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PREFACE

Wireless technology continues to grow at a tremendous rate, with new applica-
tions still reported almost daily. In addition to the traditional applications in com-
munications, such as radio and television, radio-frequency (RF) and microwaves
are being used in cordless phones, cellular communication, local area networks,
and personal communication systems. Keyless door entry, radio-frequency iden-
tification, monitoring of patients in a hospital or a nursing home, cordless mice
or keyboards for computers, and wireless networking of home appliances are
some of the other areas where RF technology is being employed. Although some
of these applications have traditionally used infrared technology, RF circuits are
taking over, because of their superior performance. The present rate of growth in
RF technology is expected to continue in the foreseeable future. These advances
require the addition of personnel in the areas of radio-frequency and microwave
engineering. Therefore, in addition to regular courses as a part of electrical engi-
neering curriculums, short courses and workshops are regularly conducted in
these areas for practicing engineers.

This edition of the book maintains the earlier approach of a presentation based
on a basic course in electronic circuits. At the same time, a new chapter on
electromagnetic fields has been added, following several constructive sugges-
tions from those who used the first edition. It provides the added option of
using the book for a traditional microwave engineering course with electromag-
netic fields and waves. Or, this chapter can be bypassed so as to follow the
approach used in the first edition: that is, instead of using electromagnetic fields
as most microwave engineering books do, the subject is introduced via circuit
concepts. Further, an overview of communication systems is presented in the
beginning to provide the reader with an overall perspective of various building
blocks involved.

ix



X PREFACE

This edition of the book is organized into thirteen chapters and nine appendixes,
using a top-down approach. It begins with an introduction to frequency bands,
RF and microwave devices, and applications in communication, radar, industrial,
and biomedical areas. The introduction includes a brief description of microwave
transmission lines: waveguides, strip lines, and microstrip line. An overview of
transmitters and receivers is included, along with digital modulation and demod-
ulation techniques. Modern wireless communication systems, such as terrestrial
and satellite communication systems and RF wireless services, are discussed
briefly in Chapter 2. After introducing antenna terminology, effective isotropic
radiated power, the Friis transmission formula, and the radar range equation are
presented. In the final section of the chapter, noise and distortion associated with
communication systems are introduced.

Chapter 3 begins with a discussion of distributed circuits and construction of a
solution to the transmission line equation. Topics presented in this chapter include
RF circuit analysis, phase and group velocities, sending-end impedance, reflection
coefficient, return loss, insertion loss, experimental determination of characteristic
impedance and the propagation constant, the voltage standing wave ratio, and
impedance measurement. The final section in Chapter 3 includes a description of
the Smith chart and its application in the analysis of transmission line circuits.
Fundamental laws of electromagnetic fields are introduced in Chapter 4 along
with wave equations and uniform plane wave solutions. Boundary conditions and
potential functions that lead to the construction of solutions are then introduced.
The chapter concludes with analyses of various metallic waveguides.

Resonant circuits are discussed in Chapter 5, which begins with series and
parallel resistance—inductance—capacitance circuits. This is followed by a section
on transformer-coupled circuits. The final two sections of the chapter are devoted
to transmission line resonant circuits and microwave resonators. Chapters 6 and
7 deal with impedance-matching techniques. Single reactive element or stub,
double-stub, and lumped-element matching techniques are discussed in Chapter 6.
Chapter 7 is devoted to multisection transmission line impedance transformers,
binomial and Chebyshev sections, and impedance tapers.

Chapter 8 introduces circuit parameters associated with two-port networks.
Impedance, admittance, hybrid, transmission, scattering, and chain scattering
parameters are presented, along with examples that illustrate their characteristic
behaviors. Chapter 9 begins with the image parameter method for the design of
passive filter circuits. The insertion-loss technique is introduced next to synthesize
Butterworth and Chebyshev low-pass filters. The chapter includes descriptions
of impedance and frequency scaling techniques to realize high-pass, bandpass,
and bandstop networks. The chapter concludes with a section on microwave
transmission line filter design.

Concepts of signal-flow-graph analysis are introduced in Chapter 10, along
with a representation of voltage source and passive devices, which facilitates
formulation of the power gain relations that are needed in the amplifier design
discussed in Chapter 11. The chapter begins with stability considerations using
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scattering parameters of a two-port network followed by design techniques of
various amplifiers.

Chapter 12 presents basic concepts and design of various oscillator circuits.
The phase-locked loop and its application in the design of frequency synthesiz-
ers are also summarized. The final section of the chapter includes the analysis
and design of microwave transistor oscillators using S-parameters. Chapter 13
includes the fundamentals of frequency-division multiplexing, amplitude modula-
tion, radio-frequency detection, frequency-modulated signals, and mixer circuits.
The book ends with nine appendixes, which include a discussion of logarithmic
units (dB, dBm, dBW, dBc, and neper), design equations for selected transmis-
sion lines (coaxial line, strip line, and microstrip line), and a list of abbreviations
used in the communication area.

Some of the highlights of the book are as follows:

e The presentation begins with an overview of frequency bands, RF and
microwave devices, and their applications in various areas. Communica-
tion systems are presented in Chapter 2, including terrestrial and satellite
systems, wireless services, antenna terminology, the Friis transmission for-
mula, the radar equation, and Doppler radar. Thus, students learn about the
systems using blocks of amplifiers, oscillators, mixers, filters, and so on.
Students’ response has strongly supported this top-down approach.

o Since students are assumed to have only one semester of electrical circuits,
resonant circuits and two-port networks are included in the book. Concepts
of network parameters (impedance, admittance, hybrid, transmission, and
scattering) and their characteristics are introduced via examples.

o A separate chapter on oscillator design includes concepts of feedback, the
Hartley oscillator, the Colpitts oscillator, the Clapp oscillator, crystal oscil-
lators, phased-locked-loop and frequency synthesizers, transistor oscillator
design using S-parameters, and three-port S-parameter description of tran-
sistors and their use in feedback network design.

e A separate chapter on detectors and mixers includes amplitude- and
frequency-modulated signal characteristics and their detection schemes,
single-diode mixers, RF detectors, double-balanced mixers, conversion
loss, intermodulation distortion in diode-ring mixers, and field-effect-
transistor mixers.

o Appendixes include logarithmic units, design equations for selected trans-
mission lines, and a list of abbreviations used in the communication area.

e There are 153 solved examples with a step-by-step explanation. Therefore,
practicing engineers will find the book useful for self-study as well.

o There are 275 class-tested problems at the ends of chapters. Supplementary
material is available to instructors adopting the book.
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INTRODUCTION

Scientists and mathematicians of the nineteenth century laid the foundation of
telecommunication and wireless technology, which has affected all facets of
modern society. In 1864, James C. Maxwell put forth fundamental relations
of electromagnetic fields that not only summed up the research findings of
Laplace, Poisson, Faraday, Gauss, and others but also predicted the propaga-
tion of electrical signals through space. Heinrich Hertz subsequently verified this
in 1887, and Guglielmo Marconi transmitted wireless signals across the Atlantic
Ocean successfully in 1900. Interested readers may find an excellent discus-
sion of the historical developments of radio frequencies (RFs) and microwaves
in the IEEE Transactions on Microwave Theory and Technique (Vol. MTT-32,
September 1984).

Wireless communication systems require high-frequency signals for the effi-
cient transmission of information. Several factors lead to this requirement. For
example, an antenna radiates efficiently if its size is comparable to the signal
wavelength. Since the signal frequency is inversely related to its wavelength,
antennas operating at RFs and microwaves have higher radiation efficiencies.
Further, their size is relatively small and hence convenient for mobile commu-
nication. Another factor that favors RFs and microwaves is that the transmission
of broadband information signals requires a high-frequency carrier signal. In the
case of a single audio channel, the information bandwidth is about 20 kHz. If
amplitude modulation (AM) is used to superimpose this information on a carrier,
it requires at least this much bandwidth on one side of the spectrum. Further,

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.



2 INTRODUCTION

TABLE 1.1 Frequency Bands Used in Commercial
Broadcasting

Channels Frequency Range Wavelength Range

AM 107 535-1605kHz 186.92-560.75m
TV 2-4 54-72MHz 4.17-5.56m
5-6 76—-88 MHz 341-395m
M 100 88-108 MHz 2.78-3.41m
TV 7-13 174-216 MHz 1.39-1.72m
14-83 470-890 MHz 33.7-63.83cm

commercial AM transmission requires a separation of 10-kHz between the two
transmitters. On the other hand, the required bandwidth increases significantly
if frequency modulation (FM) is used. Each FM transmitter typically needs a
bandwidth of 200kHz for audio transmission. Similarly, each television chan-
nel requires about 6 MHz of bandwidth to carry the video information as well.
Table 1.1 shows the frequency bands used for commercial radio and television
broadcasts.

In the case of digital transmission, a standard monochrome television picture is
sampled over a grid of 512 x 480 elements called pixels. Eight bits are required
to represent 256 shades of the gray display. To display motion, 30 frames are
sampled per second; thus, it requires about 59 Mb/s (512 x 480 x 8 x 30 =
58,982,400). Color transmission requires even higher bandwidth (on the order
of 90 Mb/s).

Wireless technology has been expanding very fast, with new applications
reported every day. In addition to the traditional applications in communica-
tion, such as radio and television, RF and microwave signals are being used in
cordless phones, cellular communication, local, wide, and metropolitan area net-
works and personal communication service. Keyless door entry, radio-frequency
identification (RFID), monitoring of patients in a hospital or a nursing home,
and cordless mice or keyboards for computers are some of the other areas where
RF technology is being used. Although some of these applications have tradi-
tionally used infrared (IR) technology, current trends favor RF, because RF is
superior to infrared technology in many ways. Unlike RF, infrared technology
requires unobstructed line-of-sight connection. Although RF devices have been
more expensive than IR, the current trend is downward because of an increase
in their production and use.

The electromagnetic frequency spectrum is divided into bands as shown in
Table 1.2. Hence, AM radio transmission operates in the medium-frequency (MF)
band, television channels 2 to 12 operate in the very high frequency (VHF) band,
and channels 18 to 90 operate in the ultrahigh-frequency (UHF) band. Table 1.3
shows the band designations in the microwave frequency range.

In addition to natural and human-made changes, electrical characteristics of
the atmosphere affect the propagation of electrical signals. Figure 1.1 shows
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TABLE 1.2 IEEE Frequency Band Designations

Wavelength Range

Band Designation Frequency Range (in Free Space)
VLF 3-30kHz 10-100km
LF 30-300kHz 1-10km
MF 300-3000kHz 100 m—1 km
HF 3-30MHz 10-100m
VHF 30-300 MHz 1-10m
UHF 300-3000 MHz 10cm-1m
SHF 3-30GHz 1-10cm
EHF 30-300 GHz 0.1-1cm

TABLE 1.3 Microwave Frequency Band Designations

Old New
Frequency Bands  (Still Widely Used) (Not So Commonly Used)
500-1000 MHz UHF C
1-2GHz L D
2-4GHz S E
3-4GHz S F
4-6GHz C G
6-8 GHz C H
8—10GHz X I
10-12.4GHz X J
12.4-18GHz Ku J
18-20GHz K J
20-26.5GHz K K
26.5-40GHz Ka K

various layers of the ionosphere and the troposphere that are formed due to
the ionization of atmospheric air. As illustrated in Figure 1.2(a) and (b), an RF
signal can reach the receiver by propagating along the ground or after reflection
from the ionosphere. These signals may be classified as ground and sky waves,
respectively. The behavior of a sky wave depends on the season, day or night,
and solar radiation. The ionosphere does not reflect microwaves, and the signals
propagate line of sight, as shown in Figure 1.2(c). Hence, curvature of the Earth
limits the range of a microwave communication link to less than 50km. One
way to increase the range is to place a human-made reflector up in the sky. This
type of arrangement is called a satellite communication system. Another way to
increase the range of a microwave link is to place repeaters at periodic intervals.
This is known as a terrestrial communication system.

Figures 1.3 and 1.4 list selected devices used at RF and microwave frequencies.
Solid-state devices as well as vacuum tubes are used as active elements in RF and
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F, layer

Figure 1.1 Atmosphere surrounding Earth.

microwave circuits. Predominant applications for microwave tubes are in radar,
communications, electronic countermeasures (ECMs), and microwave cooking.
They are also used in particle accelerators, plasma heating, material processing,
and power transmission. Solid-state devices are employed primarily in the RF
region and in low-power microwave circuits such as low-power transmitters for
local area networks and receiver circuits. Some applications of solid-state devices
are listed in Table-1.4.

Figure 1.5 lists some applications of microwaves. In addition to terrestrial
and satellite communications, microwaves are used in radar systems as well
as in various industrial and medical applications. Civilian applications of radar
include air traffic control, navigation, remote sensing, and law enforcement. Its
military uses include surveillance; guidance of weapons; and command, control,
and communication (C?). Radio-frequency and microwave energy are also used
in industrial heating and for household cooking. Since this process does not use a
conduction mechanism for the heat transfer, it can improve the quality of certain
products significantly. For example, the hot air used in a printing press to dry
ink affects the paper adversely and shortens the product’s life span. By contrast,
in microwave drying only the ink portion is heated, and the paper is barely
affected. Microwaves are also used in material processing, telemetry, imaging,
and hyperthermia.

