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CHAPTER 6
Frequency Response, Bode
Plots, and Resonance

1. State the fundamental concepts of Fourier
analysis.

2. Determine the output of a filter for a given

input consisting of sinusoidal components
using the filter’s transfer function.

ELECTRICAL ENGINEERING: PRINCIPLES AND APPLICATIONS, Third Edition, by Allan R. Hambley, ©2005 Pearson Education, Inc.




3. Use circuit analysis to determine the
transfer functions of simple circuits.

4. Draw first-order lowpass or highpass
filter

circuits and sketch their transfer
functions.

5. Understand decibels, logarithmic
frequency
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6. Draw the Bode plots for transfer functions of
first-order filters.

7. Use software to produce Bode plots for
more
complex RLC filters.

8. Calculate parameters for series and parallel
resonant circuits.
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9. Select and design simple filter circuits.

10. Design simple digital signal-processing

systems.
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Figure 6.1 The short segment of a music waveform shown in (a) is the sum of
the sinusoidal components shown in (b).
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Fourier Analysis

All real-world signals are sums of
sinusoidal components having various
frequencies, amplitudes, and phases.
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Figure 6.2 A square wave and some of its components.
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Table 6.1.

Electrocardiogram 0.05 to 100 Hz
Audible sounds 20 Hz to 15 kHz
AM radio broadcasting 540 to 1600 kHz
Video signals (U.S. standards) Dcto 4.2 MHz
Channel 6 television 82 to 88 MHz
FM radio broadcasting 38 to 108 MHz
Cellular radio 824 to 891.5 MHz
Satellite television downlinks (C-band) 3.7to0 4.2 GHz
Digital satellite television 122 to 12.7 GHz
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Figure 6.3 When an input signal vj, () is applied to the input port of a filter,
some components are passed to the output port while others are not, depending
on their frequencies. Thus, v, (1) contains some of the components of v, (1)
but not others. Usually, the amplitudes and phases of the components are altered
in passing through the filter.
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Filters

Filters process the sinusoid components of an
input

signal differently depending of the frequency
of each component. Often, the goal of the filter
IS to retain the components in certain
frequency ranges and to reject components in
other ranges.
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Transfer Functions

The transfer function H(f ) of the two-port
filter is defined to be the ratio of the phasor
output voltage to the phasor input voltage as
a function of frequency:
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The magnitude of the transfer function shows
how the amplitude of each frequency
component is affected by the filter. Similarly,
the phase of the transfer function shows how
the phase of each

frequency component is affected by the filter.
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Figure 6.4 The transfer function of a filter. See Examples 6.1 and 6.2.
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Determining the output of a
filter for an input with multiple
components:

1. Determine the frequency and phasor
representation for each input component.

2. Determine the (complex) value of the
transfer function for each component.

ELECTRICAL ENGINEERING: PRINCIPLES AND APPLICATIONS, Third Edition, by Allan R. Hambley, ©2005 Pearson Education, Inc.

3. Obtain the phasor for each output
component by multiplying the phasor for
each input component by the
corresponding transfer-function value.

4. Convert the phasors for the output
components into time functions of various
frequencies. Add these time functions to
produce the output.
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Figure 6.5 Filters behave as if they separate the input into components, modify
the amplitudes and phases of the components, and add the altered components
to produce the output.
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Linear circuits behave as if
they:
1. Separate the input signal into
components having various
frequencies.

2. Alter the amplitude and phase of
each component depending on its
frequency.

3. Add the altered components to
produce the output signal.
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H(f) v
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Figure 6.6 To measure the transfer function, we apply a sinusoidal input signal,
measure the amplitudes and phases of input and output in steady state, and then
divide the phasor output by the phasor input. The procedure is repeated for each

frequency of interest.
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Figure 6.7 A first-order lowpass filter.
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Figure 6.8 Magnitude and phase of the first-order
lowpass transfer function versus frequency.
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Figure 6.9 Circuit of Example 6.3. The resistance has been picked so the break
frequency turns out to be a convenient value.
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Figure 6.10 Another first-order lowpass filter; see Exercise 6.4.
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Figure 6.11 Circuit for Exercise 6.5.
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DECIBELS, THE CASCADE
CONNECTION, AND LOGARITHMIC
FREQUENCY SCALES

