CHAPTER]|I 4

FREQUENCY RESPONSE

One machine can do the work of fifty ordinary men. No machine can do
the work of one extraordinary man.
— Elbert G. Hubbard

Enhancing Your Career

Career in Control Systems Control systems are another
area of electrical engineering where circuit analysis is used
A control system is designed to regulate the behavior of
one or more variables in some desired manner. Contro|
systems play major roles in our everyday life. Household
appliances such as heating and air-conditioning systems
switch-controlled thermostats, washers and dryers, cruis
controllers in automobiles, elevators, traffic lights, manu-
facturing plants, navigation systems—all utilize control sys-
tems. In the aerospace field, precision guidance of spac

shuttle, and the ability to maneuver space vehicles remotel
from earth all require knowledge of control systems. In 8
the manufacturing sector, repetitive production line opera§
tions are increasingly performed by robots, which are pro-fi
grammable control systems designed to operate for man
hours without fatigue.

Control engineering integrates circuit theory and
communication theory. Itis not limited to any specific engi-
neering discipline but may involve environmental, chemical, !
aeronautical, mechanical, civil, and electrical engineering
For example, a typical task for a control system enginee
might be to design a speed regulator for a disk drive head.

A thorough understanding of control systems tech-
nigues is essential to the electrical engineer and is of gres
value for designing control systems to perform the desire
task. Awelding robot.

(Courtesy of Shela Terry/Science Photo Library.)
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The frequency response of a circuit may also be
considered as the variation of the gain and phase
with frequency.

X(w) Linear network Y (w)
—_— —-
Input H(w) Output

Figure 4. A block diagram representation

of alinear network.

In this context, X(w) and Y(w) denote the input
and output phasors of a network; they should not
be confused with the same symbolism used for
reactance and admittance. The multiple usage
of symbols is conventionally permissible due to
lack of enough letters in the English language to
express all circuit variables distinctly.

PART 2 AC Circuits

14.1 INTRODUCTION

In our sinusoidal circuit analysis, we have learned howto find voltages and
currents in a circuit with a constant frequency source. If we let the ampli-
tude of the sinusoidal source remain constant and vary the frequency, we
obtain the circuit'drequency response. The frequency response may be
regarded as a complete description of the sinusoidal steady-state behavior
of a circuit as a function of frequency.

[ |

The frequency response of a circuit is the variation in its
behavior with change in signal frequency.

The sinusoidal steady-state frequency responses of circuits are of
significance in many applications, especially in communications and con-
trol systems. A specific application is in electric filters that block out or
eliminate signals with unwanted frequencies and pass signals of the de-
sired frequencies. Filters are used in radio, TV, and telephone systems to
separate one broadcast frequency from another.

We begin this chapter by considering the frequency response of sim-
ple circuits using their transfer functions. We then consider Bode plots,
which are the industry-standard way of presenting frequency response.
We also consider series and parallel resonant circuits and encounter im-
portant concepts such as resonance, quality factor, cutoff frequency, and
bandwidth. We discuss different kinds of filters and network scaling. In
the last section, we consider one practical application of resonant circuits
and two applications of filters.

142 TRANSFER FUNCTION

The transfer functiotd (w) (also called theetwork function) is a useful
analytical tool for finding the frequency response of a circuit. In fact, the
frequency response of a circuit is the plot of the circuit’s transfer function
H(w) versusw, with @ varying fromew = 0 tow = oc.

A transfer function is the frequency-dependent ratio of a forced
function to a forcing function (or of an output to an input). The idea of a
transfer function was implicit when we used the concepts of impedance
and admittance to relate voltage and current. In general, a linear network
can be represented by the block diagram shown in Fig. 14.1.

The transfer function H(w) of a circuit is the frequency-dependent ratio of a
phasor output Y () (an element voltage or current) to a phasor input
X(«) (source voltage or current).

Thus,

Y (w)

N = X

(14.1)
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CHAPTER 14 Frequency Response

assuming zeroinitial conditions. Sincetheinput and output can be either
voltageor current at any placeinthecircuit, therearefour possibletransfer
functions:

\%
H(w) = Voltage gain = o(@) (14.29)
Vi(w)
. lo(w)
H(w) = Current gain = (14.2b)
i (w)
H(w) = Transfer Impedance = \% (14.20)
ilw
: lo(w)
H(w) = Transfer Admittance = (14.2d)
Vi(w)

where subscriptsi and o denoteinput and output values. Being acomplex
quantity, H(w) has a magnitude H (w) and a phase ¢; that is, H(w) =
H(w) /9.

To obtain the transfer function using Eq. (14.2), we first obtain
the frequency-domain equivalent of the circuit by replacing resistors,
inductors, and capacitors with their impedances R, joL, and 1/jwC.
We then use any circuit technique(s) to obtain the appropriate quantity in
Eq. (14.2). We can obtain thefrequency response of thecircuit by plotting
the magnitude and phase of the transfer function as the frequency varies.
A computer isareal time-saver for plotting the transfer function.

Thetransfer function H (w) can be expressed in terms of its numer-
ator polynomial N(w) and denominator polynomial D(w) as

_ N(w)

1 =5

(14.3)

where N(w) and D(w) are not necessarily the same expressions for the
input and output functions, respectively. The representation of H(w) in
Eq. (14.3) assumes that common numerator and denominator factorsin
H(w) have canceled, reducing the ratio to lowest terms. The roots of
N(w) = 0 are called the zeros of H(w) and are usually represented as
jo = z1, z2, . ... Similarly, the roots of D(w) = 0 are the poles of H(w)
and arerepresented as jw = p1, p2, .. ..

A zero, as a root of the numerator polynomial, is a value that results in a zero
value of the function. A pole, as a root of the denominator polynomial,
is a value for which the function is infinite.

Toavoid complex algebra, it isexpedient to replace jw temporarily
with s when working with H(w) and replace s with jw at the end.

585

Some authors use H(jo) for transfer instead of
H(w), since o and j are an inseparable pair.

A zero may also be regarded as the value of s =
jo that makes H(s) zero, and a pole as the value
of s = jo that makes H(s) infinite.

M|4.|

For the RC circuit in Fig. 14.2(a), obtain the transfer function V, /V, and
its frequency response. Let v, = V,, coswt.

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



586 PART 2 AC Circuits

Solution:

The frequency-domain equivalent of the circuit is in Fig. 14.2(b). By
voltage division, the transfer function is given by

Vv, 1/jwC 1
Hw) =2 = — =
V, R+1/joC 1+ joRC

Comparing this with Eqg. (9.18€), we obtain the magnitude and phase of

H(w) as
He——2 g2
VI @/w)? - wo

where wp = 1/RC. Toplot H and ¢ for 0 < w < oo, we obtain their
values at some critical points and then sketch.

R R
MY AW

v @ c

+ +

L vy(t) A (’:} Jwic v,

@ (b)

Figure [42  For Example 14.1: (a) time-domain RC circuit,
(b) frequency-domain RC circuit.

@ Atw=0H=1andp =0. Atw = oo, H = 0and ¢ = —90°.
oL Also, at w = wp, H = 1/+/2 and ¢ = —45°. With these and afew more
0 0 RC N points as shown in Table 14.1, we find that the frequency response is as
‘ shownin Fig. 14.3. Additional features of the frequency responsein Fig.
14.3 will be explained in Section 14.6.1 on lowpass filters.
-45° |-\
TABLE 4] For Example 14.1.
—00° f--mmmm et a)/(l)o H ¢ C()/(l)o H ¢
A ®) 0 1 0 10 01 -8#
1 0.71 45 20 0.05 -87°
Figure 143 Frequency response of the 2 0.45 _632 100 0.01 _892
RC circuit: (a) amplitude response, 3 032 72 S 0 —90
(b) phase response.
PRACTICE PROBLEMEKN
R Obtainthetransfer functionV, /V; of theRL circuitin Fig. 14.4, assuming
YWY vs = V,, coswt. Sketch its frequency response.
V. @) . %\’IO Answer: jwL/(R + jwL); seeFig. 14.5 for the response.

Figure [44  RL circuit
for Practice Prob. 14.1.
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CHAPTER 14 Frequency Response

H ¢
- oo 90°
0.707 ---/
45° L
0, _R ® 0. _R
wo—t (1)0—E
@

(b)

Y

Figure 145 Frequency response of the RL circuit in Fig. 14.4.
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Eﬁllﬂﬂ]i|4.z

For the circuit in Fig. 14.6, calculate the gain | ,(w)/I; (w) and its poles
and zeros.

Solution:
By current division,

(@) = ——a T2,
4+ j20 + 1/j0.50
or
(@  j05w@+j20)  s(s+2) ,
(@) 1+ 20+ (o2 s242s+1 @
The zeros are at

s(s+2)=0 - 71=0, 20 =-2
The poles are at
?+2+1=(s+1%=0

Thus, there is arepeated pole (or double pole) at p = —1.

PRACTICE PROBLEMEKEN

s |0
i) —05F
2H

Figure |46 For Example 14.2.

Find thetransfer functionV,(w) /I, (w) for thecircuit of Fig. 14.7. Obtain

its poles and zeros.
5(s +2)(s + 1.5 ) .
Answer: —————— s = jw; poles. —2, —1.5; zeros. —24 ;.
214s+5 0 ¢ P /

i ()

50 3Q

0.1F 2H
T

Figure [4.7  For Practice Prob. 14.2.

vo() @
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588 PART 2 AC Circuits

143 THE DECIBEL SCALE

It is not always easy to get a quick plot of the magnitude and phase
of the transfer function as we did above. A more systematic way of
obtaining the frequency response is to use Bode plots. Before we begin
to construct Bode plots, we should take care of two important issues: the
use of logarithms and decibelsin expressing gain.

Since Bode plots are based on logarithms, it is important that we
keep the following properties of logarithms in mind:

1. log PLP, =log P, + log P,
2. log P1/P, =log P1 — log P,
3. logP" =nlog P

4. logl=0
Historical note: The bel is named after Alexander In communications systems, gain ismeasured in bels. Historically,
Graham Bell, the inventor of the telephone. the bel is used to measure the ratio of two levels of power or power gain
G; that is,
P
G = Number of bels = log,g B (14.4)
1

The decibel (dB) provides us with a unit of less magnitude. It is 1/10th
of abel and is given by

P
Gae = 10log,, Fi (145)

When P, = P, there is no change in power and the gain is O dB. If
P, = 2P, thegainis

Ggs = 10log,p 2 =3dB (14.6)
and when P, = 0.5P;, thegainis
Gy = 10l0g,,0.5=—-3dB (14.7)

Equations (14.6) and (14.7) show another reason why logarithms are
greatly used: The logarithm of the reciprocal of a quantity is simply
negative the logarithm of that quantity.

Alternatively, the gain G can be expressed in terms of voltage or

Iy I current ratio. To do so, consider the network shownin Fig. 14.8. If Py is

o the input power, P, isthe output (load) power, R; istheinput resistance,

and R, isthe load resistance, then P, = 0.5V2/R; and P, = 0.5V2/R,

+ 1 2
v, R Network R2§ v, andEq. (14.5) becomes
_ ) VZ/R

o——— G = 1010g;, — = 10l0g,g #
P P. Py Vl /Rl

. 2 (14.8)
) Vs 2 R1
Figure 148  Voltage-current relationships = 10log,o <—) + 10log,y —
for afour-terminal network. W R>

R;

x (14.9)

\%
Gas = 20100, Vi — 10l0g,,
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CHAPTER 14 Frequency Response 589

For the case when R, = R;, a condition that is often assumed when
comparing voltage levels, Eq. (14.9) becomes

V.
Ggs = 20100, Vi (14.10)

Instead, if Py = I?Ry and P, = IZR,, for Ry = R, we obtain
I
Gae = 20logy, 1—2 (14.11)
1

Two things are important to note from Egs. (14.5), (14.10), and (14.11):

1. That 10log isused for power, while 2010g is used for voltage
or current, because of the square relationship between them
(P =V?/R =I?R).

2. That the dB value is alogarithmic measurement of the ratio of
one variable to another of the same type. Therefore, it applies
in expressing the transfer function H in Egs. (14.2a) and
(14.2b), which are dimensionless quantities, but not in
expressing H in Egs. (14.2c¢) and (14.2d).

With thisin mind, we now apply the concepts of logarithms and decibels
to construct Bode plots.

144 BODE PLOTS

Obtaining the frequency response from the transfer function aswedid in
Section 14.2 isan uphill task. Thefrequency range required in frequency
response is often so wide that it is inconvenient to use alinear scale for
the frequency axis. Also, there is a more systematic way of locating
the important features of the magnitude and phase plots of the transfer
function. For these reasons, it has become standard practice to use a
logarithmic scale for the frequency axis and alinear scale in each of the
separate plots of magnitude and phase. Such semilogarithmic plots of

the transfer function—known as Bode plots—have become the industry Historical note: Named after Hendrik W, Bode
standard. (1905-1982), an engineer with the Bell Telephone
Laboratories, for his pioneering workin the [930s

\ and 1940s.

FC
Bode plots are semilog plots of the magnitude (in decibels) and phase (in degrees)
of a transfer function versus frequency.

Bode plots contain the same information as the nonlogarithmic plotsdis-
cussed in the previous section, but they are much easier to construct, as
we shall see shortly.

The transfer function can be written as

H=H/¢=He" (14.12)
Taking the natural logarithm of both sides,
INH=InH +1Ine/®* =InH + j¢ (14.13)
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590 PART 2 AC Circuits

Thus, the real part of InH isafunction of the magnitude while the imag-

TABLE 142  Specific gains inary part isthe phase. In a Bode magnitude plot, the gain

and their decibel values.

Magnitude H  20log,, H (dB) Hyg = 20log,q H (14.14)
0.001 —60 is plotted in decibels (dB) versus frequency. Table 14.2 provides a few
8'(1)1 _;'8 values of H with the corresponding valuesin decibels. In a Bode phase
0' 5 - 5 plot, ¢ isplotted in degrees versus frequency. Both magnitude and phase
1' Nz 3 plots are made on semilog graph paper.