1.1 MICROWAVE TRANSMISSION LINES

Figure 1.6 shows selected transmission lines used in RF and microwave circuits.
The most common transmission line used in the RF and microwave range is the
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Transmitting Receiving
antenna antenna

(a) Signal propagation along the ground

Ionosphere

Transmitting Receiving antenna

antenna

(b) Propagation of a sky wave

Transmitting
antenna

Receiving
antenna

(c) Line-of-sight propagation

Figure 1.2 Modes of signal propagation.

coaxial line. A low-loss dielectric material is used in these transmission lines to
minimize signal loss. Semirigid coaxial lines with continuous cylindrical con-
ductors outside perform well in the microwave range. To ensure single-mode
transmission, the cross section of a coaxial line must be much smaller than the
signal wavelength. However, this limits the power capacity of these lines. In
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Microwave Devices

r
Active | .
[ I . Passive
Solid-State Vacuum-Tube - Directional couplers
T . I Attenuators

1
Linear Beam Cross-Field

~ Phase shifters

Klystrons Magnetrons ~ Antennas
Traveling wave tubes I~ Resonators
Hybrid tubes

Figure 1.3 Microwave devices.

Solid-State Devices

Transferred Electron Avalanche Transit Time

Transistors Quantum Electronic
: Ruby masers
BJT Gunn diode BARITT d.IOdC y
FET LSA diode IMPATT dlofie Semiconductor laser
HEMT InP diode TRAPATT dloqe |
| CdTe diode Parametric devices |

Figure 1.4 Solid-state devices used at RF and microwave frequencies.

TABLE 1.4 Selected Applications of Microwave Solid-State Devices

Devices

Applications

Advantages

Transistors

Transferred electron

devices (TED)

IMPATT diode

TRAPATT diode

BARITT diode

L-band transmitters for
telemetry systems and
phased-array radar systems;
transmitters for
communication systems

C-, X-, and Ku-band ECM
amplifiers for wideband
systems; X- and Ku-band
transmitters for radar
systems, such as traffic
control

Transmitters for
millimeter-wave
communication

S-band pulsed transmitter for
phased-array radar systems

Local oscillators in
communication and radar
receivers

Low cost, low power supply,
reliable, high-continuous-
wave (CW) power output,
lightweight

Low power supply (12V),
low cost, lightweight,
reliable, low noise, high
gain

Low power supply, low cost,
reliable, high-CW power,
lightweight

High peak and average
power, reliable, low power
supply, low cost

Low power supply, low cost,
low noise, reliable
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Microwave Applications
I
[ [ I |

Communication Radar Industrial and Biomedical Heating
strial ~ Civiliz Militz i
Terres}nal lVlAl.dftl 0 intary - Process control Industrial
Satellite [ Aurtratiic  Surveillance — Drying Household
control
— Aircraft ~ Navigation — Curing
navigation
L Gui —— Treatment of
— Ship safety Guidance of elastomers

— Space vehicles

— Remote sensing

— Law enforcement

weapons

 Electronic warfare

_C3

— Waste treatment

EN uclear

Cellulosic

— Monitoring
— Imaging

— Hyperthermia

Figure 1.5 Some applications of microwaves.

2

(a) Coaxial line

Z.
7

(d) Ridged waveguide

(b) Rectangular waveguide

(c) Circular waveguide

e S

%
7

(e) Fin line

(f) Strip line

(g) Microstrip line

R

(h) Slot line

Figure 1.6 Transmission lines used in RF and microwave circuits.

high-power microwave circuits, waveguides are used in place of coaxial lines.
Rectangular waveguides are commonly employed for connecting high-power
microwave devices because these are easy to manufacture compared with cir-
cular waveguides. However, certain devices (e.g., rotary joints) require a circular
cross section. In comparison with a rectangular waveguide, a ridged waveguide
provides broadband operation. The fin line shown in Figure 1.6(e) is commonly
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used in the millimeter-wave band. Physically, it resembles a slot line enclosed
in a rectangular waveguide.

The transmission lines illustrated in Figure 1.6(f) to (%) are most convenient in
connecting the circuit components on a printed circuit board (PCB). The physical
dimensions of these transmission lines depend on the dielectric constant €, of
insulating material and on the operating frequency band. The characteristics and
design formulas of selected transmission lines are given in the appendixes.

1.2 TRANSMITTER AND RECEIVER ARCHITECTURES

Wireless communication systems require a transmitter at one end to send the
information signal and a receiver at the other to retrieve it. In one-way commu-
nication (such as a commercial broadcast), a transmitting antenna radiates the
signal according to its radiation pattern. The receiver, located at the other end,
receives this signal via its antenna and extracts the information, as illustrated in
Figure 1.7. Thus, the transmitting station does not require a receiver, and vice
versa. On the other hand, a transceiver (a transmitter and a receiver) is needed
at both ends to establish a two-way communication link.

Figure 1.7 is a simplified block diagram of a one-way communication link. At
the transmitting end, an information signal is modulated and mixed with a local
oscillator to up-convert the carrier frequency. Bandpass filters are used before

Up-converter

Ir.lformatﬂ» Modulator }P BPF .‘ BPF
signal ‘

(@)

Power
amplifier

Down-
converter

Information
Demodulator |« BPF/IF

signal amp. BPF

Low-noise Frequency-
amplifier ~ selective
circuit

)

Figure 1.7 Simplified block diagram of the transmitter (a) and receiver (b) of a wireless
communication system.
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and after the mixer to stop undesired harmonics. The signal power is ampli-
fied before feeding it to the antenna. At the receiving end the entire process is
reversed to recover the information. Signal received by the antenna is filtered and
amplified to improve the signal-to-noise ratio before feeding it to the mixer for
down-converting the frequency. A frequency-selective amplifier (tuned amplifier)
amplifies it further, before feeding it to a suitable demodulator, which extracts
the information signal.

In an analog communication system, the amplitude or angle (frequency or
phase) of the carrier signal is varied according to the information signal. These
modulations are known as amplitude modulation (AM), frequency modulation
(FM), and phase modulation (PM), respectively. In a digital communication sys-
tem, the input passes through channel coding, interleaving, and other processing
before it is fed to the modulator. Various modulation schemes are available,
including on—off keying (OOK), frequency-shift keying (FSK), and phase-shift
keying (PSK). As these names suggest, a high-frequency signal is turned on and
off in OOK to represent the logic states 1 and O of a digital signal. Similarly,
two different signal frequencies are employed in FSK to represent the two signal
states. In PSK, the phase of the high-frequency carrier is changed according to
the 1 or O state of the signal. If only two phase states (0° and 180°) of the carrier
are used, it is called binary phase-shift keying (BPSK). On the other hand, a
phase shift of 90° gives four possible states, each representing 2 bits of infor-
mation (known as a dibif). This type of digital modulation, known as quadrature
phase-shift keying (QPSK), is explained further below.

Consider a sinusoidal signal S;,,4, as given by equation (1.2.1). Its angular
frequency and phase are o radians per second and ¢, respectively:

Smod(?) = \/Ecos(o)t —¢) = x/z(cos wt cos ¢ + sin wt sin ¢) (1.2.1)

This can be simplified further as follows:

Smod(t) = St cos ot 4 Sg sin wt (1.2.2)
where
S; =~/2cosd (1.2.3)
and
Sp = V/2sin¢ (1.2.4)

The subscripts I and Q represent in-phase and quadrature-phase components of
Smod- Table 1.5 shows the values of §; and Sy for four different phase states
together with the corresponding dibit representations. This scheme can be imple-
mented easily for a polar digital signal (positive peak value representing logic 1
and the negative peak logic 0). It is illustrated in Figure 1.8. The demultiplexer
simultaneously feeds one bit of the digital input Sgp to the top and the other to
the bottom branch of this circuit. The top branch multiplies the signal by cos w¢
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TABLE 1.5 QPSK Scheme

0} S; So Dibit Representation
/4 1 1 11
3n/4 —1 1 01
Sn/d -1 -1 00
/4 1 —1 10
Logic1=1V
Logic0=-1 Vk '
>
A cos ot
Demultiplexer
Spp(?) 7 0 @ Simod(?)
90°
Phase shift
; A sin ot
Logicl=1 V'
Logic0=-1V

Figure 1.8 Block diagram of a QPSK modulation scheme.

Integrator

Threshold
detector

Smod(t )

90°
Phase shift

Asin ot
Threshold Tntegrator .‘
detector ‘

Figure 1.9 Block diagram of a QPSK demodulation scheme.

and the bottom signal by sin w¢. The outputs of the two mixers are then added
to generate Spod-

Demodulation inverts the modulation to retrieve Sgg. As illustrated in Figure 1.9,
Simod 1s multiplied by cos wt in the top branch and by sin wt in the bottom branch of
the demodulator. The top integrator stops Sy, and the bottom integrator, S;. Two
threshold detectors generate the corresponding logic states that are multiplexed by
the multiplexer unit to recover Sgg. Chapter 2 provides an overview of wireless
communication systems and their characteristics.



COMMUNICATION SYSTEMS

Modern communication systems require RF and microwave signals for the wire-
less transmission of information. These systems employ oscillators, mixers, filters,
and amplifiers to generate and process various types of signals. The transmitter
communicates with the receiver via antennas placed on each side. Electrical
noise associated with the systems and the channel affects the performance. A
system designer needs to know about the channel characteristics and system
noise in order to estimate the required power levels. The chapter begins with
an overview of microwave communication systems and RF wireless services to
illustrate the applications of circuits and devices that are described in the fol-
lowing chapters. It also covers the placement of various building blocks in a
given system.

A short discussion on antennas is included to help in understanding signal
behavior when it propagates from a transmitter to a receiver. The Friis trans-
mission formula and the radar range equation are important to understanding the
effects of frequency, range, and operating power levels on the performance of a
communication system. Note that radar concepts now find many other applica-
tions, such as proximity or level sensing in an industrial environment. Therefore,
a brief discussion of Doppler radar is also included. Noise and distortion charac-
teristics play a significant role in analysis and design of these systems. Minimum
detectable signal (MDS), gain compression, intercept point, and the dynamic
range of an amplifier (or receiver) are introduced later. Other concepts associated
with noise and distortion characteristics are also introduced in this chapter.

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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12 COMMUNICATION SYSTEMS
2.1 TERRESTRIAL COMMUNICATION

As mentioned in Chapter 1, microwave signals propagate along the line of sight.
Therefore, the Earth’s curvature limits the range over which a microwave com-
munication link can be established. A transmitting antenna sitting on a 25-ft-high
tower can typically communicate only up to a distance of about 50 km. Repeaters
can be placed at regular intervals to extend the range. Figure 2.1 is a block
diagram of a typical repeater.

A repeater system operates as follows. A microwave signal arriving at antenna
A works as input to port 1 of a circulator. It is directed to port 2 without loss,
assuming that the circulator is ideal. Then it passes through a receiver protection
circuit that limits the magnitude of large signals but passes those of low intensity
with negligible attenuation. The purpose of this circuit is to block excessively
large signals from reaching the receiver input. The mixer following it works as a
down-converter that transforms a high-frequency signal to a low-frequency signal,
typically in the range of 70 MHz. A Schottky diode is generally employed in the
mixer because of its superior noise characteristics. This frequency conversion
facilitates amplification of the signal economically. A bandpass filter is used at the
output of the mixer to stop undesired harmonics. An intermediate-frequency (IF)
amplifier is then used to amplify the signal. It is generally a low-noise solid-state

Circulator A Circulator B

1 (_\ 3 Transmitter for| Received - 2
A - direction A from

direction B

1

2 I
Receiver Transreceiver for the reverse direction (from B to A) Power
protection amplifier
circuit

F Y
Mixer
IF .
Mixer B?_??eliass—b amplifier [ E‘:;"Ffr Be;pl(tigass
! with AGC freut 1
Mixer
Bandpass Power
filter divider

Microwave
Shift source
oscillator

Figure 2.1 Block arrangement of a repeater system.
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amplifier with ultralinear characteristics over a broadband. The amplified signal
is mixed with another signal for up-conversion of frequency. After filtering out
undesired harmonics introduced by the mixer, it is fed to a power amplifier stage
that feeds circulator B for onward transmission through antenna B. This up-
converting mixer circuit generally employs a varactor diode. Circulator B directs
the signal entering at port 3 to the antenna connected at its port 1. Similarly,
the signal propagating upstream is received by antenna B and the circulator
directs it toward port 2. It then goes through the processing as described for the
downstream signal and is radiated by antenna A for onward transmission. Hence,
the downstream signal is received by antenna A and transmitted in the forward
direction by antenna B. Similarly, the upstream signal is received by antenna B
and forwarded to the next station by antenna A. The two circulators help channel
the signal in the correct direction.

A parabolic antenna with tapered horn as primary feeder is generally used in
microwave links. This type of composite antenna system, known as a hog horn,
is fairly common in high-density links because of its broadband characteristics.
These microwave links operate in the frequency range 4 to 6 GHz, and signals
propagating in two directions are separated by a few hundred megahertz. Since
this frequency range overlaps with C-band satellite communication, the inter-
ference of these signals needs to be taken into design consideration. A single
frequency can be used twice for transmission of information using vertical and
horizontal polarization.

