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CHAPTER 3 SIGNAL PRCCESSING CIRCUITS

{a) Circuit o
: b) Waveform,
Figure 3.38 Integrating circuit. & Waveforms

If N .
waves ;2;2?: consiant RC fs large compared to the perad T of the square
sawionth straight portion of the exponential appears and the autput 1s the

wave in which voltage 15 directly proportional to time. In general

' =gt Uuc=ug = iR (3-36)
if ve 15 small compared to ug (i.e., RC > T). Then

! .
= (—;J idt= vy dr (337)

]
RC J
and thi i
neéessz omtli:lct 13 apgroxtmately proportional to the mtegral of the mput. I it 15

ry, mag?uude of the signal can be restored by lincar ampliﬁc:ettlon

OF AMP INTEGRATOR AND DIFFERENTIATOR

Ia the pre i
- Dr csr;zl.‘li dllsl;:us::;u t_)f op amps we assumed that the feedback network 1s
i am.j res]g[ Tal, however, the network may conian capacitances
nciance ) stances. Because ,Of the high amplifier gain 11 combinatio '
hy Fiacl;,;ghe matqgmatlcm operaitons performed are precise. "
e s ft .39a, the :eefll?ack element is a capaciter. For the op amp, p, =9
ground potential, r; = 0, and the sum of the currents inio nc;d; 13 13’
v v, U .

BTG =0 o dn=-maal (3-33)

Iniegrating each term with respect to ume and solving,

i
%= T RE l vy di + & constant (3-39)

a) Integrai :
e 335 © {a) Integraior (b} Differentiator
g E D amp ntegration and differentiation circuits.
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SUMMARY

grator 1s very useful in computing,

and the device 15 an wegrator. The analog intel
signal processing, and signal generating,

ry small and representation as an
i=§ + i and

For A very large, v: 15 vl

Predict the ouiput voliage of the crcull
[ntegraior 15 aceurate. Here

shown w Fig. 3,40 wnere the block repre-
sents an ideal amplificr with A very jarge. i I G:_ . ﬂ) u
=TT R

02 MQ LuF

= —ﬁj (u!+vg%) dt

Ya = —I (g + 5ua) dt

The output is the mtegral of a weighted sum.

: Figure 3.40 Integrator application.

If the resistance and capacitance are mterchanged as 11 Fig. 3.39b, ihe sum

of the currents 15

G %o g (3-40)

Solving,
an (3-41)

o the dervanve of the mput, For practical

and the output voltage 18 proportional t
tibility to nose, the differentiator 3 not so

reasons mvolving instability and suscep!
useful as the mtegrator.

Exercise 3-14

= ¢ fop r = 0 and v, = Dats =0, Find and sketch

For Exampie 13, let vy = e and v»
b, over the period 0 < 7 < 2.58.

U = 0.3 €% + 0,05 &7 — 0.55,1=0. ¢

Answer!

' SUMMARY

als and sinuscids are wmportant waveforms because: they occur

s Hxponenti A :
&le mathematicaily, and they are used to

frequently, they arc easv 10 han
represent other waves.

‘The general decaving exponential is a = A €7
The time constant ¢ 15 4 measure of the rate of decav.

Forf = 7, /A = /e = 0.368; for £ = 5r, ald = 0.0067 (negligible).

i
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The general sunuseid isa = A

cos {wi + a).

Frequency @ = 2xfrad/s; f = }.’T Hz, where period 7 is 1n seconds,

1 a penodic funciion of time,

F+ T) = £y

The average value of a penodic current s f,, = (1/T J§ § dt.

For a smusoxd, the talf-cvele average 1s 21/m = 0.6370,.

The effective or rms vaiue of a perodic curent1s ¢ = V{UT) [J % ar
For a sinusoid, the effective value 1s I = 4,/V2 = 0.7071,,. i ’

& . . N -
An ideal amplifier 18 characterized bv: mfinite mput resistance, zere output

resisiance, and constant gain;

an ideal op amp has infinite gain.,

Fccdpack cireuits are used with op amps {0 obtamn: nverting and nomnverting
ampiifiers, summung circuuts, sntegrators, and differentiaiors.

2 Esse_nnal_]y,' a diode discniminaies beiween forward and reverse voltages
The ideal diode presents zero resisiance in the forward direction and infinite
. resistance mn the reverse direction; it functions as a selective switch.

A rectifier converts alternating current into unidirectionai current.

In half-wave rectificaizon with

a resistive load, Iy, &= Vo, /oRy = L.