H(f)|,, =20logH(f)
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Table 6.2.

|H(f)l |H(f)laB
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Figure 6.12 Transfer-function magnitude of a notch filter used
to reduce hum in audio signals.
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Figure 6.13 Cascade connection of two two-port circuits.
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Figure 6.14 Logarithmic frequency scale.
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Figure 6.14 Logarithmic frequency scale.
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A decade is a range of frequencies for
which the ratio of the highest frequency to
the lowest is 10.

number of decades = log %

1

An octave is a two-to-one change in frequeng

£, (log(f,/f,)
f,) U log(2)

number of octaves =log,
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Figure 6.15 Magnitude Bode plot for the first-order lowpass filter.
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BODE PLOTS

A Bode plot shows the magnitude of a
network function in decibels versus
frequency using a logarithmic scale for
frequency. 1

H(f):1+ j(f/fB)

f
[H(f),, =-10log| 1+ -

B
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Figure 6.16 Phase Bode plot for the first-order lowpass filter.
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1. A horizontal line at zero for f < f5/10.

2. A sloping line from zero phase at f; /10 to —90° at 10

3. A horizontal line at —90° for f > 10f;.
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Figure 6.17 Circuit for Exercise 6.11.
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Figure 6.18 Answers for Exercise 6.11.
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Figure 6.19 First-order highpass filter.
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FIRST-ORDER HIGHPASS
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Figure 6.20 Magnitude and phase for the first-order highpass transfer function.
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Figure 6.21 Bode plots for the first-order highpass filter.
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Figure 6.22 Circuit for Exercise 6.13.
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Computer-Generated Bode
Plot

g
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H . (0)=20log(0.5)= -6 dB

H(o0)= R 05263
R, + R,
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H ()= 2010g(0.5263) = -5.575dB

H(f)= R,

R +R,+1[joC+1/(R, + jal)]
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R1 = 90
R2 = 10
R3 = 100
L=20.1
C = le-7

Togf = 1:0.001:5;

f = 10.Alogf;

w = 2%pi*f;

H = R3./(R1+R3+1./(G*w*C + 1./(R2 + j*w*L)));
semilogx(f,20%1ogl0(abs(H)))
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The series reso-
nant circuit.
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SERIES RESONANCE

Resonance is a phenomenon that can
be observed in mechanical systems
and

electrical circuits.

ELECTRICAL ENGINEERING: PRINCIPLES AND APPLICATIONS, Third Edition, by Allan R. Hambley, ©2005 Pearson Education, Inc.

O A~

ELECTRICAL ENGINEERING: PRINCIPLES AND APPLICATIONS, Third Edition, by Allan R. Hambley, ©2005 Pearson Education, Inc.

26



|z, 20 [Z, 90
12 . 0= 100 \
) =50
=100 5 \'L :
15 g 45° (=20
et a=10
=3
il 0
(=20
5 —45°
Q=10
0 90
0.8 0.9 1.0 (M| 12 0.8 0.9 1.0 1.1
f f
() Magnitude fa () Phase fo

Plots of normalized magnitude and phase for the impedance of the series resonant circuit versus frequency.
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Plots of the transfer-function magnitude |Vz/V|
for the series resonant bandpass-filter circuit.
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Series Resonant Circuit as a
Bandpass Filter
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The bandwidth B is equal
to the difference between the half-power
frequencies.
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V=1/0° (f) I Vi g R=100Q
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I\

C=0.1592 uF

Series resonant circuit of Example 6.6.
(The component values have been selected so the
resonant frequency and Q. turn out to be round
numbers.)
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Phasor diagram
for Example 6.6.
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The parallel resonant circuit.

ELECTRICAL ENGINEERING: PRINCIPLES AND APPLICATIONS, Third Edition, by Allan R. Hambley, ©2005 Pearson Education, Inc.




