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

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 4™ 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.

L earning Objectives

Review the major classes of sensors. Section 1.

Learn how to properly ground circuits, and methods for noise shielding and reduction. Section 2.

Design signal conditioning amplifiers and filters. Section 3.

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.

L=
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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: 0 < f <15 kHz

Visible frequencies: 3.9x10'* Hz< f <7.9x10" Hz

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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Summing Amplifier

Rp

Temp. V+
Transducer ﬁA/\/
- Output (Note: Output

Humidity will be inverted)
Transducer 1

Ry
V-
Problem 15.4
Solution:
Known quantities:
. o 0.255 A . ,
The capacity of a capacitive displacement transducer C = ————— F | where A is the cross-sectional

area of the transducer plate (in?), and d the air-gap length (in).

Find:

The change in voltage (Av() when the air-gap changes from 0.01 in to 0.015 in.
Analysis

. Av A

i=c2e aq=cav,, D=4y

Ot C °

Assume no change in charge.

Cren =2COld = v, =3 \
3 2
Problem 15.5

Solution:

Known quantities:

The circuit of Figure P15.5 in which i, /H =0.5107 p Amz/W :

Find:

a) Show that the output voltage varies linearly with H.

by If H=1500 W/ m?, V, =7.5 V, and an output voltage of 1 V is desired, determine an
appropriate value for R, .

Analysis

a) VOut = iD RL

Given a large enough value of Vp,

Ve =05 107 HR, ; hence, varies linearly with H.

b V,, =i,/HR = 1=0510"(1500)R . R =1333Q
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Problem 15.6

Solution:

Known quantities:

The value of the constant G for quartz in compressive stress, 0.055 , and for polyvinylidene

V

fluoride in axial stress, 0.22 ——.

The quartz element of a force sensor is 0.25 in thick and has a rectangular cross section of 0.09 in’.
The fluoride film of a piezoelectric sensor is 30 im 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
li
y v, =00ssym_1m 1 g6V
N 0.0254m 0.25in N

b) 0X

N

Problem 15.7
Solution:

Known quantities:
The allowable levels of error in the measurement of K, Mand & +5 %, £2 %, £10 %. The expression
forb, b= 2{\/@

Find:

The percentage error limit for b.

Analysis

5+2

error :i(10+ j:il3.5%

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
Z measurements
mean =

20
_ Y _|deviations 0225
20

=9.945+2 %, max.=10.144, min.=9.746

average deviation =

> |deviationd”
=0.427
20
Measurement #1 exceeds the standard deviation O probability<0.99 => roller speed will be adjusted

standard deviation =

Problem 15.9

Solution:

Find:

Discuss:

a) Measurement accuracy.

b) Instrument accuracy.

¢) 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, R, =1 kQ, R, =5 kQ.
Find:
The gain of the input stage.
Analysis:

2 2(5 kQ
NRPELIPeLL. )
R

=1+10=11

Problem 15.12

Solution:

Known quantities:

The resistance R, =1 kQ for the instrumentation amplifier of Figure P15.11, and the value of the gain for
the input stage, 50.

Find:

The resistance Ry to make that gain for the amplifier.

Analysis

A:1+% =R, =%R1(A—1): (1 kQ)(50 -1)=24.5 kQ

1
2

Problem 15.13

Solution:

Known quantities:
The resistance R2 =10 kQ for the instrumentation amplifier of Figure P15.11, and the value of the gain

for the input stage, 16.

Find:
The resistance Ry to make that gain for the amplifier.
Analysis.
2 2
A=+ =R = R, _2(10 kQ)=1333Q
R A-1  16-1
Problem 15.14
Solution:

Known quantities:
The resistances for the instrumentation amplifier of Figure 15.16, R, =1 kQ, R, =10 kQ.
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Find:

The gain of the input stage.