A bridge circuii or phase inverter permits full wave rectification; tae = 21,07,

B - A capaciior filter stores charge on voltage peaks and defivers charge during
voltage valleys; the ripple voltage (half-wave) is V, = V. /fCRy.

WathOrms can be shaped easily, rapidly, and precisely.
A d{od_e-rcmstor—battcrv ‘circuwtt can perform clipping.
A diode and peakvcnargmg capacitor can clamp signals to desired levels,
An op amp can perform differeniiailon and integration preciseiv.

TERMS AND CONCEPTS

diode Two-terminal device that acts as a switch;
1t permits current to flow readily 1n one direction
bul tends to prevent the flow of current 1n the
other direetion.

effective value of a curreni  Steady current that 15
as effective n transternng power as the given
varying current.

filter Cirf:uu passing signals of selecied frequen-
cies while rejecting signals of different frequen-
N

operational amplifier Amplifier with a high gamn
designed to be used with other cireuit compo-

nents o pertorm & specified sipnal-processing
function,

recllfier_ _Dewce for changing alternaimg current
ta unidirectionai current.

signal, eleciric Voltage or current varving with
time n a manner that conveys information.

sinnsaidal waveform Voltage or current vanation
0 accordance with a sing or cosme function of
time.

time constant  Measure of the rate of decay of an
exponential fuaction; equal to the time for an ex-

p_o_r.lemial response o decrease io 37% of its ini-
tiai value.

waveform  Pattern of time vanation of a voltage or
current.

{ REVIEW QUESTIONS

PROBLEMS 103

- 1, Write the general equation of an exponentially
increasing function.

2. Why 15 the “'time constant™ useful?

. Justifv the statement: “‘In a linear curcuit con-
sisting of resistances, inductances, and capa-
citances, if any veltage or current 18 an expo-
nential all voitages and currenis will be expo-
nentials with the same ime constant.”

4. Write a statement for sinuseids smilar to the
foregomg statement for expoaeniials and jus-
tify 15

5. Distinguish betwecn average and effective val-
ues. :

6. Why are ac ammeters calibrated to read rms
vatugs?

7. What 1s the reading of a dc ammeier carrving a
current 1 = 10 cos 377 A?

* 8. What 1s “‘amplificanon’? *“Gain""?

|9, Why are high input resisiance and low ouiput

resistance desirable 1n an amplifier?

. 10. Whai 1s » differential amplifier? What ate 1ts
advantages? '

11. What 1s an operational amplifier?

‘PROBLEMS

12. Why 15 the gam of an ampiifier circuii indepen-
dent of the gamn of the op amp emploved?

13. In cironit analysis of an ideat op amp with feed-
back, what values are assumed for v and i?
Why?

14, How can an op amp be used to add two analog
signals?

15. Why do we wish to replace actua} devices with
fictitious models?

16. Explain the operation ot a full-wave bridge rec-
tifier.

17. Expiain the operation of a capacitor filter after
a full-wave rectifier.

18. Duning capacitor discharge, why doesn’t some
of the current fiow through the diode?

19, What 15 the effect on the ripple factor of the
ciwreait in Fig. 3.30 of doubling R.? Of halving

€7 Of doubling V,?

20. Explain the operation of a diode clipper.

21. Sketch a ciamping cirebit and explain its opera-
tion.

22, Expiain 1n words the operation of a differentia-
ior and an integrator.

P3-1. Sketch the following signais and wrie math-

ematical expressions for v(e):

(a) A step of 2 V occurning att=1s.

(b) A sawtooth ot ampiitude 50 V that resets 20
imes a second.

() A tran of pulses of amplituge 100 V, dura-
tion 10 s, and frequency 40 kHz.

(d) An cxponential voltage with an initial an
plitude of 5 V that decays to 1 V in 80 ms.
Predict its valuc at ¢ = 20 ms&.

P3-2. An exponential voltage has a vaiue of 15.5 ¥
atr=isandavaueof2lVatt=73s

(a) Denve the squabion for ().

(0) How many tme ¢onstanis clapse between.
r=5sand?=9s?

(c) Predict the vatue at ¢ = 9 s.

P33, An exponential current has a valus of 8.7 mA

atz=2sandavaiue of 3.2mA ats=5s. Writc
the equation for () and predict the value at
11 s,

P3-4. Throwng a switch in an expenmental cureuii
devclops a voltage v = 6 e~V across aparal-
le} combination of R = 40 © and €' = 20 #E,
Predict'the current i each clement and the to-
tai current.

P3.5. Throwing a switch in an expermertal ercutt
introduces a transient voltage v = 120 gy,
i measurements in the curcuit are accurate to
0.5%, approxunately how long does the switch-
mg transient “‘last”’?

