 10 V for 270° of rotation, we compute the following resolution: 

mV521850
270
10 ..res ==  

a) Finding the range for 180° rotation it is possible to determine the bits requirement for the ADC.  

5081
105218

270
18010

32 .
.

logn =
�
�
�
�

�

�

�
�
�
�

�

�

+
⋅

�
�

�
�
�

�

= − , and we choose n = 9. 

b)  The voltage gain of the amplifier is 

51
180
270 .gain ==  

______________________________________________________________________________________ 

Problem 15.60 

Solution: 
Known quantities: 
The maximum frequency of the signal to be digitized, 250 kHz, and the number of bits, 10, of the 
successive approximation ADC used. 
Find: 
The maximum permissible conversion time. 
Analysis: 
The conversion time should be no more than 10% of the signal period.  For this case, the signal period is 

µs4
10250

1
3 =

⋅
=T  

Therefore, the conversion time should be no longer than 400 ns. 
______________________________________________________________________________________ 

Problem 15.61 

Solution: 
Known quantities: 
The maximum frequency of the signal to be digitized, a torque signal from a torque sensor mouted on a 
farm tractor engine, is twice the shaft rotation frequency; the rotational speed of the crankshaft is 800 
rpm. 
Find: 
The minimum sampling period according to Nyquist criterion. 
Analysis: 
Shaft rotation frequency is 800 rpm or 13.33 rev/sec; therefore, the fluctuation frequency is 26.67 Hz: 

sm7518
26726

1 .
.

Ts =
⋅

=  

______________________________________________________________________________________ 
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Problem 15.62 

Solution: 
Known quantities: 
The range of an aircraft altimeter, from 0 V at 0 m to 10 V at 10000m, and the allowable error in 
sensing, 10 m. 
Find: 
The minimum number of bits for the ADC. 
Analysis: 
The allowable error is ±10 m. Therefore, an equivalent 20 m step size is allowable and  

9781
20

10000
2 .logn =�

�

�
�
�

� +=  

Thus, a 9-bit ADC is required. 
______________________________________________________________________________________ 

Problem 15.63 

Solution: 
Known quantities: 
The characteristic of the circuit needed, a circuit that generates interrupts at fixed time intervals. 
Find: 
The design of the circuit using a square wave that has a period equal to the desired time interval between 
interrupts. 
Analysis: 

MICRO-
PROCESSOR

INT

INT

SET

Q

CK

D 5V

INTERRUPT 
REQUEST
FROM THE 
ADC

(CONVERSION
COMPLETE)

CLEAR

T

Clock

 
______________________________________________________________________________________ 

Problem 15.64 

Solution: 
Find: 
The minimum number of bits required to digitize an analog signal with a resolution of: 
a) 5%.  b) 2%.  c) 1%. 
Analysis: 
a)  505025 =�≤�

− n.% n  

b)  602022 =�≤�
− n.% n  

c)  701021 =�≤�
− n.% n  
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Section 15.5: Comparator and Timing Circuits  
Problem 15.65 

Solution: 
Known quantities: 
The window comparator circuit of Figure P15.65. 
Find: 
Show that 0=outV  whenever highinlow VVV ≤≤ , and that inout VV =  otherwise. 

Analysis: 
If lowin VV ≤ , 

+
+ =�
�
�
�

=

=
VV

VV
V

out
2

1 0

 

If highinlow VVV ≤≤ , 

0
0
0

2

1 =�
�
�
�

=
=

outV
V
V

 

If highin VV ≥ , 

+
+

=�
�
�
�

=
=

VV
V

VV
out02

1  

______________________________________________________________________________________ 

Problem 15.66 

Solution: 
Known quantities: 
The noise peak amplitude, ±150 mV, the reference value around which the circuit is to switch, -1 V, and 
the characteristic of the op-amp, ±10 V supplies (Vsat = 8.5 V). 
Find: 
The design of the circuit. 
Analysis: 
This is very similar to Example 15.14, Therefore,  

++

+
+

+
= sout v

RR
Rv

RR
Rv

32

2

12

2  

Since the required noise protection level is ±150 mV, R1 and R2 can be computed from: 

V15058
2 12

2

12

2 ..
RR

Rv
RR

Rv
sat =

+
=

+
=∆

 where mV300=v∆  

Assuming kΩ1001 =R , R2 can be calculated to be approximately 1.8  kΩ. Since the required 
reference voltage is -1 V, we can find R3 by solving the equation 

V110
32

2

32

2 =
+

=
+

−

RR
Rv

RR
R

s  to obtain: Ωk2163 .R = .   