2.2 SATELLITE COMMUNICATION

The ionosphere does not reflect microwaves as it does RF signals. However, one
can place a conducting object (satellite) up in the sky that reflects them back to
Earth. A satellite can even improve the signal quality using on-board electronics
before transmitting it back. The gravitational force needs to be balanced somehow
if this object is to stay in position. An orbital motion provides this balancing force.
If a satellite is placed at low altitude, greater orbital force will be needed to keep
it in position. These low- and medium-altitude satellites are visible from a ground
station only for short periods. On the other hand, satellites placed at an altitude
of about 36,000km over the equator, called geosynchronous or geostationary
satellites are visible from their shadows at all times.

C-band geosynchronous satellites use between 5725 and 7075 MHz for
their uplinks. The corresponding downlinks are between 3400 and 5250 MHz.
Table 2.1 lists the downlink center frequencies of a 24-channel transponder. Each
channel has a total bandwidth of 40 MHz; 36 MHz of that carries the information,
and the remaining 4 MHz is used as a guard band. It is accomplished with a
500-MHz bandwidth using different polarization for the overlapping frequencies.
The uplink frequency plan may be found easily after adding 2225 MHz to these
downlink frequencies. Figure 2.2 illustrates the simplified block diagram of a
C-band satellite transponder. A 6-GHz signal received from the Earth station
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TABLE 2.1 C-Band Downlink Transponder Frequencies

Horizontal Polarization Vertical Polarization
Channel Center Frequency (MHz) Channel Center Frequency (MHz)
1 3720 2 3740
3 3760 4 3780
5 3800 6 3820
7 3840 8 3860
9 3880 10 3900
11 3920 12 3940
13 3960 14 3980
15 4000 16 4020
17 4040 18 4060
19 4080 20 4100
21 4120 22 4140
23 4160 24 4180
Mixer f
> ol TWT
BPF — LNA X BPF > amp. |
Uplink Downlink
6-GHz signal LO 4-GHz signal

Figure 2.2 Simplified block diagram of a transponder.

is passed through a bandpass filter before amplifying it through a low-noise
amplifier (LNA). It is then mixed with a local oscillator (LO) signal to bring
down its frequency. A bandpass filter that is connected right after the mixer
filters out the unwanted frequency components. This signal is then amplified by
a traveling wave tube (TWT) amplifier and transmitted back to Earth.

Another frequency band in which satellite communication has been growing
continuously is the Ku-band. The geosynchronous Fixed Satellite Service (FSS)
generally operates between 10.7 and 12.75 GHz (space to Earth) and 13.75 to
14.5 GHz (Earth to space). It offers the following advantages over the C-band:

e The size of the antenna can be smaller (3 ft or even smaller, with higher-
power satellites against 8 to 10 ft for C-band).

¢ Because of higher frequencies used in the up- and downlinks, there is no
interference with C-band terrestrial systems.

Since higher-frequency signals attenuate faster while propagating through
adverse weather (rain, fog, etc.), Ku-band satellites suffer from this major
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drawback. Signals with higher powers may be used to compensate for this loss.
Generally, this power is on the order of 40 to 60 W. The high-power direct
broadcast satellite (DBS) system uses power amplifiers in the range 100 to 120 W.

The National Broadcasting Company (NBC) has been using the Ku-band to
distribute the programming to its affiliates. Also, various news-gathering agen-
cies have used this frequency band for some time. Convenience stores, auto parts
distributors, banks, and other businesses have used the very small aperture ter-
minal (VSAT) because of its small antenna size (typically, on the order of 3 ft
in diameter). It offers two-way satellite communication; usually back to hub or
headquarters. The Public Broadcasting Service (PBS) uses VSATs for exchanging
information among public schools.

Direct broadcast satellites (DBSs) have been around since 1980, but early DBS
ventures failed for various reasons. In 1991, Hughes Communications entered
into the direct-to-home (DTH) television business. DirecTV was formed as a
unit of GM Hughes, with DBS-/ launched in December 1993. Its longitudinal
orbit is at 101.2°W, and it employs a left-handed circular polarization. DBS-2,
launched in August 1994 uses a right-handed circular polarization, and its orbital
longitude is at 100.8°W. DirecTV employs a digital architecture that can utilize
video and audio compression techniques. It complies with Motion Picture Experts
Group (MPEG)-2. By using compression ratios of 5 to 7, over 150 channels of
programs are available from the two satellites. These satellites include 120-W
TWT amplifiers that can be combined to form eight pairs at 240 W of power.
This higher power can also be utilized for high-definition television (HDTV)
transmission. Earth-to-satellite link frequency is 17.3 to 17.8 GHz; satellite-to-
Earth link frequency uses the 12.2- to 12.7-GHz band. Circular polarization is
used because it is less affected by rain than is linear orthogonal polarization.

Several communication services are now available that use low-Earth-orbit
satellites (LEOSs) and medium-Earth-orbit satellites (MEOSs). LEOS altitudes
range from 750 to 1500 km; MEOS systems have an altitude around 10,350 km.
These services compete with or supplement cellular systems and geosynchronous
Earth-orbit satellites (GEOSs). The GEOS systems have some drawbacks, due to
the large distances involved. They require relatively large powers, and the prop-
agation time delay creates problems in voice and data transmissions. The LEOS
and MEOS systems orbit Earth faster because of being at lower altitudes, and
these are therefore visible only for short periods. As Table 2.2 indicates, several
satellites are used in a personal communication system to solve this problem.

Three classes of service can be identified for mobile satellite services:

1. Data transmission and messaging from very small, inexpensive satellites
2. Voice and data communications from big LEOSs
3. Wideband data transmission

Another application of L-band microwave frequencies (1227.60 and
1575.42MHz) is in global positioning systems (GPSs). A constellation of 24
satellites is used to determine a user’s geographical location. Two services
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TABLE 2.2 Specifications of Certain Personal Communication Satellites

Iridium (LEO) Globalstar (LEO) Odyssey (MEO)
Number of satellites 66 48 12
Altitude (km) 755 1,390 10,370
Uplink (GHz) 1.616-1.6265 1.610-1.6265 1.610-1.6265
Downlink (GHz) 1.616—1.6265 2.4835-2.500 2.4835-2.500
Gateway terminal 27.5-30.0 C-band 29.5-30.0
uplink (GHz)
Gateway terminal 18.8-20.2 C-band 19.7-20.2
downlink (GHz)
Average satellite 9 10-12 120
connect time (min)
Features of handset
Modulation QPSK FQPSK QPSK
BER 1E-2 (voice) 1E-3 (voice) 1E-3 (voice)
1E-5 (data) 1E-5 (data) 1E-5 (data)
Supportable data 4.8 (voice) 1.2-9.6 (voice and data) 4.8 (voice)
rate (kb/s) 2.4 (data) 1.2-9.6 (data)

are available: the standard positioning service (SPS) for civilian use, utilizing
a single-frequency course/acquisition (C/A) code, and the precise positioning
service (PPS) for the military, utilizing a dual-frequency P-code (protected).
These satellites are at an altitude of 10,900 miles above the Earth, with an orbital
period of 12 hours.

2.3 RADIO-FREQUENCY WIRELESS SERVICES

A lot of exciting wireless applications have been reported that use voice and data
communication technologies. Wireless communication networks consist of micro-
cells that connect people with truly global, pocket-size communication devices,
telephones, pagers, personal digital assistants, and modems. Typically, a cellular
system employs a 100-W transmitter to cover a cell 0.5 to 10 miles in radius. The
handheld transmitter has a power of less than 3 W. Personal communication net-
works (PCN/PCS) operate with a 0.01- to 1-W transmitter to cover a cell radius
of less than 450 yards. The handheld transmitter power is typically less than
10mW. Table 2.3 shows the cellular telephone standards of selected systems.
There have been no universal standards set for wireless personal communica-
tion. In North America, cordless has been CT-0 (an analog 46/49-MHz standard)
and cellular AMPS (Advanced Mobile Phone Service) operating at 800 MHz. The
situation in Europe has been far more complex; every country has had its own
standard. Although cordless was nominally CT-0, different countries used their
own frequency plans. This led to a plethora of new standards. These include,
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TABLE 2.3 Selected Cellular Telephones

Analog Cellular

Phone Standard Digital Cellular Phone Standard
NADC NADC
AMP  ETACS (IS-54) (IS-95) GSM PDC
Freq. range (MHz)
Tx 824-849 871-904  824-849 824-849 880-915 940-956
1477-1501
Rx 869-894 916-949  869-894 869-894 925-960 810-826
1429-1453
Transmitter power 600 mW 200 mW 1w
(max.)
Multiple access FDMA FDMA TDMA/FDM CDMA/FDM TDMA/FDM TDMA/FDM
Number of channels 832 1000 832 20 124 1600
Channel spacing 30 25 30 1250 200 25
(kHz)
Modulation FM FM /4 DQPSK QPSK/BPSK  GMSK nt/4 DQPSK
Bit rate (kb/s) — — 48.6 1228.8 270.833 42

TABLE 2.4 Selected Cordless Telephones

Analog Cordless

Phone Standard Digital Cordless Phone Standard
CT-1 CT-2 PHS
CT-0 and CT-1+4 and CT-2+ DECT (Formerly PHP)
Frequency range  46/49  CT-1: 914/960; CT-1: 1880—-1900 1895-1918
(MHz) CT-1+: 864-868;
885-932 CT-2+:
930/931;
940/941
Transmitter _ o 10 and 80 250 80
power (max.)
(mW)
Multiple access FDMA FDMA TDMA/FDM TDMA/FDM  TDMA/FDM
Number of 10-20 CT-1: 40; 40 10 (12 users 300 (four users
channels CT-1+: 80 per channel) per channels)
Channel spacing 40 25 100 1728 300
(kHz)
Modulation FM M GFSK GFSK /4 DQPSK
Bit rate (kb/s) _ _ 72 1152 384

but are not limited to, CT-1, CT-1+, DECT (Digital European Cordless Tele-
phone), PHP (Personal Handy Phone in Japan), E-TACS (Extended Total Access
Communication System in the UK), NADC (North American Digital Cellular),
GSM (Global System for Mobile Communication), and PDC (Personal Digital
Cellular). Specifications for selected cordless telephones are given in Table 2.4.
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2.4 ANTENNA SYSTEMS

Figure 2.3 illustrates some of the antennas that are used in communication sys-
tems. These can be categorized into two groups: wire antennas and aperture-type
antennas. Electric dipole, monopole, and the loop antennas belong to the for-
mer group; horn, reflector, and lens belong to the latter category. The aperture
antennas can be further subdivided into primary and secondary (or passive)
antennas. Primary antennas are directly excited by the source and can be used
independently for transmission or reception of signals. On the other hand, a
secondary antenna requires another antenna as its feeder. Horn antennas fall in
the first category, whereas the reflector and lens belong to the second. Var-
ious types of horn antennas are commonly used as feeders in reflector and
lens antennas.

Electronics

(@) ) (c)

—

Electronics

Transmitter

(d) (e)

—<<:

N

v

Transmitter

v

Figure 2.3 Some commonly used antennas: (a) electric dipole; (b) monopole; (c) loop;
(d) pyramidal horn; (e) Cassegrain reflector; (f) lens.
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When an antenna is energized, it generates two types of electromagnetic fields.
Part of the energy stays nearby and part propagates outward. The propagating
signal represents the radiation fields, while the nonpropagating is reactive (capac-
itive or inductive) in nature. Space surrounding the antenna can be divided into
three regions. The reactive fields dominate in the nearby region but are reduced
in strength at a faster rate than those associated with the propagating signal. If
the largest dimension of an antenna is D and the signal wavelength is \, reactive
fields dominate up to about 0.62 /D3 /) and diminish after 2D?/\. The region
beyond 2D?/\ is called the far-field (or radiation field) region.

Power radiated by an antenna per unit solid angle is known as the radiation
intensity U. It is a far-field parameter that is related to power density (power per
unit area) W,,q and distance r as follows:

U =r*Wea (2.4.1)

Directive Gain and Directivity

If an antenna radiates uniformly in all directions, it is called an isotropic antenna.
This is a hypothetical antenna that helps in defining the characteristics of a real
one. The directive gain D¢ is defined as the ratio of radiation intensity due to
the test antenna to that of an isotropic antenna. It is assumed that total radiated
power remains the same in the two cases. Hence,

U 4nU
Dog=— =2 (2.4.2)
¢ UO Prad

where U is the radiation intensity due to the test antenna in watts per unit solid
angle, U, the radiation intensity due to the isotropic antenna in watts per unit
solid angle, and P4 the total power radiated in watts. Since U is a directional-
dependent quantity, the directive gain of an antenna depends on the angles 6 and

¢. If the radiation intensity assumes its maximum value, the directive gain is
called the directivity Dy. That is,

Dy = = — (2.4.3)

Gain of an Antenna

The power gain of an antenna is defined as the ratio of its radiation intensity at a
point to the radiation intensity that results from a uniform radiation of the same
input power. Hence,

cain = radiation intensity — A U, d) 2.4.4)

s -
total input power P

Most of the time we deal with relative gain. It is defined as a ratio of the power
gain of the test antenna in a given direction to the power gain of a reference
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antenna. Both antennas must have the same input power. The reference antenna
is usually a dipole, horn, or any other antenna whose gain can be calculated or
is known. However, the reference antenna is a lossless isotropic radiator in most
cases. Hence,

U@, 9)

gain = 4x - - (2.4.5)
Py, (lossless isotropic antenna)

When the direction is not stated, the power gain is usually taken in the direction
of maximum radiation.