P3-6. A current § = 2 &P mA flows through &
sertes combination of R = 3 kQ and L = 4 H.
Determuie the voltage across each element and
the total veliage.
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P3-7. A 1-MQ resistor 1s connccied across a
500-pF capacitor iniiially charged to 100 V.
Predict how tong 1t will take for the voitage to
drop to 14 V.

P3-§, Sketch, approximately io scale, the follow-
mg functions:
(@) & = 2cos (377t + wid) A
{B) v+ = 10 cos {300t — 7NV
(€) & = 1.5 sin (4001 — 60°7 A

P3-9. Express the following sinusoidal signals as
specific functions of time:

{a) A curreni with a frequency of 160 Hz and
an amplitude of 16 mA and passing through
zero wilh positive slope at t = 1 ms.

(b) A voltage with a period of 20 43 and ‘pass-
tng through a positive maximum of 5 V at
P=5 pus.

(c) A cusrent reaching a positive maxemum of
2 Aat¢ = 3 ms and the next negatrve maxi-
mum at { = 25 ms.

(d) A voltage-having a posilive maximum of
50 Vat:=>0and decrcaslng(co a value of
25Vatt=2ms.

P3-10, A stnusoidal signal has a vaiue of —5 A at
iume ¢ = 0 and reaches its first maxamum (néga-
iive) of —10 A at 7 = 2 ms. Write the equatior
tor i(¢) and predict the value at r = 5 ms. Deter-
munc the frequency and period.

Answer; = 83.33 Hz, period = 12 ms.

P3-11. A current 1 = 2 cos (2000r — =/41 A flows
through a serics combination of B = 20 £ and
L =10 mH.

(a) Determine the veltage across each cle-
Oent,

(b} Sketch the two voltages, v = flwt), ap-
proximately io scale and esitmate the am-
plitude and phase angle of ug + vz,

P3-12. For each of the penodic voltage and current

- signais shown in Fig. P3.12:

(a) Calculate average valucs ot voltage, cur-
reni, and power.

(b) Calculate effccitve values of voltage and
current,

P3:13, Calculate average and cffective values of
voltage and current for cach of the periodic
signals shown:

(2} In Fig. P3.13a.

{b) In Fig. P3.13b.

P3.14. A signal consisis of a series of positive rec-
tangular puises of magnitude V, duration Ty,

DV v
A
o T2 T
@)
V-
o
3A
|
[ /2
]
0V
t
34
\ / |
1} FiF] T
-34
®)

Figure P3.12 Voltage and current signals.

o]
Figure P3.13 Peniodic signals,

and penod 7. Where D = T,/T, derive expres-
s1oms for average and effective values m ierms
of D and ¥,

P3-15, The signal of Fig. P3.1i3a 15 applied to the
circuit shown. The rectifier persuis current
flow only 1n the direction mdicated by the tnao-
gie. Predict the readings on the two meters, if

 thev are:

{a) dc ammeters

(b) ac ammeters of the types described in te

exi

Answer: @) I = 0,5 = 1 mA;

) ) I = 245 mA, 1 = 1.73 mA.

(a) Signal

Rectifier

{b) Circuit
Figure P3.15

P3-16. Repeat Problem P3-15 if the voltage v1s as
shown 1n Fig. P3.16,

l/\ Lo
oL 10 20\.%/10 £ {ma)

Figure P3.16

P3-17. The duty cvcle of an ekeeiric motor 15: At
i = 0 (motor idling and consurng negligible
power), load increases abruptly to 60 hp and
helds for 10 s, lead decreases uniformiv to
20 hp over 10 s and then 18 remeved; motor
idles for 40 5. Sketch the dutv cycie (bp versus
time) and specify the proper motor lavailable in,

10-, 20-, 30-, 50-, and 100-hp raings).
P3-18, An op amp has 2 verv high gain, a very high
mpui resistance, and a very low output resis-
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tance. Design and draw an amplifier cireiit
(with Re = 3 M) providing:

(@) A = ~130
(b) Az = — 30
(©) Ap = +40

(d} Ar = +120

P3-19, In Fig. 3.20a, R, = 1k}, Ry = 2k}, R, =
3 kY, and Rr = 90 kL Xf oy = +1 mV, vs =
—5mV, and v, = +2 mV, predict v,.