/ 1 0 A transfer functionintheform of Eq. (14.3) may bewritteninterms
of factors that have rea and imaginary parts. One such representation
N 3 -
might be
2 6
10 20 PRES! ; i i 21. ..
20 26 Hw) = ~Y ?)1) — (.10:; ! ‘;)[/f :Z[E fo 2/2“)1&)(" Z/(Z) w)/zju")] (14.15)
100 40 Jw/p1 J 462 n J n
1000 60 which is obtained by dividing out the poles and zeros in H(w). The
representation of H(w) asin Eq. (14.15) is called the standard form. In
this particular case, H(w) has seven different factors that can appear in
various combinations in atransfer function. These are:

1. Agank

The origin is where © = | or log & = 0 and the 2. A pole (jw)™* or zero (jw) at the origin

gain is zero. 3. Asimplepole1/(1+ jw/p1) or zero (14 jw/z1)

4. A quadratic pole 1/[1 + j2sw/w, + (jw/w,)?] or zero
[1+ j2n10/o + (jo/w)?]

In constructing a Bode plot, we plot each factor separately and then com-
bine them graphically. The factors can be considered one at atime and
then combined additively because of the logarithms involved. It is this
mathematical convenience of thelogarithm that makes Bode plotsapow-
erful engineering tool.

Wewill now make straight-line plotsof thefactorslisted above. We
shall find that these straight-line plots known as Bode plots approximate
the actual plotsto a surprising degree of accuracy.

Constant term: For the gain K, the magnitude is 20log,, K and the
phase is 0°; both are constant with frequency. Thus the magnitude and
phase plots of the gain are shown in Fig. 14.9. If K is negative, the
magnitude remains 2010g,, | K | but the phaseis £180°.
H A
20 log oK ¢
0
0.1 1 10 100 w 0.1 1 10 100
@ (b)

Figure 149  Bode plots for gain K: () magnitude plot, (b) phase plot.
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CHAPTER 14 Frequency Response

Pole/zero at the origin: For the zero (jw) at the origin, the magnitude
is 2010g,o w and the phaseis 90°. These are plotted in Fig. 14.10, where
we notice that the slope of the magnitude plot is 20 dB/decade, while the
phase is constant with frequency.

The Bode plotsfor the pole (jw)~* are similar except that the slope
of the magnitude plot is —20 dB/decade while the phase is —90°. In
general, for (jw)N, where N is an integer, the magnitude plot will have
aslope of 20N dB/decade, while the phase is 90N degrees.

Simple pole/zero: For the simple zero (1 + jw/z1), the magnitude is
20l0g,o |1 + jw/z1| and the phaseistan™ w/z1. We notice that

jo
Hgz = 2010 1+ — == 20log,,1=0
dB Q10 ) ‘ O10 (14.16)
as w—0
jow w
Hgg = 20101 1+ — 20lo0g,y —
dB Oyo |1+ o ‘ == J10 ) (14.17)

as w—> 0

showing that we can approximate the magnitude as zero (a straight line
with zero slope) for small values of w and by a straight line with slope
20 dB/decade for large values of w. Thefrequency w = z; wherethetwo
asymptotic lines meet is called the corner frequency or break frequency.
Thus the approximate magnitude plot is shown in Fig. 14.11(a), where
the actual plot is also shown. Notice that the approximate plot is close
to the actual plot except at the break frequency, where w = z; and the
deviation is 20logy, |(1 + j1)| = 20log,y /2 = 3 dB.
The phase tan—*(w/z1) can be expressed as

L 0; w=0
¢ =tan =)= 45°, o=z (14.18)
1 90°, w— oo

As a straight-line approximation, we let ¢ ~ 0 for w < z;/10, ¢ ~ 45°
for w = z1, and ¢ >~ 90° for v > 10z1. Asshownin Fig. 14.11(b) along
with the actual plot, the straight-line plot has a slope of 45° per decade.
The Bode plots for thepole1/(1 + jw/p1) are similar to those in
Fig. 14.11 except that the corner frequency isat w = p1, the magnitude
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A decade is an interval between two frequen-
cies with a ratio of 10; eg, between wp
and 10wp, or between 10 and 100 Hz. Thus,
20 dB/decade means that the magnitude changes
20 dB whenever the frequency changes tenfold
or one decade.

The special case of dc (w = 0) does not appear
on Bode plots because log 0 = —00, implying
that zero frequency is infinitely far to the left of
the origin of Bode plots.

H
20
0
w
20 =
Slope = 20 dB/decade
@
¢ A
90°
Oo 1 1 1
0.1 1.0 10 %)
(b)
Figure [4.10  Bode plot for a zero (jo) at

the origin: (a) magnitude plot, (b) phase plot.

¢
90° ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
H Exact \
\ I~~Approximate
L I 1 45°/decade |
Il > Oo L >
0.1z, ® 0.1z, zZ 10z, ®
@ (b)
Figure 411 Bode plots of zero (14 jw/z1): (8) magnitude plot, (b) phase plot.
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592 PART 2 AC Circuits

has a slope of —20 dB/decade, and the phase has a slope of —45° per
decade.

Quadratic pole/zero: The magnitude of the quadratic pole 1/[1 +
J20w/w, + (jo/w,)?] is 20109y |1 + j2w/w, + (jo/w,)?| and
the phaseis — tan~1 (200 /w,) /(1 — w/w?). But

i . 2
1+ Qw+<”}>’ — 0

Hgs = —2010gy,

Wy wn (14.19)
as w—0
and
j 20w % w
Hgg = —20l0g,0 |1+ /282 + (L) - —40log,, —
Wy Wy ) (14.20)

as w—> o0

Thus, the amplitude plot consists of two straight asymptotic lines: one
with zero slope for w < w, and the other with slope —40 dB/decade
for o > w,, with w, as the corner frequency. Figure 14.12(a) shows
the approximate and actual amplitude plots. Note that the actua plot
depends on the damping factor ¢, aswell asthe corner frequency w,,. The
significant peaking in the neighborhood of the corner frequency should
be added to the straight-line approximation if a high level of accuracy
isdesired. However, we will use the straight-line approximation for the
sake of simplicity.

H
20 7,=0.05—] ¢
:
2=V \
0 5=15
{,=0.707 =0.707
5=15""| —90° £2
-20 £, = 04—\ -90"/dec
—40 dB/dec {5=0.2—
>=0.05—
-40 > -180° >
0.01w, 0.1w, wp, 10w,, 100w, 0.0lw, 0.1w, wp, 10w,, 100w, o
@ (b)

Fisure 14.12  Bode plots of quadratic pole [1+ j2¢w/w, — w?/w2]~Y: (8) magnitude plot, (b) phase plot.
g i

The phase can be expressed as
0, w=0
2 El
¢=—tant % ={ —-90°, w=uw, (14.22)

—-180°, w — o0

The phase plot is a straight line with a slope of 90° per decade starting
a w,/10 and ending at 10w, as shown in Fig. 14.12(b). We see again
that the difference between the actual plot and the straight-line plot is
due to the damping factor. Notice that the straight-line approximations
for both magnitude and phase plots for the quadratic pole are the same
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CHAPTER 14 Frequency Response

as those for adouble pole, i.e. (14 jw/w,)~2. We should expect this
because the double pole (1+ jw/w,) 2 equalsthe quadratic pole 1/[1 +
j20w/w, + (jow/w,)?] when ¢, = 1. Thus, the quadratic pole can be
treated asadouble poleasfar asstraight-line approximationisconcerned.

For the quadratic zero [1+4 j2¢1w/wi + (jw/wy)?], theplotsin Fig.
14.12 areinverted because the magnitude plot hasaslope of 40 dB/decade
while the phase plot has a slope of 90° per decade.

Table 14.3 presents a summary of Bode plotsfor the seven factors.
TosketchtheBodeplotsfor afunction H (w) intheform of Eq. (14.15), for
example, we first record the corner frequencies on the semilog graph pa-
per, sketch the factors one at atime as discussed above, and then combine
additively the graphs of the factors. The combined graph is often drawn
from left to right, changing slopes appropriately each time a corner fre-
guency isencountered. Thefollowing examplesillustrate this procedure.

TABLE [43  Summary of Bode straight-line magnitude and phase plots.

Factor Magnitude Phase
201og,oK
K
i
® ®
20N dB/decade — 90N°
(jo)¥
1 [ (:)
\I
1 1 [0} [0}
o)V
—20N dB/decade —90NP
20N dB/decade 90N°
jo\"
(1 + 7) 0°
Z > | 1
z ® Z z 10z ®
10
1
p 10 p 10p
L | 1 1 >
1 o 0° o
1+ jo/p)N
—20N dB/decade —90N°
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There is another procedure for obtaining Bode
plots that is faster and perhaps more efficient
than the one we have just discussed. It consists
in realizing that zeros cause an increase in slope,
while poles cause a decrease. By starting with
the low-frequency asymptote of the Bode plot,
moving along the frequency axis, and increasing
or decreasing the slope at each corner frequency,
one can sketch the Bode plot immediately from
the transfer function without the effort o making
individual plots and adding them. This procedure
can be used once you become proficient in the
one discussed here.

Digital computers have rendered the pro-
cedure discussed here almost obsolete. Several
software packages such as PSpice, Matlab, Math-
cad, and Micro-Cap can be used to generate fre-
quency response plots. We will discuss PSpice
later in the chapter.
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PART 2 AC Circuits
TABLE 143 (continued)
Factor Magnitude Phase
180N°
40N dB/decade
2j w\2]"
w
{1+ JoX <ﬂ> }
a)n a)l‘l
> 00 1 1 >
wp ) @n @n 10w, )
10
k
o 10 Ok 10wy
Il 1 1 >
[0} 0° o
1
[1+2jw¢ /o + (jo/w)?]Y
—40N dB/decade
—180N°

Construct the Bode plots for the transfer function
200jw

H©) = G 21 10

Solution:

Wefirst put H (w) inthe standard form by dividing out the polesand zeros.
Thus,

B 10jw
1+ jw/2)(1+ jw/10)
_ 10|
1+ jo/2 11+ jo/10]
Hence the magnitude and phase are

H(w)

90° —tan ' w/2 — tan" w/10

Hgs = 20100y 10 + 20100, | jw| — 20l0g;, |1+ %‘

— 20lo0g,,

jo
14 22
+10‘

w w
=90° —tan ! - —tan "t —
¢ BT
We noticethat there aretwo corner frequenciesat w = 2, 10. For boththe
magnitude and phase plots, we sketch each term as shown by the dotted
linesinFig. 14.13. We add them up graphically to obtain the overall plots
shown by the solid curves.
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Frequency Response

H (dB
(dB) ) 20 10g;510
20 bommmm P T - soeTIONGL-- SR
S
20log;Jal
0 1 1 L 1 1 >
01 02 1 2 S "~.20 100 200 w
- 1
201980 o2 e 20180 ron
@ ‘
¢ 90°
90° il
0° L L I I I
01 02 ~"T-- 1 2 w
1w
—90° - —tans
(b)
Figure [4.13  For Example 14.3: (a) magnitude plot, (b) phase plot.

PRACTICE PROBLEMBKEE
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Draw the Bode plots for the transfer function

5@ 2
H(w) = &
jo(jo + 10)
Answer: SeeFig. 14.14.
H (dB)
20 j
o~ 1o
20|og10‘1+ 2‘
12 - 10 100
0 \ L-~ |\ |
01 30l0gyl @
20 201 /1
— 0Q10 GO
@
b 4 1@
90° + tan™ E 77777777777777
Y
T Hapg
Oo 1 I“I“ / 1 1 1 >
01 0.2 12 1020 100 w
O0° T T
N —g0°
(b)

Figure [4.14  For Practice Prob. 14.3: (a) magnitude plot, (b) phase plot.

- 1
: 20 l0g;g————
el °' M+ jw/100
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Obtain the Bode plots for

j 1
H(w) = ]a)——i—O
jo(jo+5)?
Solution:

Putting H(w) in the standard form, we get
041+ jo/10)
jo 1+ jo/5)?
From this, we obtain the magnitude and phase as

H(w) =

jo .
1+ E‘ — 20logyg |jol

— 40109,,

jo

1 L

+ 5\
w w
=0°+tant— —90° — 2tan"t =
¢ =0+t 15 5

Therearetwo corner frequenciesat w = 5, 10rad/s. For the polewith cor-
ner frequency at w = 5, the slope of the magnitude plot is —40 dB/decade
and that of the phase plot is —90° per decade due to the power of 2. The
magnitude and the phase plots for the individual terms (in dotted lines)
and theentire H (jw) (in solid lines) arein Fig. 14.15.

H (dB) A

Jo
201 20logy—— 20'091°|1+1ol,-
. GeD
e 20l0g;,0.4
0 \\‘I\ L\ e I I
01 05N1 . 5.\10 50 100 o
NN N
_ . 40loggg——r——
-0 20 dB/decade " 0010 T+ /50
60 dB/decade
1ok - lecade
—40 dB/decade
¢ @
o -

o°

—90°

-180°

—45°/decade
(b)

45°/decade

Figure 4.15  Bode plotsfor Example 14.4: (a) magnitude plot, (b) phase plot.
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PRACTICE PROBLEMMNER

Sketch the Bode plots for
50jw

H@) = o T e 1 102

Answer: SeeFig. 14.16.

H (dB) 4
20
_.-"77 20logyg o O
0.1 1 4 10 40 100
0 1 L L 1 1
| w
20 N
—2010g;08
401log 1
10 :
—40 { 0+jw/100

1
2010810 5 a

(b)

Figure [4.16  For Practice Prob, 14.4: (a) magnitude plot, (b) phase plot.

MH.S

Draw the Bode plots for

s+1
HGs)= ——M—
)= 2605 + 100
Solution:
We expressH(s) as
1/100(1 + j
Hw) = /100(1 + jw)

1+ jw6/10+ (jw/10)?