Radiation Patterns and Half-Power Beam Width

Far-field power distribution at a distance r from the antenna depends on the spa-
tial coordinates 6 and ¢. Graphical representations of these distributions on the
orthogonal plane (B-plane or ¢-plane) at a constant distance » from the antenna
are called its radiation patterns. Figure 2.4 illustrates the radiation pattern of the
vertical dipole antenna with 6. Its ¢-plane pattern can be found after rotating it
about the vertical axis. Thus, a three-dimensional picture of the radiation pattern
of a dipole is doughnut shaped. Similarly, the power distributions of other anten-
nas generally show peaks and valleys in the radiation zone. The highest peak
between the two valleys is known as the main lobe; the others are called side
lobes. The total angle about the main peak over which power is reduced by 50%
of its maximum value is called the half-power beam width on that plane.

T | Y H H
Rt Sl ettt bl ; : ; r

JE

Figure 2.4 Radiation pattern of a dipole in a vertical (6) plane.
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The following relations are used to estimate the power gain G and the half-
power beam width (HPBW, or simply BW) of an aperture antenna:

47 4t
G = FAe = FAK (246)
and
65N
BW(degrees) = e (2.4.7)

where A, is the effective area of radiating aperture in square meters, A its physical
area (mtd?/4 for a reflector antenna dish with diameter d), k the antenna efficiency
(ranges from 0.6 to 0.65), and \ the signal wavelength in meters.

Example 2.1 Calculate the power gain (in decibels) and the half-power beam
width of a parabolic dish antenna 30 m in diameter that is radiating at 4 GHz.

SOLUTION The signal wavelength and area of the aperture are

3 x 108
=—— =0.075
4% 10° m
and
nd® 307 ,
A=—=7m1— =706.8584m
4 4

Assuming that the aperture efficiency is 0.6, the antenna gain and half-power
beam width are found as follows:

G=—  706.8584 x 0.6 = 947.482.09
(0.075)2
— 101og,,(947,482.09) = 59.76 ~ 60 dB
07
BW = W —0.1625°

Antenna Efficiency

If an antenna is not matched with its feeder, a part of the signal available from
the source is reflected back. It is considered to be the reflection (or mismatch)
loss. The reflection (or mismatch) efficiency is defined as a ratio of power input
to the antenna to that of power available from the source. Since the ratio of
reflected power to that of power available from the source is equal to the square
of the magnitude of the voltage reflection coefficient, the reflection efficiency e,
is given by
e, =1—|T')?
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where
Zi— 7y

I' = voltage reflection coefficient = ——
Za+ Zy

Here Z,4 is the antenna impedance and Z, is the characteristic impedance of the
feeding line.

In addition to mismatch, the signal energy may dissipate in an antenna due to
imperfect conductor or dielectric material. These efficiencies are hard to compute.
However, the combined conductor and dielectric efficiency e.,; can be determined
experimentally after measuring the input power P, and the radiated power P,q.
It is given as

P, rad

P,

€cd =

The overall efficiency e, is a product of the efficiencies above. That is,
€o = €r€cq (248)

Example 2.2 A 50-Q transmission line feeds a lossless one-half-wavelength-
long dipole antenna. The antenna impedance is 73 Q. If its radiation intensity,
U (0, ¢), is given as

U = Bysin’ 0

find the maximum overall gain.

SOLUTION The maximum radiation intensity, Un.x, is the By value that occurs
at 6 = m/2. Its total radiated power is found as follows:

27 T
Prag = / / Bysin’ 0 sin® db dp = 3n*By
0 0

Hence,

Upae  47By 16
Dy = dm—m = TT20 2 6977
rad ZTIZZBO 3n

or

Do(dB) = 101og,(1.6977)dB = 2.2985 dB

Since the antenna is lossless, the radiation efficiency e.; is unity (0dB). Its
mismatch efficiency is computed as follows.
The voltage reflection coefficient at its input (it is formulated in Chapter 2) is

Zy—Zy T3-50 23

= — - =
Zi+ 7Zy 73 4+ 50 123
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Therefore, the mismatch efficiency of the antenna is
e, =1 —(23/123)? = 0.9650 = 101o0g,,(0.9650)dB = —0.1546 dB
The overall gain G (in decibels) is found as follows:

Go(dB) =2.2985 — 0 — 0.1546 = 2.1439dB

Bandwidth

Antenna characteristics such as gain, radiation pattern, impedance, and so on are
frequency dependent. The bandwidth of an antenna is defined as the frequency
band over which its performance with respect to some characteristic (HPBW,
directivity, etc.) conforms to a specified standard.

Polarization

Polarization of an antenna is the same as polarization of its radiating wave.
It is a property of the electromagnetic wave describing the time-varying direc-
tion and relative magnitude of an electric field vector. The curve traced by the
instantaneous electric field vector with time is the polarization of that wave. The
polarization is classified as follows:

e Linear polarization. If the tip of the electric field intensity traces a straight
line in some direction with time, the wave is linearly polarized.

o Circular polarization. If the end of the electric field traces a circle in space
as time passes, that electromagnetic wave is circularly polarized. Further, it
may be right-handed circularly polarized (RHCP) or left-handed circularly
polarized (LHCP), depending on whether the electric field vector rotates
clockwise or counterclockwise.

e Elliptical polarization. If the tip of the electric field intensity traces an ellipse
in space as time lapses, the wave is elliptically polarized. As in the pre-
ceding case, it may be right- or left-handed elliptical polarization (RHEP
and LHEP).

In a receiving system, the polarization of the antenna and the incoming wave
need to be matched for maximum response. If this is not the case, there will be
some signal loss, known as polarization loss. For example, if there is a vertically
polarized wave incident on a horizontally polarized antenna, the induced voltage
available across its terminals will be zero. In this case, the antenna is cross-
polarized with an incident wave. The square of the cosine of the angle between
wave polarization and antenna polarization is a measure of the polarization loss.
It can be determined by squaring the scalar product of unit vectors representing
the two polarizations.
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Example 2.3 The electric field intensity of an electromagnetic wave propagat-
ing in a lossless medium in the z-direction is given by

E(r,1) = XEo(x, y) cos(wt — kz) V/m
It is incident upon an antenna that is linearly polarized as follows:
E,r) =&+ Ex,y,2) V/m
Find the polarization loss factor.

SOLUTION In this case, the incident wave is linearly polarized along the x-axis
while the receiving antenna is linearly polarized at 45° from it. Therefore, one-
half of the incident signal is cross-polarized with the antenna. It is determined
mathematically as follows. The unit vector along the polarization of incident
wave is

A

M,’ZJE

The unit vector along the antenna polarization may be found as

. r . .
”a:_z(x+y)

V2

Hence, the polarization loss factor is

|i;ei,)* = 0.5=—3.01dB

Effective Isotropic Radiated Power

The effective isotropic radiated power (EIRP) is a measure of the power gain of
the antenna. It is equal to the power needed by an isotropic antenna that provides
the same radiation intensity at a given point as that of the directional antenna.
If power input to the feeding line is P; and the antenna gain is G,, the EIRP is
defined as

PG,
EIRP =

(2.4.9)

where L is the input/output power ratio of the transmission line that is connected
between the output of the final power amplifier stage of the transmitter and the
antenna. It is given by

Py

Pant

L =

(2.4.10)

Alternatively, the EIRP can be expressed in dBw as

EIRP(dBw) = P,(dBw) — L(dB) + G(dB) (2.4.11)
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Example 2.4 1In a transmitting system, the output of the final high-power ampli-
fier is 500 W, and the line feeding its antenna has an attenuation of 20%. If the
gain of the transmitting antenna is 60 dB, find the EIRP in dBw.

SOLUTION

P, =500W = 26.9897 dBw

Py = 0.8 x 500 =400W

G =60dB = 10°

and
500

L= 200 = 1.25 = 10log,;,(1.25) = 0.9691 dB

Hence,

EIRP(dBw) = 26.9897 — 0.9691 + 60 = 86.0206 dBw

or

500 x 106
EIRP = % — 400 x 10°W

Space Loss

The transmitting antenna radiates in all directions, depending on its radiation
characteristics. However, the receiving antenna receives only the power that is
incident on it. Hence, the rest of the power is not used and is lost in space. It is
represented by the space loss. It can be determined as follows.
The power density w, of a signal transmitted by an isotropic antenna is
given by
I

= 7% W/m? (2.4.12)
T

Wy

where P, is the transmitted power in watts and R is the distance from the antenna
in meters. The power received by a unity-gain antenna located at R is found to be

Pr=w;Aey (2.4.13)

where A, is the effective area of an isotropic antenna.
From (2.4.6), for an isotropic antenna,

47
G = FAeu = 1
or
'}\2
Aeu

T 4n
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Hence, (2.4.12) can be written as

RS
= —— 2.4.14
4mR? 47 ( )
and the space loss ratio is found to be
b _ (> : (2.4.15)
P, \4nR o
It is usually expressed in decibels as follows:
1 ti 201 . dB (2.4.16)
space loss ratio = 20log,, —— 4.
P 210 7R

Example 2.5 A geostationary satellite is 35,860 km away from Earth’s surface.
Find the space loss ratio if it is operating at 4 GHz.

SOLUTION

3 x 108
R =35,860,000m and A= -—— =0.075m
4 x 10°

Hence,

41 x 35,860,000
0.075

2
space loss ratio = ( ) =2.77 x 1072 = —195.5752dB

Friis Transmission Formula and Radar Range Equation

Analysis and design of communication and monitoring systems often require an
estimation of transmitted and received powers. The Friis transmission formula
and radar range equation provide the means for such calculations. The former is
applicable to a one-way communication system where the signal is transmitted
at one end and is received at the other end of the link. The radar range equation
is applicable when the signal transmitted hits a target and the signal reflected
is generally received at the location of the transmitter. We consider these two
formulations next.

Friis Transmission Equation

Consider a simplified communication link as illustrated in Figure 2.5. A distance
R separates the transmitter and the receiver. Effective apertures of transmitting
and receiving antennas are A, and A,,, respectively. Further, the two antennas
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Transmitter {4— R —>} Receiver

Figure 2.5 Simplified block diagram of a communication link.

are assumed to be polarization matched. If power input to the transmitting antenna
is Py, isotropic power density wy at a distance R from the antenna is given as

Pie;

= 2.4.17
4mR? ( )

Wo

where e, is the radiation efficiency of the transmitting antenna. For a directional
transmitting antenna, the power density w, can be written as

_ kG, PeD

= = 24.1
4 R2 4 R? ( 8

Wy

where G, is the gain and D is the directivity of transmitting antenna. The power
collected by the receiving antenna is

P. = A, w, (2.4.19)
From (2.4.6),
)\2
Ao = —G, (2.4.20)
4m

where the receiving antenna gain is G,. Therefore, we find that

b2 PG
"T4n "' 4n T 4mR?
or
P [ x 2G G — o\’
Ft = (47[—R) rUy = ¢€,€6; (4]‘[—R) DrDt (2421)

If signal frequency is f, for a free-space link,

N _3x108

4nR  4nfR

(2.4.22)

where f is in hertz and R is in meters.
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Generally, the link distance is long and the signal frequency is high, such that
kilometer and megahertz will be more convenient units than the usual meter and
hertz, respectively. For R in kilometers and f in megahertz, we find that

v 3% 108 03 1
4R 47 x 100 fytz X 103Rum 47 fuviiz Riam

(2.4.23)
Hence, from (2.4.21),

0.3

P, (dBm) = P,(dBm) +20log;o 3 — 2010g;( fitt, Riw) + G, (dB) + G, (dB)
or

P.(dBm) = P,(dBm) + G,(dB) + G,(dB) — 2010g,o( futtiz Rim) — 32.4418

(2.4.24)
where the power transmitted and the power received are in dBm while the two
antenna gains are in decibels.

Example 2.6 A 20-GHz transmitter on board the satellite uses a parabolic
antenna that is 45.7cm in diameter. The antenna gain is 37dB and its radi-
ated power is 2W. The ground station that is 36,941.031 km away from it has
an antenna gain of 45.8 dB. Find the power collected by the ground station. How
much power would be collected at the ground station if there were isotropic
antennas on both sides?

SOLUTION The power transmitted, P, (dBm) = 10log,,(2000) =33.0103 dBm
and

201og,o(fvuzRkm) = 201log,,(20 x 10° x 36,941.031) = 177.3708 dB
Hence, the power received at the Earth station is found as follows:

P,(dBm) = 33.0103 + 37 +45.8 — 177.3708 — 32.4418 = —94.0023 dBm
or

P, =3.979 x 107" mW
If the two antennas are isotropic, G, = G, = 1 (or 0dB) and therefore

P,(dBm) = 33.0103 + 0+ 0 — 177.3708 — 32.4418 = —176.8023 dBm
or

P, =2.0882 x 107" mW
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Radar Equation

In the case of a radar system, the signal transmitted is scattered by the target
in all possible directions. The receiving antenna collects part of the energy that
is scattered back toward it. Generally, a single antenna is employed for both
the transmitter and the receiver, as shown in Fig. 2.6. If power input to the
transmitting antenna is P; and its gain is G,, the power density wj,. incident on
the target is

PG, PAg
4mR?  \2R?

Wine = (2.4.25)
where A, is the effective aperture of the transmitting antenna.