Figure P3,20

P3.20. (2) Denive an expression 10r voitage oy
terms of the other voltages i Fig.
P3.20, Describe in words the funciion
performed by this circuit.
{b) Design an op amp curcuit to perform the
-same function,
P3.21. (a) Using an ideal amplifier, design a circuit
(let Re = 1000 [3) to provide an outpui
uo(t) = —vy{r) — 10 2:(0).
{b) Redesign the circuit to provide an out-
pui v,(f) = + vile)} —~ 10 v
P3-22, Given the op amp i Fig, P3.22:
{a) Define v, m terms of the gwven inputs.
(b) Describe the operation performed assum-
1ng smusoidal inpuis.

1MR 2MU

Figure P3.22

P3.23. Given the circuit of Fig. P3.23 on p. 196:
{a) Define v, 1 terms of .
(b) Define the operation performed.
Answers: (@) v, = 5l
{b) nommvertmg amplificaiion.
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500 ki
A

¥

10 k2

Figure F3.23

P3.24. nFig. P3.24, v = 1050wt Vand V=6 V.
Under whai circumstances will current 7 flow?
Sketch v and i as functions of time on. the same
axes.

Figure P3.24 i

P3-25, Explaining your reasoning and stating any
simplifying assumptions, predici curient / in
Fig. P3.25,

k% 2 Iy,

5 mA sk 440 28

Figure P3.25

P3-26, Four ideal diedes are connccied in the
fullwave rectifier of Fig. 3.27 where R, =
1000 £). Specify the amplitude of v so that the
average current through By 15 20 mA.

P3-27. An ideal diode 15 used in & half-wave rectr-
fler with power supplied at 120 V (rms) and
60 Hz. Foraload &, = 2000 {1, predict {4, Ve,
and the power delivered to the ioad.

P3-28. Repeat Problem 3-27 assunung a full-wave
bridge rectifier ciwcut.

P3-29. A diode 15 connccted in senes with a 30-V
Tms source to charge a 12-V battervy with an
mternal res:stance of 0.1 Q. Specifv the seres
resistance fecessary to limit the peak current
10 2 A. Estimate the time requiced to recharge a
10-A-hr battery.

Answer: R = 14,66 £, ime = 19.2 &,

P3-30. 1n Fig. 3,30, C = 100 uF and R, = 10k,
For ¥V,, = 20 V at 60 Hz, predict:
(8} The dc load current through B .
{b} The percent ripple in o,
(c) The reading of a ¢c ammeter 1n sertes with
Ry if € is disconrected.
P331. A "load" requires 10 mA at 30 V dec with no
more thaa 0.5 V ripple.
(a) Draw the circunt of a power supply consist-
g ot a transtormer with 120-V 60-Hz -
put, half-wave rectifier, capacitor filter,
and effective Rp; specify C and the turn
rato of the transtormer.
{0) Repeat for a full-wave bridge rectifier cir-
cuit. Draw a conciusion.
P332, 0 Fig. 3326, R = L k), Vyy = 2V, and
Vp = 3 V. Sketch w for vy = 6 s1n wz V.
P3-33. m Fig. P3.33, vy = 10 sin ! V.
(a) Skeich v({r) and v:(r) on the same graph.
(b) Draw the transfer characierisiic v» versus
v,
(c) What funciion is performed by this circuit?

R

2v +I
Ul+ U’J+

Figure P3.33

P3-34, Forv, = 10smewrV,R=1k(l,and V=4V
11 Fig. P3.34, sketch (s,

+ R +

v w2
+

N

P335. Forvi=WsmetV,R=1k{},and V=4V
in Fig, P3.35, sketch vy(f).

R
+ +
v oz
+
N

Tigure P3.34

Figure P3.35

P3-36, The peniedic voilage v of_Fig. P3.36 15 ap-
pited to the mput of Fig. P3.33. Show the mput
signal v; and the outpul signal o, on the same
graph.

—

Figure P3.36

P3-37, Repeat Problem P3.36 for the cureuit of Fig.
- P3.37.

Figﬁre P3.37

‘11338, The periodic voliage i of Fig. P3.36 is ap-l
: -plied 1o the mput of Fig. P3.38. Show the nput
signal y; and the output signal v, on the same

graph,

Figure P339
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P3-40. 1n Fig. P3.39, vy = 10 sin i Vand Vp =
4 V. Assuming v has been applied a *'long
time, plot ©, Ug, and w: on the same time ax1s.

P3.41. in Fig. P3.41, when voltage v = 0.5 +
sin wi} V, the high-resistance dc voltmeter VM
reads 70 V.

(a) What functions are pertormed by each sec-
tion of the circuits?

(b) How 15 v- related to o ? Show vy, v, and o4
on the same graph.

(c} Determine V,, and define the function of
this msirument.

Fignre P3.41

P3-42, Devise a circuit using @dcal_ amplifiers to
provide an output g, = 10 [ vy dt ~ Sus.