For the quadratic pole, w, = 10 rad/s, which serves as the corner fre-
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guency. The magnitude and phase are

Hgg = —2010g,7 100 + 20109, |1 + jo!

job  @?
— 20logy |14+ 122 — &
|+ 35"~ 100
6/10
— 0 +tanto—tant|
¢=0+tn"o [1—w2/1oo

Figure 14.17 shows the Bode plots. Notice that the quadratic pole is
treated as a repeated pole at wy, that is, (1 + jw/wy)?, which is an ap-

proximation.
H (dB) .
20l0g;p A +jw O
20 b ! >
0 |.~”/ L 1 >
0.1 1 10", 100 o
0l0gp———————
0+ j6w/10 - ©%/1000
-20 +
—2010g,4 100 .
N A— 2 X -
€)
¢
goo | e
N
tan w
00 I\ 1 >
0.1 17, 10 100 o
-90° |
L 6w/10 <7 e
—tan .
1- w3100
-180°
(b)

Figure [417  Bode plotsfor Example 14.5: (a) magnitude plot, (b) phase plot.

PRACTICE PROBLEMMNERS

Construct the Bode plots for

10

H =
() s(s2 + 80s + 400)

Answer: SeeFig. 14.18.
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H (dB) 4
20" N 20 log i 1
S 10
o O 20'0g10[]]+jw0.2—w2/400D
0 s L 1| / L1
01 12 1020 /100200 o
0 201 \6“
—2010g;p40 “~.
—32 ””””””””” “’/’ ”””””””” = "11: - ‘:\’
—40 - ~20 dB/decade
@
¢
Oo 11 L1 L1 >
0.1 127 10 20 100200 o
—90°
-180° |-
—270°
(b)
Figure [4.18  For Practice Prob. 14.5: (8) magnitude plot, (b) phase plot.
£ XA 7 L E N
Given the Bode plot in Fig. 14.19, obtain the transfer function H(w). H 4
Solution: A0dB - : ~20 dB/decade
<
To obtain H(w) from the Bode plot, we keep in mind that a zero always
causes an upward turn at a corner frequency, while a pole causes adown- :
ward turn. We notice from Fig. 14.19 that thereisazero jw at the origin +20dB/ decfde
which should have intersected the frequency axisat w = 1. Thisisindi- ; :
cated by the straight line with slope +20 dB/decade. The fact that this ~40 dBfdecade._\
straight line is shifted by 40 dB indicates that there is a 40-dB gain; that 0 : L : >
is, 0.1 1 510 20 100

Figure [4.19  For Example 14.6.
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or
K =10? = 100
In addition to the zero jw at the origin, we notice that there are three

factorswith corner frequenciesat w = 1, 5, and 20 rad/s. Thus, we have:

1. A poleat p = 1 with slope —20 dB/decade to cause a down-
ward turn and counteract the pole at the origin. The pole at
z=1lisdeterminedas1/(1+ jw/1).

2. Another pole at p = 5 with slope —20 dB/decade causing a
downward turn. Thepoleis1/(1+ jw/5).

3. A third poleat p = 20 with slope —20 dB/decade causing a
further downward turn. The poleis1/(1+ jw/20).

Putting all these together gives the corresponding transfer function

as
100/ w
H(w) = - - -
1+ jo/)A+ jo/5 1+ jo/20)
. jwl0*
- (jo+D(jo+5(jo+20)
or
H(s) = 10%s — i
T Grhsr56+200
PRACTICE PROBLEMEERN
H 4 Obtain the transfer function H (w) corresponding to the Bode plot in Fig.
+20 dB/decade 40 dB/decade 14.20.
\ ‘ 200(s + 0.5)

Answer: H(w) =

0dB (s + D(s +10)2°

0 — : .
01 05 1 10 100 o

Figure [420  For Practice Prob. 14.6.

14.5 SERIES RESONANCE

The most prominent feature of the frequency response of acircuit may be
the sharp peak (or resonant peak) exhibitedinitsamplitude characteristic.
The concept of resonance applies in several areas of science and engi-
neering. Resonance occurs in any system that has a complex conjugate
pair of poles; itisthe cause of oscillations of stored energy from oneform
to another. It isthe phenomenon that allows frequency discriminationin
communications networks. Resonance occurs in any circuit that has at
least one inductor and one capacitor.
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Resonance is a condition in an RLC circuit in which the capacitive and inductive
reactances are equal in magnitude, thereby resulting in a purely resistive impedance.

Resonant circuits (series or parallel) are useful for constructing filters, as
their transfer functions can be highly frequency selective. They are used
in many applications such as selecting the desired stations in radio and
TV receivers.
Consider the series RLC circuit shown in Fig. 14.21 in the fre- R joL
guency domain. Theinput impedanceis

Vi 1 _ 1
Z=H@) =—-—=R+ joL+ — (422 Vs=Vml r‘) ToC
| joC T
or
1 Figure 1421 The series resonant circuiit.
Z=R+j|loL—-— (14.23)
oC
Resonance results when the imaginary part of the transfer function is
zero, or
1
ImZ)=wL - — =0 (14.24)
oC
Thevalueof w that satisfiesthisconditioniscalled theresonant frequency
wo. Thus, the resonance condition is
L= ! 14.25
wol = woC (14.25)
or
1 rad/s (14.26)
wo = X
~LC
Since wg = 27 fo,
fo= L Hz (14.27)
°" VLT '
Note that at resonance:
1. Theimpedanceis purely resistive, thus, Z = R. In other
words, the LC series combination acts like a short circuit, and
the entire voltage is across R.
2. Thevoltage V, and the current | arein phase, so that the power Note No. 4 becomes evident from the fact that
. . Vm
factor is unity. Vil = ol = Q1.
3. The magnitude of the transfer function H(w) = Z(w) is R
minimum. V= Vi, | _gy
4. Theinductor voltage and capacitor voltage can be much more “Tr ol "
than the source voltage. where Qis the quality factor, defined in Eq. (14.38).
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The frequency response of the circuit’s current magnitude
I=||= Vin (14.29)
VR2+ (oL — 1/wC)? '
I is shown in Fig. 14.22; the plot only shows the symmetry illustrated in
ViR F-mmmmmmmmmm o ‘ this graph when the frequency axis is a logarithm. The average power
‘ dissipated by the RLC circuit is

0.707V, /R [---=-----;
Lo 1,
P(w) = 51 R (14.29)
— The highest power dissipated occurs at resonance, when I = V,,/R, SO
0 W, wy ©®  that
Bandwidth B 1v2
P(wg) = =2 (14.30)
, ) 2R
Flgure (422 The current amplitude versus . . o .
frequency for the series resonant circuit of At certain frequencies w = w1, wy, the dissipated power is half the
Fig. 14.21. maximum value; that is,

(Vu/V2? _ V2
2R 4R
Hence, w; and w, are called the half-power frequencies.

Thehalf-power frequenciesareobtained by setting Z equal to /2R,
and writing

P(w1) = P(wz) = (14.31)

2
\/RZ + <a)L - ic) = /2R (14.32)
w

Solving for w, we obtain

(14.33)

We can relate the half-power frequencies with the resonant frequency.
From Egs. (14.26) and (14.33),

wo = /W12 (14.34)

showing that the resonant frequency is the geometric mean of the half-
power frequencies. Noticethat w, and w, arein general not symmetrical
around the resonant frequency wg, because the frequency responseis not
generally symmetrical. However, aswill be explained shortly, symmetry
of the half-power frequencies around the resonant frequency is often a
reasonabl e approximation.

Although the height of the curve in Fig. 14.22 is determined by
R, the width of the curve depends on other factors. The width of the
response curve depends on the bandwidth B, which is defined as the
difference between the two half-power frequencies,

B=w;—wm (14.35)
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Thisdefinition of bandwidthisjust oneof several that arecommonly used.
Strictly speaking, B in Eq. (14.35) is a half-power bandwidth, because it
is the width of the frequency band between the half-power frequencies.
The “sharpness’ of the resonance in aresonant circuit is measured
quantitatively by the quality factor Q. At resonance, the reactive energy

Although the same symbol Q is used for the reac-

inthecircuit oscillatesbetween theinductor and the capacitor. Thequality tive power, the two are not equal and should not
factor relatesthe maximum or peak energy stored to the energy dissipated be confused. Q here is dimensionless, whereas
in the circuit per cycle of oscillation: reactive power Q is in VAR. This may help distin-

0=2 Peak energy stored in the circuit (14.36) guh between the oo
= ZTT 3
Energy dissipated by the circuit

in one period at resonance

It isalso regarded as ameasure of the energy storage property of acircuit

in relation to its energy dissipation property. In the series RLC circuit,

the peak energy storedis %Ll 2 whilethe energy dissipated in one period Amplitude A
is2(I2R)(1/f). Hence, Q, (least selectivity)

Q, (medium selectivity)

L2 2nfL 9
Q=2r7 22 = 2l (14.37) Qs (greatest selectivity)
3I°R(1/f) R
or
Q= @b _ 2 14.38
" R oCR (14.38)

Notice that the quality factor is dimensionless. The relationship between
the bandwidth B and the quality factor Q is obtained by substituting Eq.
(14.33) into Eq. (14.35) and utilizing Eq. (14.38).

R wo
B=—=— (14.39)

L 0

or B = w3CR. Thus
Figure 1423 The higher the circuit 0, the
rc ‘ smaller the bandwidth.
The quality factor of a resonant circuit is the ratio of its
resonant frequency to its bandwidth.

Keep in mind that Egs. (14.26), (14.33), (14.38), and (14.39) only apply
to aseries RLC circuit.

As illustrated in Fig. 14.23, the higher the value of Q, the more
selective the circuit is but the smaller the bandwidth. The selectivity of
an RLC circuitistheability of thecircuit to respond to acertain frequency

and discriminate against all other frequencies. If the band of frequencies The quality factor is a measure of the selectivity
to be selected or rej ected is narrow, the quallty factor of the resonant (or “sharpness” of resonance) of the circuit.
circuit must be high. If the band of frequenciesiswide, the quality factor

must be [ow.

A resonant circuit is designed to operate at or near its resonant
frequency. It is said to be a high-Q circuit when its quality factor is
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equal to or greater than 10. For high-Q circuits (Q > 10), the half-
power frequenciesare, for al practical purposes, symmetrical around the
resonant frequency and can be approximated as

N B N B
w1 >~ wo — E, w2 >~ wo + E (14.40)
High- Q circuits are used often in communications networks.
We seethat aresonant circuit is characterized by fiverelated param-
eters. the two half-power frequencies w; and w,, the resonant frequency
wo, the bandwidth B, and the quality factor Q.

M|4.7

R L

20sin wt

e

Figure 1424 For Example 14.7.

In the circuit in Fig. 1424, R = 2Q, L = 1 mH, and C = 04 uF
(a) Find the resonant frequency and the half-power frequencies. (b) Cal-
culate the quality factor and bandwidth. (c) Determine the amplitude of
the current at wg, w1, and w.

Solution:

(8) The resonant frequency is
1 1

JIC J103x04x10°
METHOD [} The lower half-power frequency is

__R (R 2+1
“1=7or 2L LC

= 50 krad/s

wo =

2
- __ - 2 2
=~ g3+ V(102 + (50 x 10%)
= —1+ +/1+ 2500 krad/s = 49 krad/s
Similarly, the upper half-power frequency is
wr = 1+ +/1+ 2500 krad/s = 51 krad/s

(b) The bandwidthis
B = w; — wy = 2 krad/s

or

R 2
B=—=—=2k
7 = 103 rad/s
The quality factor is
wo _ 50 _

=—=—=25
Q B 2

METHOD B} Alternatively, we could find

wol 50 x 10° x 1073

=— = =25
Q R 2
From Q, wefind
3
=20 S0 x 10 = 2 krad/s
[0) 25
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Since Q > 10, thisisahigh-Q circuit and we can obtain the half-power
frequencies as

B
w1=w0—5=50—1=49krad/s

B
w2=w0—|—§=50+1=51krad/s

as obtained earlier.

(c) At w = wo,
Vi 20
] =—=—=10A
2
Atw = w1, wy,
I = Vin =£=7.071A
V2R V2

PRACTICE PROBLEMMNEN

A series-connected circuit has R = 4 Q and L = 25 mH. (@) Calculate
the value of C that will produce aquality factor of 50. (b) Find w;, ws,
and B. (c) Determine the average power dissipated at w = wp, w1, w>.
Take V,, = 100 V.

Answer: (@) 0.625 uF, (b) 7920 rad/s, 8080 rad/s, 160 rad/s,

(c) 1.25 kW, 0.625 kW, 0.625 kW.

14.6 PARALLEL RESONANCE

The parallel RLC circuit in Fig. 14.25 is the dual of the series RLC
circuit. So we will avoid needless repetition. The admittanceis

< +
py)
B
=
||
i

=110 /8

| 1 1 joC
Y=H=g=—4+joC+-— 14.41
(@) \% R tjet+ joL ( )
o Figure 1425 The parallel resonant circuit.
Y= - +J(eC ! 14.42
Resonance occurs when the imaginary part of Y is zero, LR oo :
1 0.707 1R f---------- VARREEAN
wC——=0 (1443) ' ! !
wlL
or
1 0 w, 0y -
= ——radls 14.40
" . ( ) Bandwidth B

which is the same as Eq. (14.26) for the series resonant circuit. The fFrigULeert 4-2f60r e curent amplitude versus
voltage |V| is sketched in Fig. 14.26 as a function of frequency. Notice ,:ieé 14_62y5_

that at resonance, theparallel LC combination actslikean open circuit, so
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We can see this from the fact that
IR
I|=— =0
‘ L‘ a)oL Qm

| = 0oClR = QI

where Q is the quality factor, defined in Eq. (14.47).

PART 2 AC Circuits

that the entire currents flows through R. Also, theinductor and capacitor
current can be much more than the source current at resonance.

Weexploit theduality between Figs. 14.21 and 14.25 by comparing
Eq. (14.42) with Eq. (14.23). By replacing R, L, and C inthe expressions
for the series circuit with 1/R, 1/C, and 1/ L respectively, we obtain for
the parallél circuit

1 N 1 2+ 1
“1= 7orC 2RC LC

(14.45)
_ 1 1)? LA
“2= 5RC 2RC LC

1
B = w2 — w1 = R (14.46)
0 @0 RC R (14.47)
= — = ) = — .
B wol.

Using Egs. (14.45) and (14.47), we can express the half-power frequen-
ciesin terms of the quality factor. Theresultis

o1 (L) -0 o1+ (E) 42 aa
w1 =wo 20 20" w2 = wo 20 20 (14.48)

Again, for high-Q circuits (Q > 10)

B B
w1 X wy— =, w2 >~ wy+ = (14.49)
2 2

Table 14.4 presents a summary of the characteristics of the series and
parallel resonant circuits. Besidestheseriesand parallel R LC considered
here, other resonant circuitsexist. Example 14.9 treatsatypica example.