______________________________________________________________________________________ 

Problem 15.67 

Solution: 
Known quantities: 
The circuit of Figure P15.67; Ω1001 =R , Ωk562 =R , 21 RRRi = , and inv  is a 1 V peak to peak 
sine wave. 
Find: 
The threshold voltages and the output waveform. 
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Assumptions: 
The supply voltages are ±15 V. 
Analysis: 

Applying KCL: 
1

21
R
R

V
V

in

o += . Therefore, 561=
in

o

V
V

  
______________________________________________________________________________________ 

Problem 15.68 

Solution: 
Known quantities: 
The circuit of Figure P15.68. 
Find: 
Explain the operation of the circuit. 
Analysis: 
Operation of this circuit depends on the magnitude of the input voltage, inV , being much larger than zero.  

When 0>>inV , the op-amp will be saturated, and outV  will be at its saturation limit, RV  (positive rail). 

When the op-amp is saturated, the approximation −+ = VV  is no longer valid.  Writing KCL at the non-
inverting input, we have 

0=
−

+
− ++

F

out

in

in

R
VV

R
VV

    or    out
F

in
inFin

V
R

V
RRR

V 1111 +=��
�

�
��
�

�
++  

The output changes from positive rail ( )RV+  to negative rail ( )RV−  when 0== −+ VV .  When inV  is 

small, then 0=≈ −+ VV , and in
in

F
out V

R
RV ��

�

�
��
�

�
−=  

If Rout VV = , then: R
F

in
in V

R
R

V ��
�

�
��
�

�
−=  

What this means is the following: As inV  drops from a large positive value, through zero, to a negative 

value, the output of the op-amp “switches” (from RV+  to RV− ) at the point R
F

in
in V

R
R

V ��
�

�
��
�

�
−= . 
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Similarly, as inV  increases in the opposite direction, the “switch” from RV−  to RV+  occurs at 

R
F

in
in V

R
R

V ��
�

�
��
�

�
+= . 

This is a form of voltage hysteresis, as shown in the figure below. 

 
______________________________________________________________________________________ 

Problem 15.69 

Solution: 
Known quantities: 
The circuit of Figure P15.68. The op-amp is a LM741 with ±15 V, kΩ104=FR , and Vin is a 1 kHz 
sinusoidal signal with 1 V amplitude. 
Find: 
a) The appropriate value for Rin if the output is to be high whenever V250.Vin ≥ . 
b) Sketch the input and the output waveforms. 
Analysis: 
a)  We know that VVR 13≈  when the LM741 op-amp is used with V15±  bias supplies.  Then, from the 
discussion in the answer to Problem 15.69, 

( ) Ωk2kΩ104
13
250 =�

�

�
�
�

�=��
�

�
��
�

�
=���

�

�
��
�

�
−= .R

V
V

RV
R
R

V F
out

in
inout

F

in
in  

b)  The input and output waveforms are sketched below. 
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______________________________________________________________________________________ 

Problem 15.70 

Solution: 
Known quantities: 
The circuit of Figure P15.70. 
Find: 
a) The output waveform for vin a 4 V peak to peak sine wave at 100 Hz and Vref = 2 V. 
b) The output waveform for vin a 4 V peak to peak sine wave at 100 Hz and Vref = -2 V. 
Analysis: 
a)  

  
b)  
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______________________________________________________________________________________ 

Problem 15.71 

Solution: 
Known quantities: 
The go-no go detector application circuit of Figure P15.71. 
Find: 
a) Explain how the circuit works. 
b) Design a circuit such that the green LED will turn on when Vin exceeds 5 V, and the LED will be on 

whenever Vin is less than 5 V. 
Assumptions:
Only 15 V supplies are available. 
Analysis: 

a)  Define V
RR

RV
12

1
2 +

=  as the voltage at the inverting input of the op-amp.  Then: 

When 2VVin >  the output of the op-amp will be positive and the green LED will turn on (go). 