The radar cross section o of an object is defined as the area intercepting that
amount of power that when scattered isotropically produces at the receiver a
power density that is equal to that scattered by the actual target. Hence,

. scattered power
radar cross section =

— - square meters
incident power density

or 42
o= 2 Wr (2.4.26)
Winc
where w, is isotropically backscattered power density at a distance r and wjy is
power density incident on the object. Hence, the radar cross section of an object
is its effective area that intercepts an incident power density wj,. and gives an
isotropically scattered power of 47r?w, for a backscattered power density. Radar
cross sections of selected objects are listed in Table 2.5.
Using the radar cross section of a target, the power intercepted by it can be
found as follows:

P oG, (2.4.27)
e = OWipe = ———— 4.
mc mc 4]'[R2
Power density arriving back at the receiver is
P.
Wscatter = 4]_[“11;2 (2428)

Transmitter D
/ V

Circulator —p
Receiver Antenna

Figure 2.6 Radar system.
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TABLE 2.5 Radar Cross Sections of Selected Objects

Object Radar Cross Section (m?)
Pickup truck 200
Automobile 100
Jumbo-jet airliner 100

Large bomber 40

Large fighter aircraft 6

Small fighter aircraft 2

Adult male 1
Conventional winged missile 0.5

Bird 0.01
Insect 0.00001
Advanced tactical fighter 0.000001

and power available at the receiver input is

G \0P,G, GOA,A,P,
Pr = A Wycatter = 4n(4mR2)? = A2 R (2.4.29)

Example 2.7 A distance of 100\ separates two lossless X-band horn antennas
(Figure 2.7). Reflection coefficients at the terminals of transmitting and receiving
antennas are 0.1 and 0.2, respectively. Maximum directivities of the transmitting
and receiving antennas are 16 and 20 dB, respectively. Assuming that the input
power in a lossless transmission line connected to the transmitting antenna is
2 W and that the two antennas are aligned for maximum radiation between them
and are polarization matched, find the power input to the receiver.

SOLUTION As discussed in Chapter 3, impedance discontinuity generates an
echo signal very similar to that of an acoustical echo. Hence, signal power avail-
able beyond the discontinuity is reduced. The ratio of the reflected signal voltage
to that of the incident is called the reflection coefficient. Since the power is
proportional to the square of the voltage, the power reflected from the disconti-
nuity is equal to the square of the reflection coefficient times the incident power.

4— 1004 —V

. : Receiver
Transmitter )
©Py=[1-TF1Pg

P,=[1-[T1Ps

Figure 2.7 Setup for Example 2.7.
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Therefore, power transmitted in the forward direction will be given by
Pi=(1—TP)Py
and the power radiated by the transmitting antenna is found to be
P,=(1-0.1>2=198W

Since the Friis transmission equation requires the antenna gain as a ratio instead
of in decibels, G; and G, are calculated as follows:

G, =16dB = 10"® =39.8107 and G, =20dB = 10*° = 100

Hence, from (2.4.21),

N 2
P, =|———) x100 x 39.8107 x 1.98
41t x 100N

or
P.=5mW
and power delivered to the receiver, Py, is
P;=(1-0.2%5=4.8mW
Example 2.8 Radar operating at 12 GHz transmits 25 kW through an antenna
of 25dB gain. A target with its radar cross section at 8 m” is located at 10 km

from the radar. If the same antenna is used for the receiver, determine the
power received.

SOLUTION
P, = 25kW
3 x 108
f=12GHz > A = —/———— =0.025m
12 x 10°
G, =G, =25dB — 10*° = 316.2278
R=10km o=8m’
Hence,

_ G,G,Po)> _ 316.22787 x 25,000 x 8 x 0.025?

= = =63x107"W
47 (4 R2)? (4m)3 (104)* )

-
or

P, =0.63pW



32 COMMUNICATION SYSTEMS

Doppler Radar

An electrical signal propagating in free space can be represented by a simple
expression as follows:

v(z, 1) = Acos(wt — kz) (2.4.30)

The signal frequency is w radians per second and k is its wave number (equal to
w/c, where c is the speed of light in free space) in radians per meter. Assume that
there is a receiver located at z = R, as shown in Figure 2.5 and R is changing
with time (the receiver may be moving toward or away from the transmitter). In
this situation, the receiver response v,(¢) is given as follows:

v,(t) = V cos(wt — kR) (2.4.31)

The angular frequency, wg, of v,(t) can be determined easily after differentiating
the argument of the cosine function with respect to time. Hence,

— ot —kR) = 0 — IR (2.4.32)
0= = dt o

Note that k is time independent and that the time derivative of R represents the
velocity, v,, of the receiver with respect to the transmitter. Hence, (2.4.32) can
be written

wo = @ — ‘”c”r — (1 — %) (2.4.33)

If the receiver is closing in, v, will be negative (negative slope of R), and
therefore the signal received will indicate a signal frequency higher than w. On
the other hand, it will show a lower frequency if R is increasing with time. It is
the Doppler frequency shift that is employed to design the Doppler radar.

Consider the simplified block diagram shown in Figure 2.8. A microwave
signal generated by the oscillator is split into two parts via a power divider. The
circulator feeds one part of this power to an antenna that illuminates a target
while a mixer uses the remaining fraction as its reference signal. Further, the
antenna intercepts a part of the signal that is scattered by an object. It is then
directed to the mixer through a circulator. The mixer output includes a difference
frequency signal that can be filtered out for further processing. Two inputs to
the mixer will have the same frequency if the target is stationary, and therefore
the Doppler shift 8w will be zero. On the other hand, the mixer output will have
Doppler frequency if the target is moving. Note that the signal travels twice over
the same distance, and therefore the Doppler frequency shift in this case will be
twice that found via (2.4.33). Mathematically,

0o = @ (1 - 2”’) (2.4.34)

c
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Circulator
0) LP
Oscillator P Power divider [—— < %
o
0]
A4
,
Mixer 0
dm
4
Amplifier
Display

Figure 2.8 Simplified block diagram of a Doppler radar.

and

2
dw = wbr

(2.4.35)

c

2.5 NOISE AND DISTORTION

Random movement of charges or charge carriers in an electronic device generates
currents and voltages that vary randomly with time. In other words, the amplitude
of these electrical signals cannot be predicted at any time. However, it can be
expressed in terms of probability density functions. These signals are termed
noise. For most applications it suffices to know the mean-square or root-mean-
square value. Since the square of the current or the voltage is proportional to the
power, mean-square noise voltage and current values are generally called noise
power. Further, noise power is normally a function of frequency and the power
per unit frequency (watts per hertz) is defined as the power spectral density of
noise. If the noise power is the same over the entire frequency band of interest,
it is called white noise. There are several mechanisms that can cause noise in an
electronic device. Some of these are as follows:

o Thermal noise. This is the most basic type of noise, which is caused by
thermal vibration of bound charges. Johnson studied this phenomenon in
1928, and Nyquist formulated an expression for spectral density around the
same time. Therefore, it is also known as Johnson noise or Nyquist noise.
In most electronic circuits, thermal noise dominates; therefore, it will be
described further because of its importance.

o Shot noise. This is due to random fluctuations of charge carriers that pass
through the potential barrier in an electronic device. For example, electrons
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emitted from the cathode of thermionic devices or charge carriers in Schottky
diodes produce a current that fluctuates about the average value /. The
mean-square current due to shot noise is generally given by

(i3,) = 2elB (2.5.1)

where e is electronic charge (1.602 x 107'°C) and B is the bandwidth
in hertz.

o Flicker noise. This occurs in solid-state devices and vacuum tubes operating
at low frequencies. Its magnitude decreases with an increase in frequency.
It is generally attributed to chaos in the dynamics of a system. Since the
flicker noise power varies inversely with frequency, it is often called 1/f
noise. Sometimes it is referred to as pink noise.

Thermal Noise

Consider a resistor R that is at a temperature of 7" Kelvin. Electrons in this resistor
are in random motion with a kinetic energy that is proportional to the temperature
T. These random motions produce small, random voltage fluctuations across its
terminals. This voltage has a zero average value but a nonzero mean-square value
(v2). Tt is given by Planck’s blackbody radiation law as

4hfRB

2y __
(vg) = (/) =1 (2.5.2)

where & is Planck’s constant (6.546 x 1073*J-s), k the Boltzmann constant
(1.38 x 10723 J/K), T the temperature in kelvin, B the system bandwidth in hertz,
and f the center frequency of the bandwidth in hertz.

For frequencies below 100 GHz, the product Af will be smaller than 6.546 x
10=23J and kT will be greater than 1.38 x 10722J if T stays above 10 K. There-
fore, kT will be larger than Af for such cases. Hence, the exponential term in
equation (2.5.2) can be approximated as follows:

exp(ﬂ)%lﬁ-ﬂ

kT kT
Therefore,
4hfRB
2y~ = 4BRkT 2.5.3
(v,) nf/kT ( )

This is known as the Rayleigh—Jeans approximation.

A Thévenin-equivalent circuit can replace the noisy resistor as shown in
Figure 2.9. As illustrated, it consists of a noise-equivalent voltage source in series
with a noise-free resistor. This source will supply a maximum power to a load
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Noise-free resistor

—

Noisy resistor

Figure 2.9 Noise-equivalent circuit of a resistor.

of resistance R. The power delivered to that load in a bandwidth B is found
as follows:

p :<ﬁ>
" 4R

—kTB (2.5.4)

Conversely, if an arbitrary white noise source with its driving point impedance
R delivers a noise power P; to a load R, it can be represented by a noisy resistor
of value R that is at temperature 7,. Hence,

T, = (2.5.5)

where T, is an equivalent temperature selected so that the same noise power is
delivered to the load.

Consider the noisy amplifier as shown in Figure 2.10. Its gain is G over the
bandwidth B. Let the amplifier be matched to the noiseless source and the load
resistors. If the source resistor is at a hypothetical temperature of 7, = 0K, the
power input to the amplifier P; will be zero and the output noise power P, will
only be due to noise generated by the amplifier. We can obtain the same noise
power at the output of an ideal noiseless amplifier by raising the temperature 7
of the source resistor to 7,:

P,
T, =
GkB

(2.5.6)

Hence, the output power in both cases is P, = GkT,B. The temperature 7, is
known as the equivalent noise temperature of the amplifier.

T =0K Noisy R P, Noiseless R
y R amplifier T,= GkB R amplifier

Figure 2.10 Noise-equivalent representation of an amplifier.
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Measurement of Noise Temperature by the Y -Factor Method

According to the definition, the noise temperature of an amplifier (or any other
two-port network) can be determined by setting the source resistance R at 0 K and
then measuring the output noise power. However, a temperature of 0 K cannot be
achieved in practice. We can circumvent this problem by repeating the experiment
at two different temperatures. This procedure is known as the Y-factor method.

Consider an amplifier with a power gain of G over a frequency band of B
hertz. Further, its equivalent noise temperature is 7,(K). The input port of the
amplifier is terminated by a matched resistor R while a matched power meter is
connected at its output, as illustrated in Figure 2.11. With R at temperature T},
the power meter measures the noise output as P;. Similarly, the noise power is
found to be P, when the temperature of R is set at 7. Hence,

P, = GkT,B + GkT,B
and

P, = GkT,B + GkT,B

For T, higher than T, the noise power P; will be larger than P,. Therefore,

Pl _Y_Th+Te
P, T.+T,
or
7= Y (2.5.7)
e — Y—l oJe

For T}, larger than T,, Y will be greater than unity. Further, measurement accuracy
is improved by selecting two temperature settings that are far apart. Therefore,
T, and T, represent hot and cold temperatures, respectively.

Example 2.9 An amplifier has a power gain of 10dB in the 500-MHz to 1.5-
GHz frequency band. The following data are obtained for this amplifier using the

Amplifier

T,
B R

Figure 2.11 Experimental setup for measurement of noise temperature.
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Y -factor method: At 7, = 290K, P, = —70dBm; at 7, = 77K, P, = —75dBm.
Determine its equivalent noise temperature. If this amplifier is used with a source
that has an equivalent noise temperature of 450K, find the output noise power
in dBm.