TABLE 144 Summary of the characteristics of resonant RLC circuits.

Characteristic Series circuit Parallel circuit
Resonant frequency, ! =
) @ — —
° JLC JLC
. a)oL 1
ality factor, —— or —— Oor wgRC
Quality 0 R woRC wol
Bandwidth, B @0 “o
o )
Half-power frequencies, 1+ 1 Zd: @o 1+ ! zi ]
p €q , 01, W2 W0 20 20 wo 20 20
B B
FOfQZlO,a)l,a)z a)oﬂ:E woiz
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MI4.8

Intheparallel RLC circuitinFig. 14.27,let R = 8k, L = 0.2mH, and io

C = 8 uF. (a) Calculate wg, Q, and B. (b) Find w; and w,. (c) Deter-
mine the power dissipated at wg, w1, and wy.

Solution: 10 sin wt (’:} ?R %L
€Y

1 1 10°

wo =

JIC J02x103x8x10°6 4
. R _ 8 x 103
" wol  25x 103 x 0.2 x 10-3

= 1600

B = % = 15.625 rad/s

(b) Due to the high value of Q, we can regard this as a high-Q circuit.
Hence,

B
Wy =wo— 5 = 25,000 — 7.812 = 24,992 rad/s

B
w2 = wo + 5= 25,000 + 7.8125 = 25,008 rad/s

(©)Atw =wo, Y =1/RorZ =R =8KkQ. Then
v 10/— 90
=Y oL 1925/ 00° mA
=7 8000 5/~ 90" m

Since the entire current flows through R at resonance, the average power
dissipated at w = wy is

1 1
P= EHOFR = 5125 107%)2(8 x 10°) = 6.25 mW
or

V2 100

_m D gosmw
2R~ 2x8x 10 _ o2°m

P
Atw = w1, wy,

VZ
P=-2=3125mW
4R

PRACTICE PROBLEMMNER

= —~ = 25kradls Figure 1427 For Example 14.8.

A parallel resonant circuit has R = 100k2, L = 20mH, and C = 5nF.
Caculate wg, w1, w2, O, and B.

Answer: 100 krad/s, 99 krad/s, 101 krad/s, 50, 2 krad/s.

m|4.9

Determine the resonant frequency of the circuit in Fig. 14.28.
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Solution:
2H  Theinput admittanceis

ImCOSwt<> == 0.1F §1OQ

1 1 2 jw2
20 Y = jw0l4 — — 0.1+ jw0.l
SOt 16t 2 a2 It

Figure 428 For Example 14.9. At resonance, Im(Y) = 0 and

2w0

01— 20—
T 4t da?

= wo = 2radls

PRACTICE PROBLEMMNKRE

1H Calculate the resonant frequency of the circuit in Fig. 14.29.
Answer: 2.179rad/s.

V, CoS wt 0.2F = 10Q

Figure 1429 For Practice Prob. 14.9.

14.7  PASSIVE FILTERS

The concept of filters has been an integral part of the evolution of electri-
cal engineering from the beginning. Several technological achievements
would not have been possible without electrical filters. Because of this
prominent role of filters, much effort has been expended on the theory,
design, and construction of filters and many articles and books have been
written on them. Our discussion in this chapter should be considered
introductory.

A filter is a circuit that is designed to pass signals with desired frequencies
and reject or attenuate others.

Asafrequency-selective device, afilter can be used to limit the frequency
spectrum of asignal to some specified band of frequencies. Filtersarethe
circuits used in radio and TV receivers to allow us to select one desired
signal out of amultitude of broadcast signals in the environment.

A filter is a passive filter if it consists of only passive elements R,
L,and C. Itissaid to be an active filter if it consists of active elements
(such as transistors and op amps) in addition to passive elements R, L,
and C. We consider passive filters in this section and active filters in
the next section. Besides the filters we study in these sections, there are
other kinds of filters—such as digital filters, electromechanical filters,
and microwave filters—which are beyond the level of the text.

As shown in Fig. 14.30, there are four types of filters whether
passive or active:
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1. A lowpass filter passes low frequencies and stops high [ (w)
frequencies, as shown ideally in Fig. 14.30(a).

2. A highpassfilter passes high frequencies and rejects low
frequencies, as shown ideally in Fig. 14.30(b).
3. A bandpassfilter passes frequencies within a frequency band 0 ¢ o
and blocks or attenuates frequencies outside the band, as @
shown ideally in Fig. 14.30(c).
4. A bandstop filter passes frequencies outside a frequency band
and blocks or attenuates frequencies within the band, as shown
ideally in Fig. 14.30(d).
Table 14.5 presents a summary of the characteristics of these filters. Be
aware that the characteristics in Table 14.5 are only valid for first- or (b)
second-order filters—but one should not have the impression that only
these kinds of filter exist. We now consider typical circuits for realizing [B(w)
the filters shown in Table 14.5.

H(w)

o
€
S

o ®

TABLE 145  Summary of the characteristics of filters.

(0
Type of Filter H(0) H(c0) H(w.) or H(wp)

H(w)
Lowpass 1 0 1/+/2

Highpass 1/3/2 1
Bandpass 1

Bandstop 0

= OO

1
0
1

0 w1 w3 «
w. isthe cutoff frequency for lowpass and highpass filters; wo is (d
the center frequency for bandpass and bandstop filters.

Figure 1430 1deal frequency response
of four types of filter: (a) lowpass filter,

14.7.1 Lowpass Filter (b) highpass filter, (c) bandpass filter,
A typical lowpass filter is formed when the output of an RC circuit is (d) bandstop filter.

taken off the capacitor as shown in Fig. 14.31. Thetransfer function (see

also Example 14.1) is

V, 1/joC
Hiw) = Yo = e
Vi R+1/joC
1
Hw) = ——— (14.50)
1+ joRC

Note that H(0) = 1, H(co) = 0. Figure 14.32 showsthe plot of | H (w)],
along with the ideal characteristic. The half-power frequency, which is
equivalent to the corner frequency on the Bode plots but in the context of
filtersis usualy known as the cutoff frequency w.., is obtained by setting

the magnitude of H(w) equal to 1/+/2, thus R
1 1
H) = ———==—F% *
V1+wZR2CZ V2 V() C == vo(t)
or -
1 (14.51)
W, = — : .
RC Figure 431 A lowpass filter.
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The cutoff frequency is the frequency at which
the transfer function H drops in magnitude to
70.71% of its maximum value. It is also regarded
as the frequency at which the power dissipated
in a circuit is half of its maximum value.

+
A (t) R Vo(t)

Figure 1433 A highpass filter.

H(w)CH \decl
L L
0.707 | ---- (
Actual
0 @ »

Figure [434  Ideal and actud fre-

quency response of a highpass filter.

Vi (1) R < V)

Figure 1435 A bandpass filter.

PART 2 AC Circuits

(H(w)H
1
= Ideal
0.707 - Actua
0 o ‘:’

Figure 1432 1deal and actual fre-
guency response of a lowpass filter.

The cutoff frequency is also called the rolloff frequency.

A lowpass filter is designed to pass only frequencies from dc up
to the cutoff frequency w,.

A lowpeass filter can aso be formed when the output of an RL
circuit is taken off the resistor. Of course, there are many other circuits
for lowpassfilters.

14.7.2 Highpass Filter
A highpass filter is formed when the output of an RC circuit is taken off
the resistor as shown in Fig. 14.33. The transfer function is

V, R
Ho) = = ===
Vi R+1/joC
iwRC
H(w) = L (14.52)
1+ joRC

Notethat H(0) = 0, H(co) = 1. Figure 14.34 showsthe plot of |H (w)].
Again, the corner or cutoff frequency is
1

We = ——
RC

(14.53)

{ A highpass filter is designed to pass all frequencies above its cutoff frequency ..

A highpass filter can also be formed when the output of an RL
circuit istaken off the inductor.

14.7.3 Bandpass Filter
The RLC seriesresonant circuit provides a bandpass filter when the out-
put is taken off the resistor as shown in Fig. 14.35. The transfer function
is
H@) = o = .
=N, T R+ j (oL — 1/wC)

(14.54)
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CHAPTER 14 Frequency Response 6l1

We observe that H(0) = 0, H(co) = 0. Figure 14.36 shows the plot of  H(w)s
|H (w)|. Thebandpassfilter passesaband of frequencies (w; < w < wy) 1L Idea
centered on wo, the center frequency, which is given by 0707 koo /\/
1 /Actual
Wy = —— 14.55 1
°= JVLc (1459
0 w1 a;o w2 @

A bandpass filter is designed to pass all frequencies within a band

of frequencies, o < o < . Figure 14.36  1deal and actual frequency

response of a bandpass filter.

Since the bandpassfilter in Fig. 14.35 isaseriesresonant circuit, the half-
power frequencies, the bandwidth, and the quality factor are determined
as in Section 14.5. A bandpass filter can also be formed by cascading
the lowpass filter (where w, = w,.) in Fig. 14.31 with the highpass filter
(where w; = w,.) in Fig. 14.33.

14.7.4 Bandstop Filter

A filter that preventsaband of frequencies between two designated values
(w1 and wy) from passing is variably known as a bandstop, bandreject,
or notch filter. A bandstop filter is formed when the output RLC series

resonant circuit is taken off the LC series combination as shown in Fig. R
14.37. Thetransfer functionis W
Vv, j(wL —1/wC) c *
Hw) = — = 14.56
@) = = Rt jL = ) (14.3) w0 @ R
Noticethat H(0) = 1, H(c0) = 1. Figure 14.38 showstheplot of | H (w)]. -

Again, the center frequency is given by

1 Figure 1437 A bandstop filter.

wy = — 14.57
°~VLc (asn
whilethehalf-power frequencies, thebandwidth, and thequality factorare 7@
calculated using theformulasin Section 14.5 for a seriesresonant circuit. 1 \
Here, wg is called the frequency of rejection, while the corresponding ~ 0.707 f---------}---------- Actudl
bandwidth (B = w, — w1) isknown asthe bandwidth of rejection. Thus,
| | | Ideal
0 w; @y Wy @

A bandstop filter is designed to stop or eliminate all frequencies within >
a band of frequencies, v, < w < w,.

Figure 14.38  1deal and actual frequency

Notice that adding the transfer functions of the bandpass and the response of abandstop filter

bandstop gives unity at any frequency for the same values of R, L, and
C. Of course, thisis not true in general but true for the circuits treated
here. Thisisdueto the fact that the characteristic of oneisthe inverse of
the other.

In concluding this section, we should note that:

1. From Egs. (14.50), (14.52), (14.54), and (14.56), the maximum
gain of apassivefilter isunity. To generate again greater than
unity, one should use an active filter as the next section shows.
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PART 2 AC Circuits

2. There are other ways to get the types of filterstreated in this
section.

3. Thefilterstreated here are the smple types. Many other filters
have sharper and complex frequency responses.

Vi (t) R C

f— Vo(t)

Figure 1439 For Example 14.10.

Determinewhat type of filter isshown in Fig. 14.39. Calculatethe corner
or cutoff frequency. Take R = 2kQ, L =2H,and C = 2 uF.
Solution:
Thetransfer function is

V,  R|1/sC

His) = 2= —— =
V; sL+R|1/sC

s=jw (14.10.1)
But
1 R/sC R
sC R+4+1/sC 14sRC
Substituting thisinto Eq. (14.10.1) gives
R/(1+sRC) R

sL+R/(L+sRC) _ s?RLC +sL+R’

H(s) =

or

R
—w?RLC + joL + R
Since H(0) = 1 and H(co) = 0, we conclude from Table 14.5 that the

circuit in Fig. 14.39 is a second-order lowpass filter. The magnitude of
His

H(w) = (14.102)

R
"~ /(R = 0?RLC)? + 0212
The corner frequency isthe same asthe half-power frequency, i.e., where
H isreduced by afactor of 1+/2. Since the dc value of H (w) is1, at the
corner frequency, Eq. (14.10.3) becomes after squaring
1 R?
2 (R— w?RLC)? + w?2L?

(14.10.3)

H? =
or
2=(1-w?LC)*+ <£)2
R
Substituting the values of R, L, and C, we obtain
2=(1- 0?4 x 10+ (&, 10°3)?
Assuming that w, isin krad/s,
2=(1-4w.)>+w?> o 16w —Tw?—-1=0
Solving the quadratic equation in w?, we get w? = 0.5509, or
w. = 0.742 krad/s = 742 rad/s
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PRACTICE PROBLEMMNENIN

For the circuit in Fig. 14.40, obtain the transfer function V,(w)/V; (). Ry
Identify the type of filter the circuit represents and determine the corner
frequency. Take Ry =100 2 = Ry, L = 2 mH.

p . vi(t) L Ry < Volt)
Answer: Highpassfilter, 2 < - @ > i
Ri+ Ry \ jo+ o,
RiRs 25 krad/s. Figure 14.40
a)C = —— = o i 3 . .
(Rt Ro)L igure For Practice Prob. 14.10

MM.II

If thebandstopfilterin Fig. 14.37 istoreject a200-Hz sinusoid while pass-
ing other frequencies, calculate the values of L and C. Take R = 150
and the bandwidth as 100 Hz.

Solution:
We use the formulas for a series resonant circuit in Section 14.5.

B = 27(100) = 200 rad/s

But
R R 150
B=— L=—=——=0.2387H
r B~ 2000 ~ 028
Rejection of the 200-Hz sinusoid means that fp is 200 Hz, so that wg in
Fig. 14.38is

wo = 27 fo = 27 (200) = 4007

Sincewp = 1/+/LC,
1 1
"~ wiL ~ (4007)2(0.2387)

PRACTICE PROBLEMEKEEN

— 2.66 uF

Design abandpassfilter of theform in Fig. 14.35 with alower cutoff fre-
quency of 20.1 kHz and an upper cutoff frequency of 20.3 kHz. Take
R = 20kQ. Calculate L, C,and Q.

Answer: 7.96 H, 3.9 pF, 101.