When 2VVin <  the output of the op-amp will be negative and the red LED will turn on (no go) 

b)  For this design, V52 =V  and V15=V . 

V5V15
12

1 =
+ RR
R

    
3
1

12

1 =
+

�

RR
R

 

or     
R
R

2

1
1 3+ =     2

1

2 =�

R
R

 

Choose kΩ101 =R  and kΩ202 =R  to complete the design. 
______________________________________________________________________________________ 

Problem 15.72 

Solution: 
Known quantities: 
The circuit of Figure P15.72, where vin is a 100 mV peak sine wave at 5 kHz, R = 10 kΩ, and D1 and 
D2 are 6.2 V Zener diodes. 
Find: 
Draw the output voltage waveform. 
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Analysis: 

  
______________________________________________________________________________________ 
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Section 15.7: Data Transmission in Digital Instruments  
Problem 15.73 

Solution: 
Known quantities: 
An ASCII (hex) encoded message. 
Find: 
Decode the message. 
Analysis: 
ASCII decoding is easy! 
______________________________________________________________________________________ 

Problem 15.74 

Solution: 
Known quantities: 
An ASCII (binary) encoded message. 
Find: 
Decode the message. 
Analysis: 
This is a time-consuming problem. 
______________________________________________________________________________________ 

Problem 15.75 

Solution: 
Known quantities: 
Some decimal numbers. 
Find: 
The ASCII form for the numbers. 
Analysis: 
 Decimal  ASCII 
 12  31 32 
 345.2  33 34 35 2E 32 
 43.5  34 33 2E 35 
______________________________________________________________________________________ 

Problem 15.76 

Solution: 
Known quantities: 
Some words. 
Find: 
The ASCII form for the words. 
Analysis: 
a) 44 69 67 69 74 61 6C 
b) 43 6F 6D 70 75 74 65 72 
c) 41 73 63 69 69 
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d) 41 53 43 49 49 
______________________________________________________________________________________ 

Problem 15.77 

Solution: 
Find: 
Explain why data transmission over long distances is usually done via a serial scheme rather than parallel. 
Analysis: 
Serial data transmission requires only a single data path. Parallel requires 16 (or more, depending on word 
length), and would, therefore, be much more expensive. 
______________________________________________________________________________________ 

Problem 15.78 

Solution: 
Known quantities: 
The on-board memory of an automated data-logging, 16 K-words, that samples the variable of interest 
once every 5 min. 
Find: 
How often must the data be downloaded and the memory cleared in order to avoid losing any data. 
Analysis: 

days.
hr

day
min
hrmin

delaypossibleLongest

956
24
1

60
181920

min819205102416

≈××=

==⋅⋅=
 

______________________________________________________________________________________ 

Problem 15.79 

Solution: 
Find: 
Explain why three wires are required for the handshaking technique employed by IEEE 488 bus system. 
Analysis: 
Three lines are used for handshaking in the IEEE 488 bus to accomplish the following functions:  One line 
is used to declare the bus ready to accept data; another line to declare that data has been accepted, and a 
third one to declare that the data was indeed valid. 
______________________________________________________________________________________ 

Problem 15.80 

Solution: 
Known quantities: 
The information held in a CD-ROM, 650 MB. The CD-ROM are packaged 50 per box, and 100 boxes 
are shipped. The distance for the trip is 2,500 miles and the airplane speed is 400 mi/hr. 
Find: 
The transmission rate between the two cities in bits/s. 
Analysis: 
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hr
bytes1045259525

mi2500
hr
mi400boxes100

box
CDs50

CD
bytes10241024650

11⋅=
⋅⋅⋅⋅⋅

.  

 

s
bits.

sec
hr

byte
bits

hr
bytes. 911 10211

3600
181045259525 ⋅≈⋅⋅⋅  

or approximately 
s

Gbits.131 . 

______________________________________________________________________________________ 
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