SOLUTION  Since P; and P, are given in dBm, the difference of these two
values will give Y in decibels. Hence,

Y =(P, — P,) dBm = (-70) — (—75) =5dB
or

Y = 10% =3.1623

Therefore,
_ 290 — (3.1623)(77)

T, =
3.1623 — 1

=21.51K

If a source with an equivalent noise temperature of 7y = 450 K drives the ampli-
fier, the noise power input to this will be k7, B. The total noise power at the
output of the amplifier will be
P, = GkT,B + GkT,B = 10 x 1.38 x 1072 x 10° x (450 + 21.51)
= 6.5068 x 107" W

Therefore,
P, = 1010g(6.5068 x 107%) = —71.8663 dBm

Noise Factor and Noise Figure

The noise factor of a two-port network is obtained by dividing the signal-to-noise
ratio at its input port by the signal-to-noise ratio at its output. Hence,

Si/Ni

noise factor, F =
So/No

where S;, N;, S,, and N, represent the power in input signal, input noise, output
signal, and output noise, respectively. If the two-port network is noise-free, the
signal-to-noise ratio at its output will be the same as its input, resulting in a noise
factor of unity. In reality, the network will add its own noise, while the input
signal and noise will be altered by the same factor (gain or loss). It will lower the
output signal/noise ratio, resulting in a higher noise factor. Therefore, the noise
factor of a two-port network is generally greater than unity. By definition, the
input noise power is assumed to be the noise power resulting from a matched
resistor at Ty = 290K (i.e., N; = kTyB). Using the circuit arrangement illustrated
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Ty=290K AR
Noisy two-port
network R
G BT,

P;=S,+N, P,=S,+N,

Figure 2.12 Circuit arrangement for determination of the noise factor of a noisy
two-port network.

in Figure 2.12, the noise factor of a noisy two-port network can be defined
as follows:

. total output noise in B when input source temperature is 290 K
noise factor =

output noise of source (only) at 290 K

or
_ kTOBG + Pint -1 Pint

- (2.5.8)
kToBG kToBG

where Pj,; represents the output noise power that is generated by the two-port
network internally. It can be expressed in terms of noise factor as follows:

P = k(F — )TyBG = kT,BG (2.5.9)

where T, is known as the equivalent noise temperature of a two-port network. It
is related to the noise factor as follows:

T, =(F — DTy (2.5.10)

When the noise factor is expressed in decibels, it is commonly called the noise
figure (NF). Hence,

NF = 10log,, F dB (2.5.11)

Example 2.10 The power gain of an amplifier is 20dB in the frequency band
10 to 12 GHz. If its noise figure is 3.5 dB, find the output noise power in dBm.

SOLUTION

Output noise power = kToBG + Py = FkToBG = N,
F =3.5dB = 10°% = 2.2387
G =20dB = 10> = 100

Therefore,

N, =2.2387 x 1.38 x 1072 x 290 x 2 x 10° x 100 = 1.7919 x 107° W
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or

N, = 10log,((1.7919 x 107°mW) dBm = —57.4669 dBm ~ —57.5dBm

Noise in Two-Port Networks

Consider the noisy two-port network shown in Figure 2.13(a). Yy = G, + jB; is
the source admittance connected at port 1 of the network. The noise it generates
is represented by the current source i; with a root-mean-square value of /. This
noisy two-port can be replaced by a noise-free network with a current source
i, and a voltage source v, connected at its input, as shown in Figure 2.13(b).
I, and V, represent the corresponding root-mean-square current and voltage of
the noise. It is assumed that the noise represented by i, is uncorrelated with that
represented by i, and v,. However, a part of i,,, i,,., is assumed to be correlated
with v, via the correlation admittance Y. = G, + j X, while the remaining part
i, 1s uncorrelated. Hence,

12 = (i?) = 4kTBG (2.5.12)
V? = (v?) = 4kTBR, (2.5.13)
and
I, = (i2) = 4kTBG,, (2.5.14)
I —» <« D
T Noisy
vy

I @) Yy Vi two-port
l network

(@)

Noise-free V.
I @\D Y, Vi L @) two-port :
network

(b)

Figure 2.13 Noisy two-port network (a) and its equivalent circuit (b).
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Now we find a Norton equivalent for the circuit that is connected at the input of
the noise-free two-port network shown in Figure 2.13(b). Since these are random

variables, the mean-square noise current < igq > is found as follows:

(i) = (2 + {lin + Yovu|?) = (i2) + (linu + ine + Ysval?)
= (i) + (linu + (Yo + Yo)v,|?)
or

(i2) = (i2) + (i2,) + |Ye + Y, [*(v2) (2.5.15)

Hence, the noise factor F is

(iag) (i) (v2) R
F=-0 _ Y.+ Y22 =1 Y+ Y P
@) + i) + Y, + Y] @) + G. + Y, + Y] G.
or
Gnu Rﬂ 2 2
Gy Gy
For a minimum noise factor, Fp,
oF 2 >, G 2
3G, =0= G, =G.+ R, =Gy (2.5.17)
and
oF
aX = O = XS = _XC = XOpt (2518)
From (2.5.17),
G = Ry(GY — G?) (2.5.19)

Substituting (2.5.18) and (2.5.19) into (2.5.16), the minimum noise factor is
found as
Foin=1+ 2fRn(Gopt + Gc) (2520)

Using (2.5.18) to (2.5.20), (2.5.16) can be expressed as

n

F=Fmin+G_s

1Y, — Yopl? (2.5.21)

Noise Figure of a Cascaded System

Consider a two-port network with gain G, noise factor F, and equivalent noise
temperature 7T,;. It is connected in cascade with another two-port network, as
shown in Figure 2.14(a). The second two-port network has gain G,, noise factor



NOISE AND DISTORTION 41

Ni N1 No
T—’ Gy, Fy, Ty > Gy Fy, Ty >
i
(@)
N; N,
T—’ GET, ———
i

(b)

Figure 2.14 Two networks connected in cascade (a) and its equivalent system (b).

F,, and noise temperature 7,,. Our goal is to find the noise factor F and equiv-
alent noise temperature 7, of the overall system illustrated in Figure 2.14(b).

Assume that the noise power input to the first two-port network is N;. Its
equivalent noise temperature is 7;. The output noise power of the first system is
Ny, whereas it is N, after the second system. Hence,

Ny =G kT;B + G kT, B (2.5.22)
and
Ny = GoN1 + GokTo B = GGk B(T; + To1 + T2/ G1)
= G2[G1kB(T; + T.1)] + G2kTo B
or

No = G1G2kB(T, + T;) = GkB(T, + T;) (2.5.23)
Therefore, the noise temperature of a cascaded system is

T
TezTel'f'Gil

and from 7,y = (Fy — DT;, T, = (F, — DT;, and T, = (F — 1)T;, we get

F,—1

1

F=F+

The equations for 7, and F above can be generalized as follows:

T. =T + TeZ + TeS + Te4 + (2 5 24)
TG T GGy, | GGGy o

and
Feppfzt Bl Rol (2.5.25)
' TG T GiG, ' G1GyGs "
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Example 2.11 A receiving antenna is connected to an amplifier through a trans-
mission line that has an attenuation of 2 dB. The gain of the amplifier is 15 dB, and
its noise temperature is 150 K over a bandwidth of 100 MHz. All the components
are at an ambient temperature of 300 K.

(a) Find the noise figure of this cascaded system.

(b) What would be the noise figure if the amplifier were placed before the
transmission line?

SOLUTION  First we need to determine the noise factor of the transmission line
alone. The formulas derived in the preceding section can then provide the noise
figures desired for the two cases. Consider a transmission line that is match-
terminated at both its ends by resistors Ry, as illustrated in Figure 2.15. Since
the entire system is in thermal equilibrium at 7'(K), noise powers delivered to
the transmission line and available at its output are k7B. Mathematically,

P, = kTB = GkTB + GN ,44ded
where N,qqeq 1S noise generated by the line as it appears at its input terminals.
G is an output-to-input power ratio and B is the bandwidth of the transmission

line. Note that input noise is attenuated in a lossy transmission line, but there is
noise generated by it as well. Hence,

1 1
Nadded = 5(1 — G)kTB = (E — 1) kTB = kT,B

An expression for the equivalent noise temperature 7, of the transmission line is
found from it as follows:

1
T€=<——1)T
G

F—l—I—Te—l—i— ! 1 T
- To G To

and

The gain of the amplifier, G,mp = 15dB = 10'-> = 31.6228. For the transmission
line, 1/G = 10%? = 1.5849. Hence, the noise factor of the line is 1 4 (1.5849 —
1)300/290 = 1.6051. The corresponding noise figure is 2.05dB. Similarly, the

kTB —»

T TR
R, G TRy

P,=kTB —»\
Ry

Figure 2.15 Lossy transmission line that is matched terminated at its ends.
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noise factor of the amplifier is found to be 1 + 150/290 = 1.5172. Its noise figure
is 1.81dB.

(a) In this case the noise figure of the cascaded system, F,scaded, 1S found as

F = Bt 2 Ly o5y 1 192 L 4o4s — 3846848
cascaded — {’line Grine = 1. 1/15849 = 2. = 3.

(b) If the amplifier is connected before the line (i.e., the amplifier is placed
right at the antenna),

F']ine -1 1.6051 — 1
Fcascaded = Famp + Tmp = 1.5172 + W = 1.5363 = 1.8649dB

Note that the amplifier alone has a noise figure of 1.81dB. Hence, the noisy
transmission line connected after it does not alter the noise figure significantly.

Example 2.12 Two amplifiers, each with a 20-dB gain, are connected in cascade
as shown in Figure 2.16. The noise figure of amplifier A; is 3 dB, while that of
A, is 5dB. Calculate the overall gain and noise figure for this arrangement. If the
order of two amplifiers is changed in the system, find its resulting noise figure.

SOLUTION The noise factors and gains of two amplifiers are

F,=3dB=10"%=2
F, =5dB = 10°° = 3.1623
G, =G, =20dB = 10*> = 100

Therefore, the overall gain and noise figure of the cascaded system is found
as follows:

P P3P
G=—=—x—=100 x 100 =10, 000 = 40dB
P P P
and
-1 3.1623 — 1
F=F + =2+ ——— =2.021623 =3.057dB
G, 100
P, | Py Py
|A1 |A2

Figure 2.16 Setup for Example 2.12.
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If the order of amplifiers is changed, the overall gain will stay the same. However,
the noise figure of the new arrangement will change as follows:

Fi—1

2

F=F+

2—-1
=3.1623 + Too — 3.1723 =5.013743 dB

Minimum Detectable Signal

Consider a receiver circuit with gain G over a bandwidth B. Assume that its
noise factor is F. P; and P, represent the signal power at its input and output
ports, respectively. N, is the input noise power and N, is the total noise power
at its output, as illustrated in Figure 2.17. Hence,

N, =kTyFBG (2.5.26)

This constitutes the noise floor of the receiver. A signal weaker than this will be
lost in noise. N, can be expressed in dBW as follows:

N,(dBW) = 10log,, kT, + F(dB) + 10log,, B + G(dB) (2.5.27)

The minimum detectable signal must have power higher than this. Generally, it
is taken as 3 dB above this noise floor. Further,

101og,o kTo = 101og,(1.38 x 107> x 290) ~ —204 dBW/Hz
Hence, the minimum detectable signal P,yps at the output is
P,mps = —201 + F(dB) + 10log,, By, + G(dB) (2.5.28)
The corresponding signal power Pjyps at its input is
Prvps (dBW) = —201 + F(dB) + 10log;, By, (2.5.29)
Alternatively, P;yps can be expressed in dBm as follows:

Pivps(dBm) = —111 + F(dB) + 101og,, By (2.5.30)

Receiver

Figure 2.17 Signals at the two ports of a receiver with a noise figure of F decibels.
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Example 2.13 The noise figure of a communication receiver is found as 10 dB
at room temperature (290 K). Determine the minimum detectable signal power if
(a) B=1MHz, (b) B =1GHz, (¢) B = 10GHz, and (d) B = 1kHz.

SOLUTION  From (2.5.30),

PIMDS =—111+ F(dB) + 1010g10 BMHZ dBm
Hence,

(@) Prvps = —111+ 10+ 10log;o(1) = —101dBm = 7.94 x 107! mW
(b) Prvps = —111 410 + 101log,,(10°) = =71 dBm = 7.94 x 108 mW
(©) Pivps = —111+ 10 + 101og,,(10*) = —61dBm = 7.94 x 10~" mW
(d) Prvps = —111 410+ 101log,,(1073) = —131dBm = 7.94 x 10~ 4 mW

These results show that the receiver can detect a relatively weak signal when its
bandwidth is narrow.

Intermodulation Distortion

The electrical noise of a system determines the minimum signal level that it
can detect. On the other hand, the signal will be distorted if its level is too
high. This occurs because of the nonlinear characteristics of electrical devices,
such as diodes, transistors, and so on. In this section we analyze the distortion
characteristics and introduce the associated terminology.

Consider the nonlinear system illustrated in Figure 2.18. Assume that its non-
linearity is frequency independent and can be represented by the following
power series:

vo = k1v; + kov? + k3v} + - - (2.5.31)

For simplicity, we assume that the k; are real and the first three terms of this
series are sufficient to represent its output signal. Further, it is assumed that
the input signal has two different frequency components that can be expressed
as follows:

v; = acoswit + bcos wyt (2.5.32)

Therefore, the corresponding output signal can be written as

v, & ky(acos wif 4+ bcos wat) + ky(a cos ot + b cos wat)?

+ k3(a cos w11 + b cos wyt)*

Nonlinear circuit

Figure 2.18 Nonlinear circuits with input signal v; that produces v, at its output.
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After simplifying and rearranging it, we get

2 b2
v, = ki (acoswt + bcoswyt) + k; [%(1 + cos2mwit) + ?(1 ~+ cos 2mwyt)

ab
+7{cos(w1 + wy)t + cos(w; — w2t)}:|
EX t+3b2 t+a3 3wt |
—a’ cos ® —ab* cos w — cos 3w
1 1 > 1 1 1

3 3
+ ‘—‘ab2 cos(w; — 2wy)f + Zazb cos(Qw; — wy)t

+ k3 s (2.5.33)

3 3
+ Eazb cos wyt + Zb3 cos wyt + T cos 3wyt

+ iazb cos(Qw; + wy)t + Aélab2 cos(wy + 2w»)t
Therefore, the output signal has several frequency components in its spectrum.
Amplitudes of various components are listed in Table 2.6.