14.8  ACTIVE FILTERS

Therearethreemajor limitstothepassivefiltersconsideredintheprevious
section. First, they cannot generate gain greater than 1; passive elements
cannot add energy to the network. Second, they may require bulky and
expensiveinductors. Third, they perform poorly at frequenciesbelow the
audio frequency range (300 Hz < f < 3000 Hz). Nevertheless, passive
filters are useful at high frequencies.
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614 PART 2 AC Circuits

Active filters consist of combinations of resistors, capacitors, and
op amps. They offer some advantages over passive RLC filters. Firgt,
they are often smaller and less expensive, because they do not require
inductors. This makes feasible the integrated circuit realizations of fil-
ters. Second, they can provide amplifier gain in addition to providing
the same frequency response as RLC filters. Third, active filters can be
combined with buffer amplifiers (voltage followers) to isolate each stage
of thefilter from source and load impedance effects. Thisisolation allows
designing the stagesindependently and then cascading them to realizethe
desired transfer function. (Bode plots, being logarithmic, may be added
when transfer functions are cascaded.) However, active filters are less
reliable and less stable. The practical limit of most active filtersis about
100 kHz—most active filters operate well below that frequency.

Filters are often classified according to their order (or number of
poles) or their specific design type.

Zy
z 14.8.1 First-Order Lowpass Filter
2_:'_ One type of first-order filter_is shown in Fig. 14:41. The components
+ selectedfor Z; and Z » determinewhether thefilter islowpassor highpass,
M A but one of the components must be reactive.
- - Figure 14.42 shows atypical active low-pass filter. For this filter,
° =T ° the transfer function is
Vv, Z;
Figure 1441 A general first- Hlw) = =—-—" (14.58)
order active filter. ! ¢
whereZ; = R; and
1 R¢/j - R
Ry Zf — Rf : — f /lecf — : f (14.59)
VW joCr  Ry+1/jwCy 14 joCrRy
(‘:‘f Therefore,
il
i H(w) = B 1 14.60
2—’\AN\x—:I>_O (@) R 1+ joCsRy (1460
+
v v We notice that Eq. (14.60) is similar to Eq. (14.50), except that there is
_ _ alow frequency (w — 0) gain or dc gain of —R;/R;. Also, the corner
0 T o frequency is
* 1
Figure 1442 Active first-order We ="p"C (14.61)
lowpass filter. =1
which does not depend on R;. This means that several inputs with dif-
ferent R; could be summed if required, and the corner frequency would
Re remain the same for each input.
R \CF 14.8.2 First-Order Highpass Filter
+ ' ° Figure 14.43 shows atypical highpassfilter. Asbefore,
A \A VO Zf
Hw) = — =-—=—- 14.62
_ _ (w) v, Z, (14.62)
= WhereZ,zR,+1/ij, andeZRfSOthat
Figure 1443 Activefirst-order Hw) = — Ry ___JoCiRy (14.63)
highpass filter. R +1/jwC; 1+ jwC;R;
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Thisissimilar to Eq. (14.52), except that at very high frequencies (w —
00), the gain tendsto —R s/ R;. The corner frequency is
1

W = —
T RC;

(14.64)

14.8.3 Bandpass Filter

Thecircuitin Fig. 14.42 may be combined with that in Fig. 14.43toform
a bandpass filter that will have again K over the required range of fre-
quencies. By cascading aunity-gain lowpassfilter, aunity-gain highpass
filter, and an inverter with gain —R ¢/ R;, as shown in the block diagram
of Fig. 14.44(a), we can construct a bandpass filter whose frequency re-
sponse is that in Fig. 14.44(b). The actual construction of the bandpass
filter isshown in Fig. 14.45.

615

This way of creating a bandpass filter, not neces-
sarily the best, is perhaps the easiest to under-
stand.

H
KEk-----5
0707 K |--—frmmmmmmmme oo
i B
v Low—pass ngh—pass Inverter v 1 I >
filter filter 0 o g w, 1)
@ (b)

Figure [444  Active bandpass filter: (a) block diagram, (b) frequency response.

R :
—AMA—
C, |
||
Il R
R
O—WM——=
+
Vi
VO
o o
Stage 1 Stage 2 Stage 3
L ow-pass filter High-pass filter Aninverter
sets w, value sets wq value provides gain
Figure 1445 Active bandpass filter.

The analysis of the bandpassfilter isrelatively smple. Itstransfer
functionisobtained by multiplying Egs. (14.60) and (14.63) with thegain
of theinverter; that is

V, 1 JjwCaR Ry
Hw) = o2 = (—— . X
V; 1+ jwCiR 1+ jwCyR R;

_ Rf 1 JCDCZR
R 1+ jwCiR 1+ jwCsR

(14.65)
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Low-pass

filter sets
wy > wq

filter sets
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High-pass J_

PART 2 AC Circuits

The lowpass section sets the upper corner frequency as
1

w = R_Cl (14.66)
while the highpass section sets the lower corner frequency as
1
w1 = R_C2 (14.67)

With these values of w; and wy, the center frequency, bandwidth, and
quality factor are found as follows:

wo = /w107 (14.68)

B=w;—w (14.69)
o

0= 5 (14.70)

To find the passband gain K, we write Eq. (14.65) in the standard
form of Eq. (14.15),

—Kjw/wy _ —Kjoww,
A+ jo/o)L+ jo/w)  (01+ jo) (w2 + jo)

At the center frequency wy = ./wiwz, the magnitude of the transfer
functionis

H(w) = (14.71)

—Kj wow?2 Ka)z
H(wo) = - - = (14.72)
(w1 + jwo)(w2 + jwo) w1+ w2

We set this equal to the gain of the inverting amplifier, as
Ka)g _ Rf

(24.73)
o+wr R

from which the gain K can be determined.

14.8.4 Bandreject (or Notch) Filter

A bandreject filter may be constructed by parallel combination of alow-
pass filter and a highpass filter and a summing amplifier, as shown in
the block diagram of Fig. 14.46(a). The circuit is designed such that the

H 4
K
0.707 K

Summing
amplifier

_OV0:V1+V2

0 w, wy 1)

«~—B—

(0)

Figure 1446  Active bandreject filter: (a) block diagram, (b) frequency response.
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lower cutoff frequency w1 is set by the lowpassfilter while the upper cut-
off frequency w, is set by the highpassfilter. The gap between w; and w,
isthe bandwidth of the filter. Asshown in Fig. 14.46(b), the filter passes
frequencies below w; and above w,. The block diagram in Fig. 14.46(a)
isactually constructed as shown in Fig. 14.47. Thetransfer functionis

V, Rf 1 ja)CZR
Hw)y=—=—"(- - — - (14.74)
V,‘ R,‘ 1 + ]CL)C]_R l+ ]CL)CzR

The formulas for calculating the values of w1, w», the center frequency,
bandwidth, and quality factor are the same as in Egs. (14.66) to (14.70).

Figure 1447 Active bandreject filter.

To determine the passband gain K of the filter, we can write Eq.
(14.74) in terms of the upper and lower corner frequencies as

_ Ry 1 jo/w1
H) =72 <1+ja)/a)2 + 1+ja)/a)1>
_ Ry A+ j20/o1 + (jo)?/wrw1)
R I+ jo/w2)(1+ jow/w1)

Comparing thiswith the standard form in Eq. (14.15) indicatesthat in the
two passbands (w — 0 and w — oo) thegainis

(14.75)

R
K=-L
R;
We can also find the gain at the center frequency by finding the magnitude
of the transfer function at wg = /wiwz, Writing

(14.76)

Ry (14 j2wo/w1 + (jwo)*/w101)
Ri (1+ jwo/w2)(1+ jwo/w1)
_ Rf 2601

H (wo) =
(14.77)

o R; w1+ w2

Again, the filters treated in this section are only typical. There are
many other active filters that are more complex.
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PRACTICE PROBLEMEKSR

Design alow-pass active filter with adc gain of 4 and a corner frequency
of 500 Hz.

Solution:
From Eq. (14.61), wefind

1
. = 27 f. = 27(500) = —— 12,
, 7 f, 7 (500) R, C, (14.12.1)
Thedcgainis
R
H(0) = _Ff =4 (14.12.2)

We have two equations and three unknowns. If we select C = 0.2 uF,
then
1

R; = = 1.50kQ
/7 27(500)0.2 x 10-6

and
R
R = Tf —3975Q

Weuseal.6-ks2 resistor for R  and a400-2 resistor for R;. Figure 14.42
shows the filter.

| 2

Design a highpass filter with a high-frequency gain of 5 and acorner fre-
guency of 2 kHz. Use a 0.1-uF capacitor in your design.

Answer: R; =800 and Ry = 4KkQ.

Eﬂ!ﬂ“ﬂlkl3

Design a bandpassfilter in the form of Fig. 14.45 to pass frequencies be-
tween 250 Hz and 3000 Hz and with K = 10. Select R = 20 k2.

Solution:
Since w; = 1/RC,, we obtain
1 1 1

Co = = = = 31.83nF
27 Ro1  27fiR ~ 27 x 250 x 20 x 108
Similarly, sincew, = 1/RC1,
1 1 1
Ci = = = = 2.65nF
Y7 Rwy  27foR 27w x 3000 x 20 x 10
From Eq. (14.73),
R K K
X 22 fo _1030% _ 903

R woitwr f+fr 3250
If we select R; = 10 k<2, then Ry = 9.223R; ~ 92 k<.
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PRACTICE PROBLEMNEIEE

Design anotch filter based on Fig. 14.47 for wo = 20 krad/s, K = 5, and
Q =10. UseR = R; = 10k<.

Answer: Cp=47.62nF, C2 =52.63nF and Ry = 50 k.

7149 SCALING

In designing and analyzing filters and resonant circuits or in circuit anal-
ysisin general, it is sometimes convenient to work with element values
of 1, 1H,or 1F and then transform the values to realistic values by
scaling. We have taken advantage of thisidea by not using redlistic el-
ement values in most of our examples and problems; mastering circuit
analysis is made easy by using convenient component values. We have
thus eased calculations, knowing that we could use scaling to then make
the valuesredlistic.

There are two ways of scaling a circuit: magnitude or impedance
scaling, and frequency scaling. Both are useful in scaling responses and
circuit elements to values within the practical ranges. While magnitude
scaling leaves the frequency response of a circuit unaltered, frequency
scaling shiftsthe frequency response up or down the frequency spectrum.

14.9.1 Magnitude Scaling

Magnitude scaling is the process of increasing all impedance in a network by a factor,
the frequency response remaining unchanged.

Recall that impedances of individual elements R, L, and C are
given by

1
Zr =R, Zp = joL, Ze = ——
joC
In magnitude scaling, we multiply the impedance of each circuit element
by afactor K,, and let the frequency remain constant. This givesthe new

(14.78)

impedances as
Z/R =K, Zr = K,,R, Z’L =K.,Z; = joK, L
1 (14.79)
Zo=Knlc=——
JoC/Ky

Comparing Eq. (14.79) with Eq. (14.78), we notice thefollowing changes
in the element values: R — K, R, L — K, L,and C — C/K,,. Thus,
in magnitude scaling, the new values of the elements and frequency are

R =K,R, L'=K,L
C (14.80)
C/ = K—, a)/ =w

m
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The primed variables are the new values and the unprimed variables are
theold values. Consider the seriesor parallel RLC circuit. We now have

. 1 1 1
wn = = =
T VLC  JK.LC/K, JIC
showing that the resonant frequency, as expected, has not changed. Sim-
ilarly, the quality factor and the bandwidth are not affected by magnitude

scaling. Also, magnitude scaling does not affect transfer functionsin the
forms of Egs. (14.2a) and (14.2b), which are dimensionless quantities.

= wg (14.81)

14.9.2 Frequency Scaling

Frequency scaling is equivalent to relabeling the
frequency axis of a frequency response plot. Itis JL Frequency scaling is the process of shifting the frequency response of a network up

needed when translating such frequencies such or down the frequency axis while leaving the impedance the same.
as a resonant frequency, a corner frequency, a

bandwidth, etc., to a realistic level. It can be
used to bring capacitance and inductance values We achieve frequency scaling by multiplying the frequency by a factor
into a range that is convenient to work with. K ; while keeping the impedance the same.
From Eqg. (14.78), we see that the impedances of L and C are
frequency-dependent. If weapply frequency scalingto Z ; (w) and Z ¢ (w)
in Eq. (14.78), we obtain

L
Z, = j(wKy)L' = joL = L = < (14.823)
!

Zc = 1 _ 1 = C' = ¢ (14.82b)
€T jwK)C  joC T K, '

since the impedance of the inductor and capacitor must remain the same
after frequency scaling. We notice the following changes in the element
values: L — L/Kyand C — C/K;. Thevaue of R is not affected,
since its impedance does not depend on frequency. Thus, in frequency
scaling, the new values of the elements and frequency are

, L
R =R, L' =—
Ky
14.83
C / (14.83)
C'=—, o =Kro
f
Again, if we consider the seriesor paralel RLC circuit, for the resonant
frequency
/ ! ! Ky _k (14.84)
wn = = = = 'a)o .
T JLe ~ JL/KHC/Ky Jic
and for the bandwidth
B'=K;B (14.85)

but the quality factor remains the same (Q’ = Q).
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14.9.3 Magnitude and Frequency Scaling
If acircuit is scaled in magnitude and frequency at the same time, then

K

R = K,R, L'=-2L
Ky
1 (14.86)
C' = C, o' =Ko
Kme ’

These are more general formulas than thosein Egs. (14.80) and (14.83).
We set K, = 1in Eq. (14.86) when there is no magnitude scaling or
K s = 1 when thereis no frequency scaling.

621
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|
A fourth-order Butterworth lowpassfilter is shown in Fig. 14.48(a). The

filter is designed such that the cutoff frequency w. = 1 rad/s. Scale the
circuit for a cutoff frequency of 50 kHz using 10-kS2 resistors.

10 1.848 H 0.765 H 10kQ 58.82 mH 24.35H
A1 4112 o 211 . 0
+ +
Vg ~0765F ~~1848F 10 v Vs T~ 2435pF A~ 5882pF 10kQ v,
o o

@ (b)
Figure [448  For Example 14.14: (a) Normalized Butterworth lowpass filter, (b) scaled version of the same lowpass filter.