PARALLEL RESONANCE
1
%o = [WR)+ j2AC - jU2AL)

1 R
- Q= 27, L

Q, = 24f,CR

7 R
i _1+ jQp(f/fo_ fo/f)

nap

!
R C =
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Voltage across the parallel resonant cir-
cuit for a constant-amplitude variable-frequency cur-
rent source.
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YI,

Phasor diagram
for Example 6.7.
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Transfer functions of ideal filters.
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Ideal Filters

[H(pl [Hil
1 1
¥ I
Ju Tr
(a) Lowpass (b} Highpass
| Hipl | Hip)l
1 1
- - f - g f
fr Ju Jo Tu

(c¢) Bandpass

(d) Band reject

ELECTRICAL ENGINEERING: PRINCIPLES AND APPLICATIONS, Third Edition, by Allan R. Hambley, ©2005 Pearson Education, Inc.

N1
1
05
0
{5
1

0 02 04 06 0% | 12 14 16 1.8 2
+ Fms)

——C The input signal w, consists of a 1-kHz sine

i wave plus high-frequency noise. By passing vi, through

el Filter [y an ideal lowpass filter with the proper cutoff frequency,

the sine wave is passed and the noise is rejected, result-

—0 ing in a clean output signal
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{a) Second-order lowpass ilter (b) First-order lowpass filter
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(¢} Transfer-function magniwdes
Lowpass filter circuits and their transfer-function magnitudes versus
frequency.
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Second-Order Lowpass
Filter

f)= Vout — - JQs fo/f
Vie 14+ JQ (f/f, — fo/f
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Second-order highpass filter and its transf
values of (.
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(b} Transfer-function magnitude

er-function magnitude versus frequency for several

ELECTRICAL ENGINEERING: PRINCIPLES AND APPLICATIONS, Third Edition, by Allan R. Hambley, ©2005 Pearson Education, Inc.

|Hin| 10
(B
v 0, =035
-10 i Q=1
0,=2
; -20 e
! C
3 ) =5
= —30 : 1 =3
Via s Vou 40
- O 50
fof10 fo 10 fy
: !
(e Circuin di (b} Tramsfer-function n
Second-order bandpass filter and its transfer-function magnitude versus frequency for several val-
ues of Q,.

ELECTRICAL ENGINEERING: PRINCIPLES AND APPLICATIONS, Third Edition, by Allan R. Hambley, ©2005 Pearson Education, Inc.

35



|Hp| 10
(dB) o402
1] 2= /
X, =1
~10
Q,=05
20
R
=30
\-ul =iy
—50
fol10 fo 10 £,
i)
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Second-order band-reject filter and its transfer-function magnitude versus frequency
for several values of Q..
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Filter designed in Example 6.8.
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R=157Q L=5mH

Vin C:) € =02026 uF =~

O L O

Answer for Exercise 6.20.
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, R= :
Vin C_ 62.8Q Vo

Answer for Exercise 6.21.
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Generic block diagram of a digital signal-
processing (DSP) system.
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DIGITAL SIGNAL
PROCESSING
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Amplitude

Three-bit
code words
S Sample values
I 1D ( n A
/’ Analog =
S | B | lk (T signal .'/_U-UI T
| 0n oo vl \
| | | | '
01 1 r ar 37 i
0o 1 o V2T .‘\ wW3T)
om0 1
0 0 0
——
| 0 | 1 0 ¥ I | 0 | 0 0 0
C J
~ Digital signal representing successive code bits

An analog signal is converted to an approximate digital equivalent by sam-
pling. Each sample value is represented by a three-bit code word. (Practical converters use
longer code words, and the width A of each amplitude zone is much smaller.)
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Conversion of Signals from
Analog to Digital Form

If a signal contains no components with
frequencies higher than f,,, the signal can be
exactly reconstructed from its samples,
provided

that the sampling rate f, is selected to be
more than twice f,,.
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Quantization error occurs when an analog signal is reconstructed from its digi-
tal form.
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First-order RC
lowpass filter.
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Digital Lowpass Filter

y(n)=ay(n-1)+(1-a)x(n)
_ 7T
a_m
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Step input and corresponding output of a
first-order digital lowpass filter.
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x(t) R V(i)

RC highpass
filter. See Exercise 6.23.
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() Acoustic noise () Simulted pressure-sensor
UtpuL x(1)

Simulated pressure-sensor output and its components.
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x(n) z(n) v(n)
60-Hz Lowpass

notch filter . filter

Digital filter.
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Output signal.
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