Analysis

A= 1+2R2 M—1+20=21
R 1 kO

Problem 15.15

Solution:

Known quantities:

The resistances for the instrumentation amplifier of Figure 15.16, R =1.5 kQ, R, =80 kQ.
Find:

The gain of the input stage.

Analysis

az1+ 2R o 280K Ly oo 07
R 1.5 kQ

Problem 15.16

Solution:

Known quantities:
The resistances for the instrumentation amplifier of Figure 15.16, R = R =R=1kQ, R, =5kQ,

R, =10 kQ.

Find:

The differential gain for the IA.

Analysis:
R 2 R

Ay =A—= 1+—RZ L 1+@ &_110
R R /R 1)1

Problem 15.17

Solution:

Known quantities:
The resistances for the instrumentation amplifier of Figure P15.11, R=1kQ, R; =200 kQ,

AR =2 % of R

Find:
The CMMR of the IA.
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Analysis
A
R; R+ R,
—| —-1|A
R R +R+4R

R
Ay = A AR=0.02[R=0020kQ=200Q

CMRR; =20log,,

A ‘
CMRR,, = 20l0g,, R =20log,, ! =~ 80dB
Rf{ RHR JA _RHR —1‘
R|R, +R+4R R, +R+ /4R

Problem 15.18

Solution:

Known quantities:
The resistances for the instrumentation amplifier of Figure P15.11, R=1kQ, R, =200 k€,

AR =2 % of R

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

R
Assume A=10.Then Ay, = ?fA =2000
20log,, Ay; =66 dB

CMRR =80 dB (from Problem 15.17)
2010g,, Ay - CMRRy, = ~14 dB

Problem 15.19

Solution:

Known quantities:
The resistances for the instrumentation amplifier of Figure 15.16, R =2 kQ, R, =10 k€, and the

differential gain, 900.

Find:

The resistances Rand Ry to achieve that gain.

Analysis
R 2 1 2R 1

Ay =— 1+;R2 _10 1+ 22 :_0(1+ R,) =900
R R, R 2 R
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Thus, 1+ R, =90R
Choose: R=1kQ = R, =89 kQ

Problem 15.20

Solution:

Known quantities:
The cutoff specification of Example 15.3, @, =10 rad/s .

Find:
The order of the filter required to achieve 40 dB attenuation at c, = 24 rad/s.

Analysis

20l0g,, 1+ " <40 @ w, =25 rad/s

Solving the equation, we obtain N =1.43 . Thus N =2 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

O 1

Z (! MR R
V. ===V, ,where: Z, = R_|- = F=—F and Z,, = R, .

Z, lieCe g, 1 1+jaRC

" jaCy
Therefore, V,,, = —&_;Vm
R, 1+ |GR.C;
Vool _ R 1

a)

Vin :E'\ll-'-(aRFCF )2

by OV, -0V, =m7-tan” (wR.C. ) rad, or OV, — OV, =180° —tan™ (wR-C. ) deg.

Problem 15.22

Solution:

Known quantities:
The circuit for a low-pass filter shown in Figure P15.21 with gain, with R, =20 kQ, R. =100 kQ,

C. =100 pF, v,, =25sin(2,0007%) V .
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Find:

The expression of V.

Analysis

Vou | - Re. ! =4.99
Vil Ra 1+(WRFCF )2

OV, -0V, = 7—tan™ (20007000 00° 000007 ) = 7—tan™ (62.8 007 ) = 3.079 rad

v, (t) =9.98sin(20007z +3.079) V

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:

RB VOUt
R, + R
. _V, -V . V=V,
I 1 = L
R R,
iy = JaC,Vyg.
From i, =1, , we have: V :VAB(1+ jaRZCZ)

From I, +1; =1,, we have:

Vout[_japl-'- RB [(le+i+éj(l+JaR2C2)J—LJ:£

AB

:jaCI(V

out

—V),

Ra+ Ry R

o (ia)=

© o R|-jec e ((Jaﬁﬁl’flJ(HJﬁRzCz)J‘l
Ry +Rg R R R,
Therefore, the frequency response is:

h(jwﬁ K(I/Rleclcz)
Vv (jw)u[l . (1—K)}(jw)+1

+
R1 Cl RQ Cl R2 C2

where: K =1 +&

B
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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:

Ve =

Ry
R, +R;
i = jacl(vs _V)’ i, = quCz(V _VAB)’

Vi
R,

From i, =1, , we have: V =VAB(1+'QR2+CJ
J 2

From I, +1; =1,, we have:

jaclvs =Vout (L][(L'F jml + jmz](;*‘l]_ jacz:|_L
R.+Rs (R JaC, R, R

Therefore, the frequency response is:

AV
e B v S e v
R L e o L
Rlcl RZCI RZCZ Rl RZCICZ
where:K: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:
R
Vg =——2—V
AB RA + RB out -
VAR, V., -V Yout
= > ’|2=jaE1(V_VAB)’ i3_ o .
R R,
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From I, :VAB(L+jaﬁzj,wehave:V:VAB(l+&+ _ ! J
R, C,  juRC

From I, +1; =1,, we have:

ol e S e
R Ra+Re R JaCR, G R,

Therefore, the frequency response is:

Yot (jeo) = RY,
. (jw)“[ ¢ Re RS TR (I—K)}(J‘w)+R1+R2
RC RC, RC, RC, RR,R,CC,
Where:K:1+&
B

Problem 15.26

Solution:

Known quantities:
The circuit of Figure P15.21, where C =100 pF, and the desired cutoff frequency and gain magnitude

are respectively 20 kHz and 5.

Find:
The appropriate values of Rr and Rin.
Analysis
rad
fo =20kHz = w. =27f. =40mk—
S
1 | 1

=79.6 kQ

w, = R = =
° R.C, " w.Cp;  4070° 0000072

R R
= =5 = R, =-1=159k0

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=5andV,=%15V.

Find:
The design of the filter.
Analysis
R
K :1+R—A:10; choosing R, =9 kQ = R; =1kQ
B
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1

21 /RC,RC,

RC., , [RC. _, [RC |y,
RICI RZCI R2C2 .

Choose C; = C3 = 0.01 puF and solve for Ry = 540 Q and Ry = 4.7 kQ. Then, substitute the values
thus obtained in the high-pass filter of Figure 15.22.

f =10 kHz

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=10and V, =%15V.

Find:
The design of the filter.
Analysis
R
K =1+—2=15; choosing R, =14 kQ = R; =1kQ
B

1

f=
27/RCRC,

RC + RS 4 |RG 2y,
RC, VRC, RC, |

Choose C1 = Cz = 1 uF and solve for Ry = 1.8 Q and Ry = 23 Q. Then, substitute the values thus
obtained in the high-pass filter of Figure 15.22.

=25kHz

Problem 15.29

Solution:

Known quantities:
The circuit of Figure P15.29.

Find:
The characteristic of the filter.
Analysis. Ge
Note that V|, =V, . Therefore, [ {
[RY
V . C
I = : = J w Vout
V2
1
. C
Jw——=
V2
and

15.13
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Va = Rl +Vb = ngvoutj-'-vout = (1 + J aRC out
V2 V2
Now, writing a KCL equation at node a,
Va _Vin +| + Va _Vout :O
R
jon/2C
[1 + J @C out _\/in (1 + J QR;C out _Vout
V2 . C V2 _
+Jwo—=V,, + =0
R V2 1
jon/2C
(1+jaRC] (1+jaRC—1]
Ly, st 2 o8l 2 vout:[lﬂﬁﬂﬁ—mcz%
R R i) | R RTIA
] jon/2C

. Vv 1
V,, ={l+ jv2aRC -w’R’C* NV, = —* =
( "V, 1-(aRC) + jN2aRC

_ 1 _ 1
) J1-2(«RC)’ +(wRC)" +2(wRC) ) J1+(«re)’