Solution:
If the cutoff frequency is to shift from w, = 1 rad/s to w, = 27(50)
krad/s, then the frequency scale factor is

/100 103
Kf:&:L:ﬂxl(f
we 1
Also, if each 1-Q resistor isto be replaced by a 10-ks2 resistor, then the
magnitude scale factor must be

R 10x10°

K 10*
R 1
Using Eq. (14.86),
L, = Ky, _ 10 (1.848) = 58.82 mH
1_Kf IR T I o
K, 10*
L,=—L,=——-(0.765) = 24.35 mH
2 Kf 2 T X 105( ) m
C1 0.765
C) = = = 243.5 pF
1 K,K; 7 x10° P
C 1.848
Ch=—2— = — 588.2 pF

C K.K; 7 x10°
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Thescaled circuitisasshownin Fig. 14.48(b). Thiscircuit uses practical
valuesand will providethe sametransfer function asthe prototypein Fig.
14.48(a), but shifted in frequency.

PRACTICE PROBLEMENENE

1Q 2H A third-order Butterworth filter normalized to w. = 1 rad/sis shownin
AL ?  Fig. 14.49. Scalethe circuit to a cutoff frequency of 10 kHz. Use 15-nF
acitors.
Vg ~1F |1F =1Q Vv cap
5 Answer: R} = R, =1.061k, C] = C; =15nF, L' = 33.77 mH.

Figure 1449 For Practice Prob. 14.14.

14.10 FREQUENCY RESPONSE USING PSPICE

PSpice is a useful tool in the hands of the modern circuit designer for
obtaining the frequency response of circuits. The frequency responseis
obtained using the AC Sweep as discussed in Section D.5 (Appendix D).
Thisrequiresthat we specify in the AC Sweep dialog box Total Pts, Sart
Freq, End Freq, and the sweep type. Total Ptsisthe number of pointsin
the frequency sweep, and Start Freq and End Freq are, respectively, the
starting and final frequencies, in hertz. In order to know what frequencies
to select for Sart Freq and End Freg, one must have an idea of the
frequency range of interest by making a rough sketch of the frequency
response. In acomplex circuit where this may not be possible, one may
use atrial-and-error approach.
There are three types of sweeps:

Linear: The frequency isvaried linearly from Sart Freq to End
Freg with Total equally spaced points (or responses).

Octave: The frequency is swept logarithmically by octaves from
Sart Freq to End Freq with Total points per octave. An
octave isafactor of 2 (e.g., 2to 4, 4t0 8, 8to 16).

Decade: The frequency is varied logarithmically by decades from
Sart Freq to End Freq with Total points per decade. A
decade is afactor of 10 (e.g., from 2 Hz to 20 Hz, 20 Hz to
200 Hz, 200 Hz to 2 kHz).

Itisbest to use alinear sweep when displaying anarrow frequency range
of interest, asalinear sweep displaysthefrequency rangewell inanarrow
range. Conversely, itisbest to usealogarithmic (octave or decade) sweep
for displaying a wide frequency range of interest—if a linear sweep is
used for awide range, all the data will be crowded at the high- or low-
frequency end and insufficient data at the other end.

With the above specifications, PSpice performs a steady-state si-
nusoidal analysis of the circuit as the frequency of all the independent
sourcesis varied (or swept) from Sart Freq to End Freq.
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The Probe program produces a graphical output. The output data
type may be specified in the Trace Command Box by adding one of the
following suffixesto V or I:

M Amplitude of the sinusoid.
P Phase of the sinusoid.

dB Amplitude of the sinusoid in decibels, i.e., 20 logio
(amplitude).

623
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Determine the frequency response of the circuit shown in Fig. 14.50.
Solution:

We let the input voltage v, be asinusoid of amplitude 1 V and phase 0°.
Figure 14.51 isthe schematic for thecircuit. The capacitor isrotated 270°
counterclockwise to ensure that pin 1 (the positive terminal) is on top.
The voltage marker isinserted to the output voltage across the capacitor.
To perform alinear sweep for 1 < f < 1000 Hz with 50 points, we
select Analysig/Setup/AC Sweep, DCLICK Linear, type 50 in the Total
Pts box, type 1 in the Sart Freq box, and type 1000 in the End Freq box.
After saving thefile, we select AnalysigSimulate to simulate the circuit.
If there are no errors, the Probe window will display the plot of V(C1:1),
whichisthesameasV, or H(w) = V, /1, asshowninFig. 14.52(a). This
isthe magnitude plot, since V(C1:1) isthe sameasVM(C1:1). To obtain
the phase plot, select Trace/Add inthe Probe menu and type VP(C1:1) in
the Trace Command box. Figure 14.52(b) shows the result. Notice that
the plots in Fig. 14.52 are similar to those in Fig. 14.3. By hand, the
transfer functionis
v, 1000

H -0 ___7
@) = = 3000+ job

or

1

Ho)= —
(@) 9+ j16r x 103

showing that the circuit is alowpass filter as demonstrated in Fig. 14.52.

@ P

8k

ACMAG=1V Vi
ACPHASE=0

M

Figure 1451 The schematic for the circuiit in Fig. 14.50.

8kQ

Vg 1kQ = 1uF

Figure 1450  For Example 14.15.

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



624 PART 2 AC Circuits

120 v .
-20 d!
80 nV |

40 mv ~60 d |

-40 d:

280 d bemmmmmm
1.0 Hz 10 Hz 100 Hz 1.0 KHz 1.0 Hz 10 Hz 100 Hz 1.0 KHz
O V(CL1:1) O VP(ClL: 1)
Frequency Frequency
@ ()

Figure 1452  For Example 14.15: (a) magnitude plot, (b) phase plot of the frequency response.

PRACTICE PROBLEMNENIE

1uF Obtain the frequency response of the circuit in Fig. 14.53 using PSpice.
Use alinear frequency sweep and consider 1 < f < 1000 Hz with 100
° 6 kO points.
v Answer: SeeFig. 14.54.
o

Figure [4.53  For Practice Prob. 14.15.

20 d |

O Vibmmmmm e : od
1.0 Hz 10 Hz 100 Hz 1.0 KHz 1.0 Hz 10 Hz 100 Hz 1.0 KHz
O V(R2:2) O VP(R2: 2)
Frequency Frequency
@ (b)

Figure 14.54  For Practice Problem 14.15: (a) magnitude plot, (b) phase plot of the frequency response.

mH.Ié

Use PSpice to generate the gain and phase Bode plots of V,, inthe circuit
of Fig. 14.55.
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CHAPTER 14 Frequency Response 625

Solution:

The circuit treated in Example 14.15 is first-order while the one in this Rl L1 )@
example is second-order. Since we are interested in Bode plots, we use

decade frequency sweep for 300 < f < 3000 Hz with 50 points per 2 10nH
decade. We select thisrange becauseweknow that theresonant frequency ~ ACMAG=10V @ 1 4u == c1
of the circuit iswithin the range. Recall that ACPHASE=0

won%:Skrad/s or f0=%=795.8Hz A

After drawing the circuit asin Fig. 14.55, we select Analysis/'Setup/AC  Figure 1455  For Example 14.16.
Sweep, DCLICK Linear, enter 50 as the Total Pts box, 300 as the Start

Freg, and 3000 as the End Freq box. Upon saving the file, we simulate

it by selecting Analysig/Simulate. Thiswill automatically bring up the

Probe window and display V(C1:1) if there are no errors. Since we are

interested in the Bode plot, we select Trace/Add in the Probe menu and

type dB(V(C1:1)) in the Trace Command box. The result is the Bode

magnitude plot in Fig. 14.56(a). For the phase plot, we select Trace/Add

in the Probe menu and type VP(C1:1) in the Trace Command box. The

resultisthe Bodephaseplot of Fig. 14.56(b). Noticethat the plotsconfirm

the resonant frequency of 795.8 Hz.

-50 d ! . E
-100 d : ;
2150 d - e el
50 b ; 2200 b ;
100 Hz 1.0 KHz 10 KHz 100 Hz 1.0 KHz 10 KHz
o dB(V(CL:1)) O VP(C1: 1)
Frequency Frequency

@ (b)

Figure [456  For Example 14.16: (a) Bode plot, (b) phase plot of the response.

PRACTICE PROBLEMNENINE

Consider the network in Fig. 14.57. Use PSpice to obtain the Bode plots
for V, over afrequency from 1 kHz to 100 kHz using 20 points per decade.

+
1/0°A 0.4 mH == 1uF 1kQ =V,

Figure [457  For Practice Prob. 14.16.

Answer: SeeFig. 14.58.
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-30 :
1.0 KHz 10 KHz 100 KHz 1.0 KHz 10 KHz 100 KHz
O dB(V(R1: 1)) O VP(R1: 1)
Frequency Frequency

@ (0)

Figure [4.58  For Practice Prob. 14.16: Bode (a) magnitude plot, (b) phase plot.

14,11  APPLICATIONS

Resonant circuits and filters are widely used, particularly in electronics,
power systems, and communications systems. For example, a Notch
filter with cutoff frequency above 60 Hz may be used to eliminate the
60-Hz power line noise in various communications el ectronics. Filtering
of signalsin communications systems is necessary in order to select the
desired signal from a host of others in the same range (as in the case of
radio receivers discussed next) and also to minimize the effects of noise
and interference on the desired signal. In this section, we consider one
practical application of resonant circuits and two applications of filters.
Thefocus of each application isnot to understand the details of how each
device works but to see how the circuits considered in this chapter are
applied in the practical devices.

14.11.1 Radio Receiver

Series and parallel resonant circuits are commonly used in radio and TV
receiverstotunein stationsandto separate the audio signal fromtheradio-
frequency carrier wave. Asan example, consider the block diagram of an
AM radio receiver shown in Fig. 14.59. Incoming amplitude-modul ated
radio waves (thousands of them at different frequencies from different
broadcasting stations) are received by the antenna. A resonant circuit (or
abandpassfilter) is needed to select just one of the incoming waves. The
selected signal isvery weak and isamplified in stagesin order to generate
an audible audio-frequency wave. Thus we have the radio frequency
(RF) amplifier to amplify the selected broadcast signal, the intermediate
frequency (IF) amplifier to amplify an internally generated signal based
on the RF signal, and the audio amplifier to amplify the audio signal just
before it reaches the loudspeaker. It is much easier to amplify the signal
at three stagesthan to build an amplifier to provide the same amplification
for the entire band.
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Detector

Audioto
5kHz

Audio

627

Carrier
frequency
/ Amplitude Audio frequency
modul ated
radio waves
800kHz ... ___.
RF J ! : | 455 kHz B | 4s5kHz
amplifier ‘ Mixer amplifier
‘ stages
]
1255
kHz
,,,,,,,,, Gangedtuning | iocal
oscillator

Figure 1459 A simplified block diagram of a superheterodyne AM radio receiver.

Thetypeof AM receiver showninFig. 14.59isknown asthe super-
heterodynereceiver. Intheearly devel opment of radio, each amplification
stage had to be tuned to the frequency of the incoming signal. Thisway,
each stage must have several tuned circuits to cover the entire AM band
(540 to 1600 kHz). To avoid the problem of having severa resonant
circuits, modern receivers use a frequency mixer or heterodyne circuit,
which always producesthe same | F signal (445 kHz) but retainsthe audio
frequencies carried on the incoming signal. To produce the constant |F
frequency, therotors of two separate variable capacitorsare mechanically
coupled with one another so that they can be rotated simultaneously with
asingle control; thisis called ganged tuning. A local oscillator ganged
with the RF amplifier produces an RF signal that is combined with the
incoming wave by the frequency mixer to produce an output signal that
contains the sum and the difference frequencies of the two signals. For
example, if the resonant circuit is tuned to receive an 800-kHz incoming
signal, the local oscillator must produce a 1255-kHz signal, so that the
sum (1255 + 800 = 2055 kHz) and the difference (1255 — 800 = 455 kHz)
of frequencies are available at the output of the mixer. However, only the
difference, 455 kHz, is used in practice. This is the only frequency to
whichall the|Famplifier stagesaretuned, regardlessof the station dialed.
The original audio signal (containing the “intelligence”) is extracted in
the detector stage. The detector basically removes the IF signal, leaving
the audio signal. The audio signal is amplified to drive the loudspeaker,
which acts as atransducer converting the electrical signal to sound.

Our major concern here is the tuning circuit for the AM radio re-
ceiver. Theoperation of the FM radio receiver isdifferent from that of the
AM receiver discussed here, and inamuch different range of frequencies,
but the tuning is similar.

amplifier

L oudspeaker
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628 PART 2 AC Circuits

M|4.|7

__RFamplifier The resonant or tuner circuit of an AM radio is portrayed in Fig. 14.60.
T ~—— Tuner —» 3 Giventhat L = 1 uH, what must be the range of C to have the resonant
‘ ‘ frequency adjustable from one end of the AM band to another?

7 %'— | §R [>: Solution:
/ } The frequency range for AM broadcasting is 540 to 1600 kHz. We con-
! } sider thelow and high ends of the band. Sincetheresonant circuitinFig.
i St 14.60 is a parallel type, we apply the ideas in Section 14.6. From Eq.
- Input resistance (l 4 44)
to amplifier s
1
Fisure 1460  Thetuner circuit for wo =21fo = ——
b Example 14.17. LC
or
Co 1
C An2f2L
For the high end of the AM band, fo = 1600 kHz, and the corresponding
Cis
1
Cy =9.9nF

~ 472 x 16002 x 106 x 10-6
For the low end of the AM band, fo = 540 kHz, and the corresponding
Cis

1
~ 472 x 5402 x 106 x 10-6

Thus, C must be an adjustable (gang) capacitor varying from 9.9 nF to
86.9 nF.

PRACTICE PROBLEMMENENN

For an FM radio receiver, the incoming wave is in the frequency range
from 88 to 108 MHz. The tuner circuit is a parallel RLC circuit with
a4-uH coil. Calculate the range of the variable capacitor necessary to
cover the entire band.

Answer: From 0.543 pF to 0.818 pF.