Figure 2.19 illustrates the input—output characteristic of an amplifier. If the
input signal is too low, it may be submerged under the noise. The output power
rises linearly above the noise as the input is increased. However, it deviates from
the linear characteristic after a certain level of input power. In the linear region,
output power can be expressed in dBm as follows:

Pou(dBm) = Piy(dBm) + G(dB)

The input power for which output deviates by 1dB below its linear characteristic
is known as 1-dB compression point. In this figure, it occurs at an input power

P, (dBm)
o Noise level

I 1-dB
I<— Dynamic range ———» / compression
t
! > poin
' P
Piwps Py (dBm) ——————>"

Figure 2.19 Gain characteristics of an amplifier.
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TABLE 2.6 Amplitudes of Various Harmonics
in the Output

Harmonic Components Amplitude
kia +k 3 + 3
(€] 1a 3 4a 261
kib+k 3b3 + ) 2b
® - —a
2 1 3 2 )
ab
W] — Wy k27
ab
o + wy k27
2
a
20)1 k27
b2
2(1)2 sz
a3
30)1 k3Z
b3
30)2 kzZ
2 3k b
W] — -
1 2 2 3a
2 3k b?
w; — 2 -
1 2 2 3a
3 2
2(,01 =+ wy Zk3a b
3 2
w] + 2(,02 Zk3ab

of Pp(dBm) that produces an output of P,;(dBm). From the relation above, we
find that

P,1(dBm) + 1 = Pp(dBm) + G(dB)
or

Pp(dBm) = P,;(dBm) + 1 — G(dB) (2.5.34)

The difference between the input power at 1-dB compression point and the min-
imum detectable signal defines the dynamic range (DR). Hence,

DR = PD(dBIIl) — PIMDS
From (2.5.30) and (2.5.34), we find that

DR = P,;(dBm) + 112 — G(dB) — F(dB) — 101log,, By (2.5.35)
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Gain Compression

Nonlinear characteristics of the circuit (amplifier, mixer, etc.) compress its gain.
If there is only one input signal [i.e., b is zero in (2.5.32)], the amplitude a; of
cos wit in its output is found from Table 2.6 to be

a1 = kia + 3ksa’ (2.5.36)

The first term of a; represents the linear (ideal) case, while its second term results
from the nonlinearity. At the 1-dB compression point,

kla + %k303
kla
= —1 = —20log (1.122)

(kia + 3k3a’) |y = kralag — 1 — 201log

or
ki + 3kza? ki + 2ksa?
20log [ 2452 w1122 =0 2B 22—
k1 kl

Therefore,

k
ks = —0.145— (2.5.37)

a

This indicates that k3 is a negative constant for a positive k;, or vice versa.
Therefore, it tends to reduce a;, resulting in a lower gain. The single-tone gain
compression factor may be defined as follows:

3k
A1c=i=1+—3a2

2.5.38
k]ﬁl 4k] ( )

Let us now consider the case when both of the input signals are present in (2.5.32).
The amplitude of cos w7 in the output now becomes kja + k3 (243 + 2ab?). If
b is large compared with a, the term with k3 may dominate (undesired) over the
first (desired) one. Since k3 and k; have opposite signs, the desired output kja
may be blocked completely for a certain value of b.

Second Harmonic Distortion
Second harmonic distortion occurs due to k. If b is zero, the amplitude of the
2
L a . . .
second harmonic will be k; 5 ) Since power is proportional to the square of

the voltage, the desired term in the output can be expressed as

2
P, = 10log,, (ckl %) = 20log,ya + C (2.5.39)
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where ¢ is the proportionality constant and

k
C = 2010g€71

Similarly, power in the second harmonic component can be expressed as

2\ 2
Py = 101og, (gkz%) — 40log,ya + C; (2.5.40)

and the input power is
a\?2
Py = 10log,, <g5> = 20log,ya + C; (2.5.41)

Proportionality constants ¢ and k, are embedded in C, and Cs. From (2.5.39)—
(2.5.41) we find that

Py = Py + D (2.5.42)
and

P, =2Py+ D, (2.5.43)

where D; and D, replace C; — C3 and C, — 2C3, respectively. Equations (2.5.42)
and (2.5.43) indicate that both the fundamental and second harmonic signals in
the output are linearly related with input power. However, the second harmonic
power increases at twice the rate of the fundamental (the desired) component.

Intermodulation Distortion Ratio

From Table 2.6 we find that the cubic term produces intermodulation frequencies
2w & wy and 2w, + w;. If w; and w, are very close, 2w; + w; and 2w, + w;
will be far away from the desired signals, and therefore, these can be filtered out
easily. However, the other two terms, 2w; — w; and 2w, — w;, will be so close
to w; and w; that these components may be within the passband of the system.
It will distort the output. This characteristic of a nonlinear circuit is specified via
the intermodulation distortion. It is obtained after dividing the amplitude of one
of the intermodulation terms by the desired output signal. For an input signal
with both w; and w; (i.e., a two-tone input), the intermodulation distortion ratio
(IMR) may be found as

3 2
3ksa®h
sha'b 3k (2.5.44)

IMR = =
kla 4k1
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Intercept Point

Since power is proportional to the square of the voltage, the intermodulation
distortion power may be defined as

(hsa®s)’

> (2.5.45)

Pvp = ¢
where ¢ is the proportionality constant. If the two input signals are equal in
amplitude, a = b and the expression for intermodulation distortion power sim-
plifies to

31..3)2
(3ksa°)

5 (2.5.46)

Pwvp =g

Similarly, the power in one of the input signal components can be expressed as

(@)?
P = S

Therefore, the intermodulation distortion power can be expressed as
_ . p3
Pp = a Py,

where a is another constant.

The ratio of intermodulation distortion power (Ppp) to the desired output
power P, (P, = klzPin) for the case where two input signal amplitudes are the
same is known as the intermodulation distortion ratio. It is found to be

(2.5.47)

Note that Ppypp increases as the cube of input power and the desired signal power
P, is linearly related with P,. Hence, Ppp increases three times as fast as P,
on a log-log plot (or both of them are expressed in dBm before displaying on a
linear graph). In other words, for a change of 1 dBm in P, P, changes by 1 dBm,
whereas Ppp changes by 3dBm. The value of the input power for which Pyp
is equal to P, is referred to as the intercept point (IP). It is also referred to as
IIP; and the corresponding output power as OIP;. Hence, Ppyr is unity at the
intercept point. If Pip is input power at IP,

1
Pvr =1 =P} =0y = — (2.5.48)

1P

Therefore, the intermodulation distortion ratio Ppyr is related to Pp as

Pa\’
Pivr = <—> (2.5.49)
Pp
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Example 2.14 The intercept point in the transfer characteristic of a nonlinear
system is found to be at 25 dBm. If a —15-dBm signal is applied to this system,
find the intermodulation ratio.

SOLUTION

Pn\’
Py = (P_) — Ppvr(dB) = 2[ P, (dBm) — Pip(dBm)]
Ip

=2(—15—25) = —80dB

Dynamic Range

As mentioned earlier, noise at one end and distortion at the other limit the range
of detectable signals of a system. The amount of distortion that can be tolerated
depends somewhat on the type of application. If we set the upper limit that a
system can detect as the signal level at which intermodulation distortion is equal
to the minimum detectable signal, we can formulate an expression for its dynamic
range. Thus, the ratio of the signal power that causes distortion power (in one
frequency component) to be equal to the noise floor and the minimum detectable
signal is the dynamic range (DR) of the system (amplifier, mixer, or receiver). It
is also known as the spurious-free dynamic range (SFDR).
Since the ideal power output P, is linearly related to input as

P, = kiP, (2.5.50)

the distortion power with reference to input can be expressed as

P
Py = =30 (2.5.51)
k
1
Therefore, ,
P k2P Py P,
Pvg = —2 = 18— 4 <_) (2.5.52)
Po kl Pin Pin PIP
If Pgi = Ny (noise floor at the input),
Ny P ? 3 2 2 1/3
P_ = P_ = Pm = PIPNf = P, = (Plef) ‘ (2.5.53)
i P
and the dynamic range is
P2N /3 P\ 23
DR = % - (N_“’> (2.5.54)
f f

or

DR(dB) = 3[Pip(dBm) — N(dBm)] (2.5.55)
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Example 2.15 A receiver is operating at 900 MHz with its bandwidth at 500 kHz
and the noise figure at 8 dB. If its input impedance is 502 and IP is 10 dBm,
find its dynamic range.

SOLUTION

Ny =kTyBF = N;(dBm) = 10log,((1.38 x 107 x 290
x 500 x 10° x 10*) + 8
= —108.99 dBm

Therefore,
DR = %(10 + 108.99) = 79.32dB
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PROBLEMS

2.1. (a) What is the gain in decibels of an amplifier with a power gain of 4?
(b) What is the power gain ratio of a 5-dB amplifier?

(c) Express 2kW of power in terms of dBm and dBw.

2.2. The maximum radiation intensity of a 90% efficient antenna is 200 mW
per unit solid angle. Find the directivity and gain (dimensionless and in
dB) when (a) the input power is 407 milliwatts and (b) the radiated power
is 407 milliwatts.

2.3. The normalized far-zone field pattern of an antenna is given by

0 elsewhere

E:{,/sinecos?q) 0<O<mand0< ¢ < 7/2,31/2< < 2n

Find the directivity of this antenna.
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The radiation intensity pattern of an antenna is given by

U®. ¢)= 10sinfcos’d 0<O<mand 0 < d < 7/2,3n/2 < b <21
10 elsewhere

Find the directivity of this antenna.

For an X-band (8.2 to 12.4 GHz) rectangular antenna with aperture dimen-
sions of 5.5 and 7.4 cm, find its maximum effective aperture (in cm?) when
its gain is (a) 14.8dB at 8.2 GHz, (b) 16.5dB at 10.3 GHz, and (¢) 18.0dB
at 12.4 GHz.

Transmitting and receiving antennas operating at 1 GHz with gains of 20
and 15dB, respectively, are separated by a distance of 1km. Find the
maximum power delivered to the load when the input power is 150 W,
assuming that the antennas are polarization matched.

An antenna with a total loss resistance of 1€2 is connected to a generator
whose internal impedance is 50 + j25%2. Assuming that the peak voltage of
the generator is 2 V and the impedance of antenna is 74 4 j42.5%2, find the
power (a) supplied by the source (real power), (b) radiated by the antenna,
and (c) dissipated by the antenna.

The antenna connected to a radio receiver induces 9 WV of root-mean-
square voltage into its input impedance, which is 50 Q. Calculate the input
power in watts, dBm, and dBW. If the signal is amplified by 127 dB before
it is fed to an 8-Q2 speaker, find the output power.

The electric field radiated by a rectangular aperture, mounted on an infinite
ground plane with z perpendicular to the aperture, is given by

E = |6cos ¢ — hsindcosd] £(r, 0, b)

where f(r, 8, ¢) is a scalar function that describes the field variation of the
antenna. Assuming that the receiving antenna is linearly polarized along
the x-axis, find the polarization loss factor.

A radar receiver has a sensitivity of 1072 W. If the radar antenna’s effec-
tive aperture is 1 m? and the wavelength is 10cm, find the transmitter
power required to detect an object at a distance of 3 km with a radar cross
section of 5m?.

Two space vehicles are separated by 108 m. Each has an antenna with
D = 1000 operating at 2.5 GHz. If vehicle A’s receiver requires 1 pW for
a 20-dB signal-to-noise ratio, what transmitter power is required on vehicle
B to achieve this signal-to-noise ratio?

(a) Design an Earth-based radar system that receives 10~'> W of peak echo
power from Venus. It is to operate at 10 GHz with a single antenna to be
used for both transmitting and receiving. Specify the effective aperture
of the antenna and the peak transmitter power. Assume that the Earth to
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Venus distance is 3 light-minutes; the diameter of Venus is 13 x 10° m;
and the radar cross section of Venus is 15% of its physical cross section.

(b) If the system of part (a) is used to observe the moon, determine the
power received. Assume that the moon diameter is 3.5 x 10°m, its
radar cross section is 15% of the physical cross section, and the Earth-
to-moon distance is 1.2 light-seconds.

2.13. Consider an imaging satellite that sends close-up pictures of the planet
Neptune. It uses a 10-W transmitter operating at 18 GHz and a 2.5-m-
diameter parabolic dish antenna. What Earth-station system temperature
is required to provide a signal-to-noise ratio of 3dB for reception of a
picture with 3 x 10° pixels (picture elements) in 2 min if the Earth-station
antenna diameter is 75 m? Assume aperture efficiencies of 70% and the
Earth—Neptune distance as 4 light-hours. One pixel is equal to one bit,
and two bits per second has a bandwidth of 1 Hz.

2.14. A Doppler radar operating at 10 GHz employs an antenna with its gain
at 20dB. If the signal reflected back from a target is a uniform plane
wave with a power density of 1078 W/m? at the antenna, find the power
delivered to a matched receiver. Also, if this radar is intended to detect
target velocities ranging from 90 to 130 km/h, find the required passband
of the Doppler filter.

2.15. A satellite transmitter is 36,500 km away from the receiver. It radiates a
power of 10 W through an antenna of 19 dB gain toward the receiver. The
satellite operates at a frequency of 11.5 GHz. If the receiving antenna has
a gain of 60.5dB, find the received power in dBm.