Y/

out

v,

which is a second-order Butterworth low-pass function with cutoff frequency Wy = ——

RC

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=5andV,==%I5V.
Find:
The design of the filter.
Analysis
R
K =1+—2=15; choosing R, =14 kQ = R; =1kQ
B

1

) 2m|RC R,C,

RC, , RC 1 |RG _p
RICI RZCI RZCZ .

f =15 kHz
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Choose C1 = Cz = 1 uF and solve for Ry = 2.6 Q and Ry = 43.9 Q. 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

Q:—“foL:O_6

fu =1,
R, ,
K =1+—==2;choosing R, =1kQ = R; =1kQ
B
1

=1kHz

f =
2m|RC R,C,
Choose R = Ryand C; = C; = 1 puF
R1 = Ry = 160 Q. Then, substitute the obtained values in the high-pass filter of Figure 15.22.

R
K :1+R—A:2;choosing R,=1kQ = R; =1kQ
B

1

f=
21 {RC,RC,
Choose R1 = Rpand C; = Co = 1 uF
R1 = Ry = 800 Q. 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.

=200 Hz

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:
fo=10 Hzz—— = @, =— = 27000 =207 29
27RC RC S
Choose R=20 kQ. Then, —————=20T1 = = + =796 nF
(20 kQ)C 2000° (2077

and the two capacitors have values given by
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V2C =1.125pF and L —s63nF.

V2

Problem 15.33

Solution:

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

Find:

The voltage gain " as a function of frequency and generate its Bode magnitude plot. Show that the

R
cutoff frequency is and that the low frequency gain is .
Analysis:
We have:
=R
AB R +R, out

oo . _V,-V . V-V
I = Jaﬁ(vout —V), h, = R I = R 2

From i, = JaWCV g5, we have: V =V 5 (l + jaRC)
From i, +i; =1i,, we have:

V,=V,, {(%J[(z + jaRC)(1 + jaRC) - 1] - jaRC}

Therefore, the frequency response is:

1
Vae (1 09) = (Re) 1R
(JC‘))— where: K =1+—
R RSO A

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 V.

Analysis:
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3= 1/b 1
VW V2 = —_Vl
10 S
= lla L 1 1
R” ) V3 = __Vz = _zvl
Vv, + S S
IF and
1Q [ _ _
L oy, V,=-V, = :Vl
Using Laplace transforms, note that
Writing a KCL equation at the inverting input to the leftmost op-amp,
a b V Ks’
—KV, =V, —aV, -bV, =0 or =KV, =V, =2V, - —V, =0 = —l=-_ "
S S Vi, s"+as+b
which is a second-order high-pass function.
Also,
V, 1V, Ks
Vo, sV, s+as+b

which is a bandpass function, and

Vi 1V, _ K

V,, s’V, s +as+b
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:

-(I/RR,C,C,)R,/R

H(jw)=
v ( 1 1 1 ) 1
(jew) + o jw+
R1C1 RQCI R3C1 R3R2C1C2
Analysis:
The circuit is shown below:
We have:
V.-V V-V .
I = Ly = JAC Vg, iy == —. 1, = jaCV
R R,

. _V
ls —g.
From i; = —i,, we have: V = —JaR,C,V,_,

From I, +1; =1, +1,, we have:

£ + JaI:ZRQ Vout +VOUt + JaI:ZRZ Vout = _(jw)2C1C2 RZVOUl - JC(I:ZV
R R R
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Therefore, the frequency response is:

H(ja))= _(1/R3R2C1C2)R3/R1

(jw)2+[ oot jjw+1
RC, RC, RC )T RRCC,

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:
. jaK /R C,
H(jw)= Jex)
2 ( 1 1 Lo, 1- KJ R+R,
(jew) + + jor -2
RC, RC, R3C RzC RR,R.CC,
Analysis
The circuit is shown below: i -1 3I\/I§,
We have: A C2 R; 2 v
R Vv Vi + 0o