= 86.9nF

C

14.11.2 Touch-Tone Telephone
A typical application of filtering is the Touch-Tone telephone set shown
in Fig. 14.61. The keypad has 12 buttons arranged in four rows and
three columns. The arrangement provides 12 distinct signals by using
seven tones divided into two groups: the low-frequency group (697 to
941 Hz) and the high-frequency group (1209 to 1477 Hz). Pressing a
button generates a sum of two sinusoids corresponding to its unique pair
of frequencies. For example, pressing the number 6 button generates
sinusoidal tones with frequencies 770 Hz and 1477 Hz.

When a caller dias a telephone number, a set of signalsis trans-
mitted to the telephone office, where the Touch-Tone signal s are decoded
by detecting the frequencies they contain. Figure 14.62 shows the block
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ABC

JKL

.

TUV WXY

OF:ER

1336 Hz 1477 Hz

Figure 14.61

High-band frequencies

Frequency assignments for Touch-Tone dialing.

(Adapted from G. Daryanani, Principles of Active Network Syn-
thesis and Design [New York: John Wiley & Sons], 1976, p. 79.)

B
B

_y

Amplifier

Low-pass  Limiter
filter

B
L

Band-pass Detectors
filters

L

1336 Hz

Figure 14.62

High-pass  Limiter
e B~ e

Band-pass Detectors
filters

Block diagram of detection scheme.

Low-group
signals

High-group
signals

(Source: G. Daryanani, Principles of Active Network Synthesis and Design

[New York: John Wiley & Sons], 1976, p. 79.)

diagram for the detection scheme. The signals are first amplified and
separated into their respective groups by the lowpass (LP) and highpass
(HP) filters. Thelimiters (L) are used to convert the separated tones into
square waves. The individual tones are identified using seven highpass
(HP) filters, each filter passing one tone and rejecting other tones. Each
filter is followed by a detector (D), which is energized when its input
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630 PART 2 AC Circuits

voltage exceeds a certain level. The outputs of the detectors provide the
required dc signals needed by the switching system to connect the caller
to the party being called.

Using the standard 600-<2 resistor used in telephone circuits and a series
RLC circuit, design the bandpass filter BP, in Fig. 14.62.

Solution:

The bandpass filter is the series RLC circuit in Fig. 14.35. Since BP,
passes frequencies 697 Hz to 852 Hz and is centered at fo = 770 Hz, its
bandwidth is

B =21(f — f1) = 27(852 — 697) = 973.89 rad/s

From Eq. (14.39),

R 600

- = = 0.616 H
B 973.89
7),

From Eg. (14.27) or (14.5
1 1 1

wBL  4w2f2L  4m? x 7707 x 0.616

PRACTICE PROBLEMEKIIR

Repeat Example 14.18 for bandpass filter BPg.
Answer: 0.356 H, 39.83 nF.

14.11.3 Crossover Network
C Tweeter Another typical application of filters is the crossover network that cou-
ples an audio amplifier to woofer and tweeter speakers, as shown in Fig.
S 14.63(a). The network basically consists of one highpass RC filter and
One channe! one lowpass RL filter. It routes frequencies higher than a prescribed
of astereo L crossover frequency f. to the tweeter (high-frequency loudspeaker) and
amplifier frequenciesbelow f, intothewoofer (low-frequency loudspeaker). These
S loudspeakers have been designed to accommodate certain frequency re-
sponses. A woofer isalow-frequency loudspeaker designed to reproduce
Woofer the lower part of the frequency range, up to about 3 kHz. A tweeter can
reproduce audio frequencies from about 3 kHz to about 20 kHz. Thetwo
speaker types can be combined to reproduce the entire audio range of
L interest and provide the optimum in frequency response.
By replacing the amplifier with a voltage source, the approximate
Vs (-) * + equivalent circuit of the crossover network is shown in Fig. 14.63(b),
where the loudspeakers are modeled by resistors. As a highpass filter,
the transfer function Vy/ V; is given by

N > Hyw) = 2 = _J@RC 1487
w=—-—=—:- X
(b) ! V, 1+ joR:C (480
Figure 1463 (2) A crossover network Similarly, the transfer function of the lowpassfilter is given by
for two loudspeakers, (b) equivalent Vs R>
H =—==—" 14.88
model. 2(w) V. - Rot joL (14.88)
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CHAPTER 14 Frequency Response 631

Thevaluesof Ry, Ry, L, and C may be selected such that thetwo filters 4
have the same cutoff frequency, known as the crossover frequency, as
shown in Fig. 14.64.

The principle behind the crossover network is also used in the res-
onant circuit for aTV receiver, whereit is necessary to separate the video
and audio bands of RF carrier frequencies. The lower-frequency band :
(picture information in the range from about 30 Hz to about 4 MHZz) is wg )
channeled into the receiver’s video amplifier, while the high-frequency

band (sound information around 4.5 MHz) is channeled to the receiver’'s ~ Figure [4.64  Frequency responses of the
sound amplifier. crossover network in Fig. 14.63.

Ho(w) Hy(w)

MM.H

In the crossover network of Fig. 14.63, suppose each speaker acts as a
6-Q2 resistance. Find C and L if the crossover frequency is 2.5 kHz.

Solution:
For the highpass filter,

W, =21 f. = RiC
or
1 1
C = = = 10.61 uF
27f.R, 27 x25x 10° x 6 "
For the lowpass filter,
R;
c — 2 c—
, 7 f, 7
or
R 6
L 2 — 382 uH

T 2nf. 27 x 25x 103

PRACTICE PROBLEMMNENIE

If each speaker in Fig. 14.63 has an 8-Q2 resistance and C = 10 uF, find
L and the crossover frequency.

Answer: 0.64 mH, 1.989 kHz.

14.12 SUMMARY

1. Thetransfer function H(w) istheratio of the output response Y (w)
to the input excitation X (w); that is, H(w) = Y (w) /X (w).

2. Thefrequency response isthe variation of the transfer function with
frequency.

3. Zerosof atransfer function H(s) arethevaluesof s = jw that make
H (s) = 0, while poles are the values of s that make H(s) — oc.

4. Thedecibel isthe unit of logarithmic gain. For again G, its decibel
equivalent is Ggg = 20109, G-
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632 PART 2 AC Circuits

5. Bode plots are semilog plots of the magnitude and phase of the
transfer function asit varies with frequency. The straight-line
approximations of H (in dB) and ¢ (in degrees) are constructed
using the corner frequencies defined by the poles and zeros of H (w).

6. The resonant frequency is that frequency at which the imaginary
part of atransfer function vanishes. For seriesand parallel RLC
circuits,

1

~LC

7. The haf-power frequencies (w1, w,) are those frequencies at which
the power dissipated is one-half of that dissipated at the resonant

frequency. The geometric mean between the half-power frequen-
ciesisthe resonant frequency, or

wo =

wo = J/Wwi1Ww2
8. The bandwidth is the frequency band between half-power frequen-

cles.
B=w;—w

9. The quality factor is ameasure of the sharpness of the resonance
peak. It istheratio of the resonant (angular) frequency to the band-
width,

wo
Q_B

10. A filter isacircuit designed to pass aband of frequencies and reject
others. Passive filters are constructed with resistors, capacitors, and
inductors. Active filters are constructed with resistors, capacitors,
and an active device, usually an op amp.

11. Four common types of filters are lowpass, highpass, bandpass, and
bandstop. A lowpassfilter passes only signals whose frequencies
are below the cutoff frequency .. A highpass filter passes only
signals whose frequencies are above the cutoff frequency w.. A
bandpass filter passes only signals whose frequencies are within a
prescribed range (w1 < @ < wy). A bandstop filter passes only
signals whose frequencies are outside a prescribed range
(w1 > 0 > wy).

12. Scaling isthe process whereby unrealistic element values are mag-
nitude-scaled by afactor K,, and/or frequency-scaled by a factor
K ; to produce realistic values.

/ / Km / 1
R =K,R, L=-"L (=
Ky KnKy

13. PSpice can be used to obtain the frequency response of acircuit if a
frequency range for the response and the desired number of points
within the range are specified in the AC Sweep.

14. Theradio receiver—one practical application of resonant
circuits—employs a bandpass resonant circuit to tunein one
frequency among all the broadcast signal's picked up by the antenna.

C

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



15.

CHAPTER 14 Frequency Response 633

The Touch-Tone telephone and the crossover network are two typi-
cal applications of filters. The Touch-Tone telephone system
employsfiltersto separate tones of different frequenciesto activate
electronic switches. The crossover network separates signalsin
different frequency ranges so that they can be delivered to different
devices such as tweeters and woofersin aloudspeaker system.

REVIEW QUESTIONS

14.1 A zero of the transfer function 147 Inaparalel RLC circuit, the bandwidth B is
Hs) — 10(s + 1) directly proportional to R.
V642649 (@ True (b) Fase
isat
148  When the elements of an RLC circuit are both
(@ 10 (b) -1 © -2 (@ -3 magnitude-scaled and frequency-scaled, which
142 On the Bode magnitude plot, the slope of the pole quality is unaffected?
1/(5+ jw)*is (a) resistor (b) resonant frequency
(8 20 dB/decade (b) 40 dB/decade (c) bandwidth (d) quality factor
(c) —40 dB/decade (d) —20 dB/decade
149  What kind of filter can be used to select asignal of
143  Onthe Bode phase plot, the slope of one particular radio station?
() 45°/decade (b) 90°/decade (©) bandpass (d) bandstop
(c) 135°/decade (d) 180°/decade
144  How much inductance is needed to resonate at 5 14.10 A voltage source supplies asignal of constant
kHz with a capacitance of 12 nF? amplitude, from 0 to 40 kHz, to an RC lowpass
filter. The load resistor experiences the maximum
(a) 2652 H (b) 11.844H voltage at-
145  Thedifference between the half-power frequencies () 20kHz (d) 40kHz
iscalled the:
(8) quality factor (b) resonant frequency Answers: 14.1b, 14.2¢, 14.3d, 14.4d, 14.5¢, 14.6a, 14.7b, 14.8d,
(c) bandwidth (d) cutoff frequency 14.9¢, 14.10a.
146 Inaseries RLC circuit, which of these quality
factors has the steepest curve at resonance?
@ 0=20 (b) 0=12
(g 0=8 (d 0=4
PROBLEMS
Section 14.2 Transfer Function
14.1  Find thetransfer function V,/V; of the RC circuit 14.2  Obtain the transfer function V,/V; of the RL circuit
inFig. 14.65. of Fig. 14.66.
c L
000
+ +
Vi (t) R Vo(t) Vi (t) e Vo(t)
Figure [4.65  For Prob. 14.1. Figure [4.66  For Probs. 14.2 and 14.36.
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634 PART 2 AC Circuits

143 (a) Giventhecircuitin Fig. 14.67, determine the 14.6  Obtainthetransfer function Hjw =1,/I, of the
transfer function ( =V, s . circuits shown in Fig. 14.70.
(b) If R =40k and C = 2 uF, specify the
locations of the poles and zeros of 5 ( . 10H
R R po
—ij ig 20Q 0.25F
+
; C= C=—V,
T ) @
0.5v,
. 0.1F x
Figure 14.67  For Prob. 14.3. _
g
+
144 Find thetransfer function Hjw =V,/V; of the i vy 2100 25H
@ circuits shown in Fig. 14.68. -
L ©)
o—/TYN e}
+ +
v 1 e R v, Figure 1470 For Prob. 14.6.
o o
@ Section 14.3 The Decibel Scale
c 147 Cdculate |H(w)| if Hgs equals
° I o (8 0.05dB (b) —6.2dB (c) 104.7dB
* R * 14.8  Determine the magnitude (in dB) and the phase (in
v, v, degrees) of H(w) a w = 1if H(w) equals
(@ 0.05 (b) 125
L 10jw 3 6
- - (@ d
o o ()2—|—jw ()1+jw+2+jw
(b) Section 14.4 Bode Plots
Figure 1468 For Prob. 14.4. 149 A ladder network has avoltage gain of
10
H) = —7—
145  Repeat Prob. 14.4 for the circuitsin Fig. 14.69. (1+jo)10+ jow)
Sketch the Bode plots for the gain.
R L 14.10 Sketch the Bode plots for
10+ jw
§ § Hew) = — L2
Vi =—=C \, Jo@2+ jo)
_ _ 14.11 Construct the Bode plots for
o s+1 .
@ CO=Gsrg T
C 14.12 Draw the Bode plotsfor

| 50(jw + 1)
H(w) = - -
?'_‘j\/\/l?/»— ° jo(—w?+ 10jw + 25)

14.13 Construct the Bode magnitude and phase plots for

40+ 1) .
5 5 R R T A
14.14  Sketch the Bode plots for
(b) S
. Gs)=——57—7 =jo
Figure 14.69  For Prob. 14.5. (s +2%s+ 1
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14.15 Draw Bode plotsfor

(s 4 2)2

G = —-————

© = 5 +56+10)
14.16 A filter has

S
H(s) =

s2+410s + 100
Sketch the filter's Bode magnitude and phase plots.

14.17 Sketch Bode magnitude and phase plots for

@ 100(s2 + s + 1)

NO =T r10)
14.18

s=jow

Construct the straight-line approximate plots and the
exact plots.
Construct Bode plots for
10jw(1+ jw)
(10 + jw)(100 + 10jw — w?)

Find the transfer function H (w) with the Bode
magnitude plot shown in Fig. 14.71.

T(w) =

14.19

H (dB)

—20 dB/decade
® /
20
0 ‘ 1 1 >
2 20 100 w (rad/s)
Figure [4.7]  For Prob. 14.19.
14.20 The Bode magnitude plot of H(w) isshownin Fig.
14.72. Find H(w).
'
| | >
0.1 1 10 w (rad/s)
‘Z\Od /decad
+ B. e
e
—40 dB/decade
Figure 14.72  For Prob. 14.20.
14.21 The Bode phase plot of G(w) of anetwork is

depicted in Fig. 14.73. Find G(w).
b A

oc 1 1 1 1
011 10 10% 10°

B ﬂ
—90°

Figure 14.73

; (rad/s)

For Prob. 14.21.

Frequency Response 635

Section 14.5 Series Resonance

14.22 A series RLC network has R = 2k, L = 40 mH,
and C = 1 uF. Calculate the impedance at
resonance and at one-fourth, one-half, twice, and
four times the resonant frequency.