P3.43, Devise a sweep curcuit usmg an op amp 0
provide an output voltage propomnpal io t;mc:
Show a reset switch to ensure thai v, = 0 at

=0
Pidd. Find the effeciive and average values of the
waveforms of Figs. P3.44a and.b.

Answer: (a) effective value = 1.15V:
() effective value = 4,24 A,

1;)2 y P
AANA

(a)

)
Figure P3.44

P3-45. A rveguar penodic sinusoidal voltage 1§
given by v =Acoswi Find the eff;ctrvc
value and average valuc for (2) the sinusoid, (b)
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the half-wave rectified sinusoid, and (<) the
full-wave rectified sinusoid.

P3-46. Ceasider a penodic trianguiar wave as
shown in Fig, P3.46. Find the effeciive value ol
(a) the tnangiar wave, (b) the half-wave recti-
fied triangular wave, and (¢) the full-wave rect-
fied trianguiar wave,

Figure P3.46

P3.47, If ¥V = 20 volts and Ry = 100 kQ, what 1s the
1nstanianeous voltage drep across the diode
and what 1s the instantaneous current m £ ?
Assumc ideal conditions and sketch v, of the
diode and { of the resistor current.

-

Figure P3.47

ADVANCED PROBLEMS

CHAPTER 3 SIGNAL PROCESSING CIRCUITS

P3.48. Given 2 half-wave rectifier connected to a
generator with 100 ohms internai resistance,
find the insiantansous output voitage v,. The
torward diode resistance 15 200 ohms, and the
reverse resistance 1s 200 kilehms.

P ]
L]
¥R
T E
1 |
1000
}: i R-10%0
i 1 < +y,
i + lOsi‘n(wt):
! 1
1 1
| IR S— |
Gencrator
o

Figare P3.48

P3-49. Assume that the diode i the crewt of Fig.
FP3.49 is ideal. When the switch is closed at ¢ =
0, the capacitor has no initial charge. Skatch at
least one cvele of the output voltage v, begin-
mng at 1 = Q.

10 uf

108in(3775 A

Figure P3.49

AP3-1. Demonsirate analvtically that the jangent
ic anv exponential funciion at time ¢ intersects
the time axis at ¢ + 7 where 718 the time con-
siant.

AP3-2. The voitage across a 10-pF capaciior 1s ob-
served on an oscilloscope. o 0.5 s after a 10-V
source 15 remaved, the voltage has decaved to
1.35 V. Derive and label a circuit model for this
capaciior.

AP3-3. A current | =2 cos 2000¢ A flows through a
scries combinanon of L = 30 mH and C = §
#F. (Cis initially uncharged.)

(2} Determne the total voltage across the
combination as £(£).

{b) Repeai part {a) for L increased to 50 mH
and jnzerpret this result physically,

AP34, A voltage consists of a dc component of
magnitude Vy and a sinusoidal -compenent of
effective valne ¥;; show that the effective
value of the combination 18 (Vi + V2.

AP35, The circuit of Fig. AP3.5 is a practical
means for obtaining a high d¢ voltage without
using a transformer. Stating anv simplifving as-
sumptiens, predict voltages Vy and Vi.

12ev
0 Hz

. Figure AP35

P3-6. A diode and batlerv are used in the “‘volt-
ape regulator’’ cireurt of Tig. AP3.6, where
Re = 1000 £ and Ry = 2000 {t. If V1 increases
from 16 10 24 ¥V (a 50% increase), caiculate the
cerresponding variation m load voitage Vi. 1s
the “'regulator” deing 1ts job?

Figure AP3.6
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2 maximum value of +4.0 V, A diode, a 6-V
battery, and assorted resistances arc available.
Design a suitable circuit,

AP3-8. The output of a lowmeter 18 v = g, where
g 15 co?/s and K = 20 mV-s/em’. The effec-
tive output resistance of the llowmeter 1s
2000 £1. Design a circuit that will develop an
output voltage ¥, = 10 V (toinp a relay)-after
200 cm® have passed the meienng pomnt.

AP3-9. In Fig. AP3.9, mmput voltages A and B are

resincied to either 0 or +5 V, Tabulate the tour

possible combinations of A and B and the cor-
responding values of output voltage V,. Define

10 words the outpui 1n terms of the snputs, Why

1= this called an OR cireuit? Where 1s it useful?

Va

Va

Figure AP3.9

AF3-10. Calculate the exact gamn of the circuit of
Fig. 3.18.

'AP3-7. A voltage v vanes rom —3 to +6y. )?or a
" certain purpose, this voitage must be Tigmited to