Vae =570 Vou = v Ry —*

R+R(K -1) K Tig

_V,-V Vv €1 >

i, =———,i, = jaC =4, R(K-1

U LAV s RS > Rk
i3 :\M’ i4 = Jaﬁlv

R,

. . V
From i, = J&CZ(V —VA) Va , we have: V =V (1 ! j: ol (1+ _ 1 ]
R, JaRC, ) K JaR,C,

From I, +1; =1, +1,, we have:

i—[. 1 +1jvout +Vout _[. 1 +1jvout :Vout +(.JCLC1 +jacljvout
R (jaC,RJKR R, |jaC,R, JKR, KR, |jaC,R, K

Therefore, the frequency response is:

(jo)- kR
(jw)er( Lo, 1 1_KJJ“’+ R +R,
RC RC, R3C R,C RR,R,C,C,
Ra
where: K =1+—
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Problem 15.37

Solution:
Known quantities:
The filter shown in Figure P15.35.

Find:
Verify that for the filter:

1 %&&(LLLJ

Q CGR R R
Analysis
From the expression, we can see that
= 1 w 1 1 1
W, = an § +

’ C1C2R2R3

1 1 1
"Q “CCRzRa(CR CR CRJ
1 C 1,1, 1
"o RZ&E(RfRfRJ

d—== +
Q ClRl C1R2 C1R3

Problem solutions, Chapter 15
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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 s, and a period 100 Us,
with a leading edge of the first pulse at t=0.

Find:

a) Sketch Vg if the RC circuit has a time constant equal to 20 Ls.

b) Sketch Vo if the RC circuit has a time constant equal to 1 ms.

Analysis:

a)
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\Y%
10 +

-10 1

b)

Problem 15.42

Solution:

Known quantities:

The input to a four-digit DAC, 121, given that Re = R, /15, 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.

¢) 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:

V, =-4.55 [2*b, +2%b, +2'h, +b)]
a RO 3 2 1 0

RS o S
) V, = 4.515[12] 3.6V

by (V) . = —4.5%(15) =-45V

o N, =45L=03V
15
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AN

log
Y
d n= (o =7.82
log 2

Therefore, we choose N = &.

Problem solutions, Chapter 15

Problem 15.43

Solution:

Known quantities:

The input to a eight-digit DAC, 21510, given that Rz = R, /255, 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
215,0=11010111,

V, =-10 25 [27b, +2%b, +...+2'b, +b)]
a RO 7 6 1 0
2V, =-10——[215] =-8.341 V

255

- — L - —
b (V). = 10255[255] 10 V

9 OV, =10—— =392 mV
255

AN

lo
AR
d n=2 =11.703
log 2

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 bsb,b1bg, determine an expression relating Vg to the binary input

bits..

Analysis:
This circuit is just a summing amplifier, with
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Vo = _&bSV _ibzv _iblv _ibov = —M(bS +b_2+ﬂ+&j
R 2R, 4R, 8R R 2 4 8

Y
= —';2—R1(8b3 +4b, +2b, +b,)

Problem 15.45

Solution:

Known quantities:
The input to a eight-digit DAC, 98, given that R: = R / 255, logic O 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.

¢) 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.

2y V,=45_[og]=1.720 v
255

= L =
b (V). =45 T [255]=4.5 v

a

) oV, = 4.5L =17.6 mV
255

A A
i Iog[| (é\/a)req |+1

d n= J=13.136
log 2

Therefore, we choose N = 14.

Problem 15.46

Solution:

Known quantities:

The four-digit DAC of Figure P15.46, with an output range =10 <V, <0 V.
Find:

The value of Ry 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, Ry =1 kQ and N = 4.
R,
Therefore, (V )mx =-10 V,and —10 = —SwIS ,or Ry =133.3Q.

a
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AN

lo
(AN
d n= =14.288
log 2

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 —15<V, <0 V.

Find:
The value of Ry that will give that output.