14.23 Design aseries RLC circuit that will have an
impedance of 10 2 at the resonant frequency of
wo = 50 rad/s and aquality factor of 80. Find the

bandwidth.

14.24 Designaseries RLC circuit with B = 20 rad/s and

wo = 1000 rad/s. Find the circuit’s Q.

For the circuit in Fig. 14.74, find the frequency w for
which v(¢) and i (r) arein phase.

14.25

v(t) 10 1H

Figure 14.74  For Prob. 14.25.

Section 14.6

14.26 Design aparallel resonant RLC circuit with
wo = 10 rad/sand Q = 20. Calculate the bandwidth
of the circuit.

Par allel Resonance

14.27 A parallel resonant circuit with quality factor 120
has a resonant frequency of 6 x 10° rad/s. Calculate
the bandwidth and half-power frequencies.

14.28 Itisexpected that aparallel RLC resonant circuit
has a midband admittance of 25 x 10° S, quality
factor of 80, and aresonant frequency of 200 krad/s.
Calculate the values of R, L, and C. Find the

bandwidth and the half-power frequencies.

14.29 Rework Prob. 14.22 if the elements are connected in
parallel.

14.30 For the“tank” circuit in Fig. 14.75, find the resonant

@ frequency.

I COS wt == 1uF

Figure [4.75  For Probs. 14.30 and 14.71.
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14.31 For the circuitsin Fig. 14.76, find the resonant 1Q
frequency wy, the quality factor Q, and the
bandwidth B. +
i) ZH V() = 1F C
2Q B
° 1
1H 3uFE .
20 mH . w Figure 1479 For Prob. 14.34.
6Q T 04F T 6uF 1435 For the network illustrated in Fig. 14.80, find
© (8 thetransfer function H(w) =V, (w)/l (®),
@ (b) (b) the magnitude of H at wg = 1 rad/s.
Figure 1476 For Prob. 14.31. 10
%A%
+
14.32 Calculate the resonant frequency of each of the | 10 1H 1FL 103V
circuitsin Fig. 14.77. T e

Calculate the corner frequency f. if L =2 mH and

L '
o— R Figure 1480 For Probs. 14.35, 14.61, and 14.72.
L c R L c Section 14.7 Passive Filters
14.36  Show that the circuit in Fig. 14.66 is alowpass filter.
O_
@ (b)

R = 10kQ.
c 14.37 Find the transfer function V,/V, of the circuitin
Fig. 14.81. Show that the circuit is alowpass filter.
1H
R L
+
Vs 025F 1F=—F/VY%
© _

Figure 14.77 . 14.32,
igure For Prob. 14.32 Figure 1481 For Prob. 14.37.

14.38 Determine the cutoff frequency of the lowpass filter

*14.33 For thecircuit in Fig. 14.78, find: described by

@ (a) the resonant frequency wq
(b) Zin(w) - -
" H@) = 3 5e10
9 uF Find the gain in dB and phase of H(w) at w = 2
o | rad/s.
Zin 14.39 Determine what type of filter isin Fig. 14.82.
—_— 10 20mH 01Q @ Calculate the corner frequency f..
¢ 200 Q

Figure 1478 For Prob. 14.33.

14.34 Inthecircuit of Fig. 14.79, i(t) = 10sin¢. Calculate
thevalue of C suchthat v(r) = V, sint V. Find V,.

Figure 1482 For Prob. 14.39.

* An asterisk indicates a challenging problem.
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14.40

1441

14.42

14.43

14.44

14.45

14.46

14.47

CHAPTER 4

Obtain the transfer function of a highpass filter with
apassband gain of 10 and a cutoff frequency of
50 rad/s.

In ahighpass RL filter with a cutoff frequency of
100 kHz, L = 40 mH. Find R.

Design aseries RLC type bandpass filter with
cutoff frequencies of 10 kHz and 11 kHz. Assuming
C =80pK findR, L,and Q.

Determine the range of frequencies that will be
passed by a series RL C bandpass filter with
R=10Q,L =25mH, and C = 0.4 uF. Find the
quality factor.

(@) Show that for a bandpass filter,

sB

H($) = —7——
(=) 524+ 5B+ w?

where B = bandwidth of the filter and wg isthe
center frequency.

(b) Similarly, show that for a bandstop filter,

5% + Wl

H(s) = ————0
(®) 524+ 5B + 0

Determine the center frequency and bandwidth of
the bandpassfiltersin Fig. 14.83.

10 1F
+
Vs —1F 103V,
@
1H 10
+
Vs 10 1H3V,
(0)
Figure 1483 For Prob. 14.45.

The circuit parameters for aseries RLC bandstop
filterare R =2k, L =0.1H, C =40 pF.
Calculate:

(a) the center frequency

(b) the half-power frequencies

(c) the quality factor

Find the bandwidth and center frequency of the
bandstop filter of Fig. 14.84.

Frequency Response

637

@ &
4,,L|:1 +
Vi 4Q§ v,
1mH

Section 14.8

14.48

14.49

14.50

Figure 1484 For Prob. 14.47.

Active Filters

Find the transfer function for each of the active
filtersin Fig. 14.85.

<+
;U
ol & +l

s +l

O|<+I

O

£
(®

Figure 1485 For Probs. 14.48 and 14.49.

Thefilter in Fig. 14.85(b) has a 3-dB cutoff
frequency at 1 kHz. If itsinput is connected to a
120-mV variable frequency signal, find the output
voltage at:
(@) 200 Hz

(b) 2kHz () 10kHz

Obtain the transfer function of the activefilter in
Fig. 14.86. What kind of filter isit?

R
—AMA—
o
. o
SO
2
Yi Vo
o o
Figure 1486 For Prob. 14.50.
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1451

14.52

14.53

14.54

14.55

PART 2

A highpassfilter is shown in Fig. 14.87. Show that
the transfer function is

H(w) = (1+ %)

JoRC
1+ jowRC

Figure 14.87  For Prob. 14.51.

A “generd” first-order filter is shown in Fig. 14.88.
(@) Show that the transfer function is

Re s+ (1/R1C)[R1/R2 — R3/R4)
s+ 1/RC ’

(b) What condition must be satisfied for the circuit
to operate as a highpass filter?

(c) What condition must be satisfied for the circuit
to operate as alowpass filter?

Vso AWV

Figure 14.88  For Prob. 14.52.

Design an active lowpass filter with dc gain of 0.25
and a corner frequency of 500 Hz.

Design an active highpass filter with a
high-frequency gain of 5 and a corner frequency of
200 Hz.

Design thefilter in Fig. 14.89 to meet the following

requirements:

(8 It must attenuate asignal at 2 kHz by 3 dB
compared with itsvalue at 10 MHz.

AC Circuits

(b) It must provide a steady-state output of v, (1) =
10sin(27 x 10% + 180°) V for aninput v, (¢) =
4sin(2r x 10%1) V.

<
[%2]
o1 & +

Figure [4.89  For Prob. 14.55.

*14.56 A second-order active filter known as a Butterworth

filter is shown in Fig. 14.90.
(&) Find thetransfer functionV,/V;.
(b) Show that it is alowpassfilter.

G

Il

Il

Ry Ry
>

+ Z +
\j C, == Vo
o o
Figure 1490 For Prob. 14.56.

Section 14.9 Scaling

14.57 Use magnitude and frequency scaling on the circuit
of Fig. 14.75 to obtain an equivalent circuit in which
the inductor and capacitor have magnitude 1 H and
1 C respectively.

1458 What valuesof K,, and K ; will scale a4-mH
inductor and a 20-u.F capacitorto1 Hand 2 F
respectively?

1459 Cdculatethevauesof R, L, and C that will result
inR =12k, L =40 uH, and C = 300 nF
respectively when magnitude-scaled by 800 and
frequency-scaled by 1000.

14.60 A seriesRLC circuithas R = 10 Q, wy = 40 rad/s,
and B = 5rad/s. Find L and C when the circuit is
scaled:

(& in magnitude by afactor of 600,

(b) in frequency by afactor of 1000,

(c) in magnitude by afactor of 400 and in frequency
by afactor of 10°.

14.61 Redesignthecircuit in Fig. 14.80 so that all resistive

elements are scaled by afactor of 1000 and all
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CHAPTER 4

frequency-sensitive elements are frequency-scaled
by afactor of 10°.

*14.62 Refer to the network in Fig. 14.91.

(8 Find Zin(s).
(b) Scaletheelementsby K,, = 10and K, = 100.

Find Zin(s) and wq.

4Q
50 0.1F
+
Zin(9) g
il v, 2H Y,

(e

Figure 1491 For Prob. 14.62.

14.63 (a) Forthecircuitin Fig. 14.92, draw the new
circuit after it has been scaled by K,, = 200 and
K;=10%
(b) Obtain the Thevenin equivalent impedance at
terminals a-b of the scaled circuit at w =

10* rad/s.
1H
ao I
1
— 05F 2Q 0.5,
bo

Figure 1492 For Prob. 14.63.

14.64 Scalethe lowpass active filter in Fig. 14.93 so that
its corner frequency increases from 1 rad/s to 200
rad/s. Use a 1-uF capacitor.

1Q

L
\

o
e
VO
o

Figure 1493 For Prob. 14.64.

Frequency Response 639

Section 14.10  Frequency Response Using PSpice

14.65

14.66

Obtain the frequency response of the circuit in Fig.
14.94 using PSpice.

4kQ 1‘/‘*':
+: Y I
Y
o

+ O

1kQ

<

Figure 1494 For Prob. 14.65.

Use PSpice to provide the frequency response
(magnitude and phase of i) of the circuit in Fig.
14.95. Use linear frequency sweep from 1 to
10,000 Hz.

1kQ

1kQ 1kQ
+ ‘ I
100/0°V Vo == 05 uF 0.1V, 1mH

14.67

14.68

1/0°V

14.69

Figure 1495 For Prob. 14.66.

Intheinterval 0.1 < f < 100 Hz, plot the response
of the network in Fig. 14.96. Classify thisfilter and
obtain wq.

1F 1F 1F
\ I I o
o I I °
v 10 10 10V,
o o

Figure 1496 For Prob. 14.67.

Use PSpice to generate the magnitude and phase
Bode plots of V,, in the circuit of Fig. 14.97.

10 2H %F
I

1F— 1H 10V,

Figure 1497 For Prob. 14.68.

Obtain the magnitude plot of the response V,, in the
network of Fig. 14.98 for the frequency interval
100 < f < 1000 Hz.
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D

14.70

1471

14.72

Section 14.11

14.73

14.74

PART 2 AC Circuits
50 Q 14.75
10 uF
I_¢ }_l .
1/0°A (D 10Q 20Q 4mH§v0

Figure 1498 For Prob. 14.69.

Obtain the frequency response of the circuit in Fig.
14.40 (see Practice Problem 14.10). Teke Ry =
R, =100, L =2mH.Use1 < f < 100,000 Hz.

For the “tank” circuit of Fig. 14.75, obtain the
frequency response (voltage across the capacitor)
using PSpice. Determine the resonant frequency of
the circuit.

Using PSpice, plot the magnitude of the frequency
response of the circuit in Fig. 14.80.

Applications

The resonant circuit for aradio broadcast consists of
a 120-pF capacitor in parallel with a 240-uH
inductor. If the inductor has an internal resistance of
400 2, what is the resonant frequency of the circuit?
What would be the resonant frequency if the
inductor resistance were reduced to 40 Q7?

A series-tuned antenna circuit consists of avariable

capacitor (40 pF to 360 pF) and a 240-..H antenna

coil which has adc resistance of 12 Q.

(8) Find the frequency range of radio signalsto
which the radio istunable.

(b) Determinethe value of Q at each end of the
frequency range.

14.76

The crossover circuit in Fig. 14.99 is alowpass filter
that is connected to awaoofer. Find the transfer
function H(w) = V, (@) /V; ().

(© | Tweeter
ol
Amplifier | ! @ Woofer
R L ' Speakers
: 2112 :
| | +
Y §::C1 ::CZ§RL Vo

Figure 1499 For Prob. 14.75.

The crossover circuit in Fig. 14.100 is a highpass
filter that is connected to atweeter. Determine the
transfer function H(w) = V,(w)/V;(w).

L © | Twester
CJok e @ o
Amplifier ! oorer
R G Co ' speskers
i
' +
v L RV,

Figure 14.100  For Prob. 14.76.

COMPREHENSIVE PROBLEMS

14.77

14.78

14.79

A certain electronic test circuit produced a resonant
curve with half-power points at 432 Hz and 454 Hz.
If O = 20, what is the resonant frequency of the
circuit?

In an electronic device, a seriescircuit is employed
that has aresistance of 100 2, a capacitive reactance
of 5 k€2, and an inductive reactance of 300 2 when
used at 2 MHz. Find the resonant frequency and
bandwidth of the circuit.

In acertain application, asimple RC lowpass filter
is designed to reduce high frequency noise. If the
desired corner frequency is20 kHz and C = 0.5 uF,
find the value of R.

14.80

14.81

In an amplifier circuit, asimple RC highpassfilter is
needed to block the dc component while passing the
time-varying component. If the desired rolloff fre-

quency is15Hz and C = 10 uF, find the value of R.

Practica

RC filter design should allow for source and load
resistances asshownin Fig. 14.101. Let R = 4kQ
and C = 40-nF. Obtain the cutoff frequency when:
(a) RSIO,RLZOO,

(b) Ry = 1kRQ, R, = 5kQ.
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CHAPTER 4

Figure [4.101  For Prob. 14.81.

14.82 The RC circuitin Fig. 14.102 is used for alead
compensator in asystem design. Obtain the
transfer function of the circuit.

C
[
I
Ry
o MWV o]
From + + To
photoresistor  V, Ry V,  amplifier
output _ _ input
o o

Figure 14.102  For Prob. 14.82.

Frequency Response 64l
14.83 A low-quality factor, double-tuned bandpass
filter is shown in Fig. 14.103. Use PSpice to
@ generate the magnitude plot of V, (w).
40 Q 0.2 [LF
] °
1.24 mH *
4Q
1£0°0V 2 pF — \4
0.124 mH
o
Figure 14.103  For Prob. 14.83.
Go to the Student OLC
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