Assumptions:

The logic 0 = 0 V and the logic 1 =5 V.

Analysis

Here, —15<V, <0 V. For the circuit of Figure P15.46, Ry =1 kQ and n = 4.

R

). =-15V, and —=15=-5
1000

Therefore, (V

a

15,0r R, =200 Q.

Problem 15.51

Solution:

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

1
V, = —E(8b3 +4b, +2b, +b,) V.
Find:
The design of the DAC.
Analysis.
R, _1
From the results of Problem 15.44, we see that we must choose Vo, R, and R, such that: SR = E
!

One possible choice istolet V =15V, R =30 kQ and R, =1.6 kQ.

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

n=log M+l =11.55. Choose N = 12.
L 001
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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:

n= |OQZ(% +lj =8.96. 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
n= Iogz(—15 ( 10)

+1|=12.6.Choose N = 13.
0.004

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

n= |092(M+1j =11.29.. Choose N = 12.

2500

With this choice we compute the following resolution: reS = xR =0.61 rev/min

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) res=27100V=125V.
b) res=2"*100V =39.0625 mV.

¢) 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) =20V
20

Thus, n= |ng(m

+lj =10.97.Choose N = 11.

Problem 15.58

Solution:

Known quantities:

The number of channels of an ADC, eight, the time required for ADC conversion, 100 LLs, the time
required for computation and output time for four of the channels, 500 Ws, and for the other four, 250 Ls.
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 g of the external clock rate and the slowest channels will determine the rate.

Thus, Sampling rate = 8(100 ps + 500 ps) = 4.8 ms.

f
Thus, f, :;_3 =208.3 Hz and f,_, =—=104.15 Hz
4.800 2

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) Ifthe 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:

10
res=——0.5=18.52 mV
270
a) Finding the range for 180° rotation it is possible to determine the bits requirement for the ADC.
180
10| —
270
= "7 4+ 1

18.5200°° =8.50, and we choose N = 9.

n=1og,

b) The voltage gain of the amplifier is

gajn = @ =

180

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

1

= =4 us
250000

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:
1
T, =——— =18.75 ms
26.67 2
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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

n= Iogz(IOOOO +1) =8.97

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

T
—
MICRO- Clock
PROCESSOR J_I_I_I_

1NT<—< SET 1\NV\4> 5V

Q INTERRUPT
CK\*= REQUEST
FROM THE
INT ADC
s— (CONVERSION
A COMPLETE)
CLEAR

Problem 15.64

Solution:

"[lz"lhr;dr.ninimum number of bits required to digitize an analog signal with a resolution of:
a) 5%. b) 2%. ¢) 1%.

Analysis

a) 5% = 2"<0.05 = n=5

b) 2% = 2"<0.02 = n=6
1% = 2"<00l = n=7
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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 V,, =0 whenever Vi, <V, SV, and that V,,, =V, otherwise.

low = Yin = i
Analysis:
If Vin SV|0W’ If Vlow SVin SVhigh’ If Vin thigh’
V, =0 . V=0 V, =V*
l + :>V0ut :V : :Vout :0 : :>Vout :V+
V, =V V, =0 V, =0

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,

V+ = R2 VOUt + R2
R+R “ R+R

Since the required noise protection level is £150 mV, R, and R, can be computed from:

+
VS

Mo R = R 852015V where Av=300 mV
2 R+R R, +R

Assuming R =100 kQ, R, can be calculated to be approximately 1.8 k€. Since the required

reference voltage is -1 V, we can find Rg by solving the equation

R, Vg = R, 10 =1V toobtain: R, =16.2 kQ.
R +R; R, +R,

Problem 15.67

Solution:

Known quantities:
The circuit of Figure P15.67; R, =100Q, R, =56 kQ, R = R ”R2 ,and V,, isa 1 V peak to peak

I
sine wave.
Find:
The threshold voltages and the output waveform.
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Assumptions:
The supply voltages are =15 V.
Analysis:

R,

V V,
Applying KCL: — =1+ —=_ Therefore, — =561

in | in

0.5 : vin . 20 : vout
S S

(5] (5]
2 o I 2 o
£ E
-0.5 -20
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Time (s) Time (s)

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, V,,, being much larger than zero.

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

When the op-amp is saturated, the approximation V, =V_ is no longer valid. Writing KCL at the non-

inverting input, we have

V,-V, V,-V

+ in 4 Y+ MU — () o V+ (L + LJ = L\/m + Lvout
R, R R, R) R, "R

The output changes from positive rail (+ VR) to negative rail (—VR) when V, =V_ =0. When V,, is

R
small, then V, =V_ =0, and Vout = _( F )\/in

Rn
If Voo = Vg, then: V| = —(&JVR
Re

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

value, the output of the op-amp “switches” (from +Vj to —Vy) at the point V,,, = —(%}/R .
F
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Similarly, as V,, increases in the opposite direction, the “switch” from —Vj to +V occurs at

n

Vin :-I{Rm}/l?'
Re

This is a form of voltage hysteresis, as shown in the figure below.
14

out

N

R
v, oV

x|

\4

Problem 15.69

Solution:

Known quantities:

The circuit of Figure P15.68. The op-amp is a LM741 with =15 V, R- =104 kQ, and Vipisa 1 kHz
sinusoidal signal with 1 V amplitude.

Find:

a) The appropriate value for Rin if the output is to be high whenever [\/m| =>0.25V.

b) Sketch the input and the output waveforms.

Analysis

a) We know that V; =13V when the LM741 op-amp is used with + 15V bias supplies. Then, from the
discussion in the answer to Problem 15.69,

V, =- Ro w = R, = Vin R. =(%j(1o4 kQ) =2 kQ
RF Vout 13

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 Ve =2 V.

b) The output waveform for Vin a 4 V peak to peak sine wave at 100 Hz and Vet = -2 V.
Analysis
a)

i vout

2 — —s 20

10} :

Pt
IR N

Amplitude (V)
=
Amplitude (V)
=)

[
p—
'
—
(=]

1
N

001 002 003 004 0 001 002 003
Time (s)

(=]

Time (s)
b)
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1 vout
20— R 20 : 9

10}

ot : : ]
H H

Amplitude (V)
. A
Amplitude (V)

-10}

2
0 0.01 002 0.03 0.04 0 001 002 0.03 0.04

Time (s) Time (s)

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 V2 = R2 Rl V as the voltage at the inverting input of the op-amp. Then:
+

When Vin > V2 the output of the op-amp will be positive and the green LED will turn on (go).
When Vin < V2 the output of the op-amp will be negative and the red LED will turn on (no go)
b) For this design, V, =5 V andV =15V .

R R
—1 15V=5V = —1 :l
R +R R+R 3
or &+1=3 = &:

R

Choose R =10 kQ and R, =20 k€ to complete the design.

Problem 15.72

Solution:

Known quantities:

The circuit of Figure P15.72, where Vinis a 100 mV peak sine wave at 5 kHz, R= 10 kQ, and D1 and
D2 are 6.2 V Zener diodes.

Find:
Draw the output voltage waveform.
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Analysis

100 vm 10 vout
5 50+ ~ 5l
: s
o 9
E 0 % 0
-9
g -50} 5 5t

-100 -10

0 2 4 6 8 0 2 4 6 8
Time (s) x104 Time (s) x104
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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 3132
345.2 3334 352E 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) 4173 63 69 69
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d) 41534349 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
Longest possible delay =16[1024 [3 = 81920 min =
, lhr _ lda
=81920minx—"— x - < 56 9days
o60min  24hr
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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65010241024 215 50 P 400 boxes @00 ™ e
€D ___box br - 54525952 00" 22
2500 mi
54525952 (0! VS g bits o Ihr 1 qg0 bits
hr byte 3600sec S

Gbits
or approximately 1.13 )
S
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