2.16. Consider the WLAN receiver front end shown in Figure P2.16, in which
the bandpass filter has a bandwidth of 250 MHz centered at 5.4 GHz. If the
system is operating at room temperature (290 K), calculate (a) the overall
noise figure in decibels and (b) the minimum detectable signal in milli-
watts. (¢) Suggest if there is a better arrangement to increase the signal to
noise ratio at the output.

P, =-90 dBm —»| BPF P

out

G=-15dB
G=10dB G=15dB
F=2dB F=2dB

Figure P2.16

2.17. Various units of a 4-GHz receiver have the gains and noise temperatures
indicated in Figure P2.17.
(a) If the transmission line has a loss of 2dB and the system is at an
ambient temperature of 300K, find the noise figure (in decibels) of
this receiver.
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\1/ RF IF

. Mixer — . —
Transmission line amplifier amplifier
Trp=50K T, =500K Tip=1000 K
Ggrp=50dB G,=-10dB Gir=30dB

Figure P2.17

(b) Suggest a better receiver architecture (if it exists) that improves the
noise figure. Also, find the noise temperature of the new arrangement.

2.18. Two receivers for a design trade-off study are shown in Figure P2.18(a)

and (b).
Mi _
12—14 GHz /B{ IF amplifier IF amplifier
o X BPF — »2-4GHz
\TJF: 6 dB
G=-6dB F=2dB F=5dB F=2dB
10 GHz G=-2dB G=10dB G=15dB
LO
(@)
RE lifi Mixer - .
12-14 GHz ‘| amplh 1er/>-<\ - amplifier
| \{/ F=6dB 4’|>—’2*4GHZ
F=5dB G=-6dB F=2dB F=4dB
G=10dB IO?HZ G=-2dB G=15dB
LO

®
Figure P2.18

(a) Calculate the noise figure for the two systems.
(b) Calculate the overall gain for the two systems.
(c) Calculate the minimum detectable signal at the input for the two
systems.
(d) If the output power at the 1-dB compression point is 10 mW for both
systems, calculate the dynamic range for the two systems.
2.19. Calculate the input minimum detectable signal in milliwatts at room tem-

perature for a receiver with (a) BW = 1 GHz, F = 5dB and (b) BW =
100MHz, F = 10dB.

2.20. (a) What is the root-mean-square (rms) noise voltage produced in a 10-k2
resistance when its temperature is 45°C and the effective bandwidth is
100 MHz?
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(b) A 50-k€2 resistance is connected in parallel with the 10-kS2 resistance
of part (a). What is the resulting rms noise voltage?

2.21. The intercept point in the transfer characteristic of a nonlinear system is
found to be 33dBm. If a —18-dBm signal is applied to this system, find
the intermodulation ratio.

2.22. A receiver is operating at 2455 MHz with its bandwidth at 500 kHz and
the noise figure at 15 dB. If its input impedance is 50 €2 and IP is 18 dBm,
find its dynamic range.

2.23. An amplifier has a gain of 6dB. Its intermodulation ratio is found to be
—40dB at an input power level of —4 dBm. Calculate the values of its
input and output intercept points. What input signal level is needed if we
want an intermodulation ratio of —50dB?



TRANSMISSION LINES

Transmission lines are needed for connecting various circuit elements and sys-
tems. Open wire and coaxial lines are commonly used for circuits operating at
low frequencies. On the other hand, coaxial line, strip line, microstrip line, and
waveguides are employed at radio and microwave frequencies. Generally, low-
frequency signal characteristics are not affected as the signal propagates through
the line. However, radio frequency and microwave signals are affected signifi-
cantly because of the fact that the circuit size is comparable to the wavelength. A
comprehensive understanding of signal propagation requires the analysis of elec-
tromagnetic fields in a given line. On the other hand, a generalized formulation
can be obtained using circuit concepts on the basis of line parameters.

This chapter begins with an introduction to line parameters and a distributed
model of the transmission line. Solutions to the transmission line equation are then
constructed to explain the behavior of the propagating signal. This is followed
by discussions on sending-end impedance, reflection coefficient, return loss, and
insertion loss. A quarter-wave impedance transformer is also presented, along
with a few examples of matching resistive loads. Impedance measurement using
the voltage standing wave ratio is then discussed. Finally, the Smith chart is
introduced to facilitate graphical analysis and design of transmission line circuits.

3.1 DISTRIBUTED CIRCUIT ANALYSIS OF TRANSMISSION LINES

Any transmission line can be represented by a distributed electrical network
(Figure 3.1) comprised of series inductors and resistors and shunt capacitors and

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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R Az R Az R Az

G Az

Figure 3.1 Distributed network model of a transmission line.

resistors. These distributed elements are defined as follows:

L = inductance per unit length (H/m)
R = resistance per unit length (£2/m)
C = capacitance per unit length (F/m)

G = conductance per unit length (S/m)

L, R, C, and G, the line parameters, are determined theoretically by electro-
magnetic field analysis of a transmission line. These parameters are influenced
by their cross-section geometry and the electrical characteristics of their con-
stituents. For example, if a line is made up of an ideal dielectric and a perfect
conductor, its R and G values will be zero. If it is a coaxial cable with inner and
outer radii a and b, respectively, as shown in Figure 3.2, then

55.63¢,
C = pF/m (3.1.1)
In(b/a)
and
L =200In(b/a) nH/m (3.1.2)

Figure 3.2 Coaxial line geometry.
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where ¢, is the dielectric constant of the material between two coaxial conductors
of the line.

If the coaxial line has small losses due to an imperfect conductor and insulator,
its resistance and conductance parameters can be calculated as follows:

11 §
Rmo(—ju—) fon Q/m (3.1.3)
a b o

and
_ 0.3495¢, fou, tand
o In(b/a)

S/m (3.1.4)

where tand is the loss tangent of the dielectric material, ¢ the conductivity (in
S/m) of the conductors, and fgy, is the signal frequency in gigahertz.

Characteristic Impedance of a Transmission Line

Consider a transmission line that extends to infinity, as shown in Figure 3.3.
The voltages and currents at several points on the line are as indicated. When a
voltage is divided by the current through that point, the ratio is found to remain
constant. This ratio is called the characteristic impedance of the transmission
line. Mathematically,

characteristic impedance = Zy = V| /I, = Vo, /[, = V3/ 3 =--- =V, /I,

In actual electrical circuits, the length of the transmission lines is always finite.
Hence, it seems that the characteristic impedance has no significance in the real
world. However, that is not the case. When the line extends to infinity, an elec-
trical signal continues propagating in the forward direction without reflection. On
the other hand, it may be reflected back by the load that terminates a transmission
line of finite length. If one varies this termination, the strength of the reflected
signal changes. When the transmission line is terminated by a load impedance
that absorbs all the incident signal, the voltage source sees an infinite electrical
length. The voltage-to-current ratio at any point on this line is a constant equal

I 15 L I,
— — — —
I [ I |
Vi Va V3 Va b

Y

Figure 3.3 Infinitely long transmission line and voltage source.
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to the terminating impedance. In other words, there is a unique impedance for
every transmission line that does not produce an echo signal when the line is
terminated by it. The terminating impedance that does not produce an echo on
the line is equal to its characteristic impedance.

If

Z = R + joL = impedance per unit length
Y = G + joC = admittance per unit length

then using the definition of characteristic impedance and the distributed model
shown in Figure 3.1, we can write

_(Zo+Z A)(1/Y Az)

Zo =
Zo+Z Az +1/Y Az
Zo+Z Az
- = ZY(Zo+Z A7) = Z
1+Y Az(Zo+ Z A2) 0¥ (Zo )
For Az — 0,

Z [R+joL
Zo= |2 = |20k (3.1.5)
Y G+ joC

Some special cases are as follows:

1. For a dc signal, Zy 4 = v/R/G.
2. For ® — 00, oL > R and oC > G; therefore, Zyy—large) = +/L/C.
3. For a lossless line, R — 0 and G — 0; therefore, Zy = +/L/C.

Thus, a lossless semirigid coaxial line with 2a = 0.0361n., 26 = 0.1191n., and
an ¢, value of 2.1(Teflon-filled) will have C = 97.71 pF/m and L = 239.12 nH/m.
Its characteristic impedance will be 49.5 Q2. Since the conductivity of copper
is 5.8 x 107 S/m and the loss tangent of Teflon is 0.00015, Z =3.74 4+ j1.5 x
10° Q/m and Y = 0.092 + j613.92mS/m at 1 GHz. The corresponding charac-
teristic impedance is 49.5 — j0.058 2, which is very close to the approximate
value of 49.5 Q.

Example 3.1 Calculate the equivalent impedance and admittance of a 1-m-
long line that is operating at 1.6 GHz. The line parameters are L = 0.002 p H/m,
C =0.012pF/m, R = 0.015 2/m, and G = 0.1 mS/m. What is the characteristic
impedance of this line?

SOLUTION

Z =R+ joL =0.015+ j21 x 1.6 x 10° x 0.002 x 107° Q/m
=0.015 + j20.11 2/m
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Y =G+ joC = 0.0001 + j27 x 1.6 x 10° x 0.012 x 10712 S/m
= 0.1+ j0.1206 mS/m

z
Zy= \/; =337.02 4 j121.38 Q2

Transmission Line Equations

Consider the equivalent distributed circuit of a transmission line that is terminated
by a load impedance Z;, as shown in Figure 3.4. The line is excited by a voltage
source v(t) with its internal impedance Zg. We apply Kirchhoff’s voltage and
current laws over a small length, Az, of this line as follows: For the loop,

di(z, 1) .
v(z,1) =L Az a7 4+ R Az i(z,t) +v(z+ Az, 1)
o (z+ Az 1) — vz D) di(z, 1)
v(Z Z, v(Z, :—Ri(z,t)—L 1z,
Az ot

Under the limit Az — 0, the equation above reduces to

vz, 1)
dz

(3.1.6)

_ [R x i(z,1) +Lai(azt’ I)}

Similarly, at node A,

ov(z+ Az, t)

i(z,0) =i(z+ Az, 1)+ G Az v(z+ Az, 1) + C Az o7

or

iz+ Az 1) =iz, 1) _
Az B

9 Azt
[G xv(z+Az,t)+C¥}

v(z+Az D) jz+ Az 0
—

w(t)

Figure 3.4 Distributed circuit model of a transmission line.
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Again, under the limit Az — 0, it reduces to

di(z, 1) av(z, t)
— —Gu(z.t) = C
9z v 1) a1

(3.1.7)

Now, from equations (3.1.6) and (3.1.7), v(z, t) or i(z,t) can be eliminated to
formulate the following:

dv(z, 1) dv(z, 1) 92v(z, 1)
= — RGv(z,t)+ (RC + LG LC 3.1.8
9 v(z,t) + (RC + LG) o T o (3.1.8)
and
3%i(z, 1) di(z, 1) 3%i(z, 1)
= RGi(z,1) + (RC + LG LC 3.1.9
P i(z,1)+ (RC + LG) Fra o2 (3.1.9)

Some special cases are as follows:

1. For a lossless line, R and G will be zero, and these equations reduce to
well-known homogeneous scalar wave equations,

9%v(z, 1) d%v(z, 1)
e = Le T (3.1.10)
and
Pikn _ 00 G.1.11)
072 at? o

It is to be noted that the velocity of these waves is 1/+/LC.

2. If the source is sinusoidal with time (i.e., time-harmonic), we can switch
to phasor voltages and currents. In that case, equations (3.1.8) and (3.1.9)
can be simplified as follows:

2
VO _ 2vve) = vV (3.1.12)
dz
and
2
d "9 _ 2v10) =v1) (3.1.13)
dz

where V (z) and I(z) are phasor quantities; Z and Y are impedance per
unit length and admittance per unit length, respectively, as defined ear-
lier. y=+/ZY = a+ jp is known as the propagation constant of the
line. o and P are called the attenuation constant and the phase constant,
respectively. Equations (3.1.12) and (3.1.13) are referred to as homoge-
neous Helmholtz equations.
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Solution of Helmholtz Equations

Note that both differential equations have the same general format. Therefore,
we consider the solution to the following generic equation here. Expressions for
voltage and current on the line can be constructed on the basis of that.

’f@@)

T v /@=0 (3.1.14)

Assume that f(z) = Ce*?, where C and k are arbitrary constants. Substituting it
into (3.1.14), we find that k = +vy. Therefore, a complete solution to this equation
may be written as follows:

f@) =Cie™ + Cre?* (3.1.15)

where C;| and C, are integration constants that are evaluated through the bound-
ary conditions.

Hence, complete solutions to equations (3.1.12) and (3.1.13) can be written
as follows:

V(Z) = ‘/in67YZ + ‘/refeyZ (3116)
and

1(2) = line ¥ + Iere?® (3.1.17)
where Vi, Vier, Iin, and I¢ are integration constants that may be complex, in
general. These constants can be evaluated from the known values of voltages

and currents at two different locations on the transmission line. If we express the
first two of these constants in polar form as

Vin = vinej(b and Vref = vrefej(p
the line voltage, in time domain, can be evaluated as follows:

v(z, 1) = Re[V (2)e/™]
= Re[vine—(aﬂ'ﬁ)zejwr + Vrefe+(oc+jﬁ)zejwt]
or

v(z, 1) = vipe * cos(wt — Bz + d) + vrere T cos(wt + Bz + @) (3.1.18)

At this point, it is important to analyze and understand the behavior of each
term on the right-hand side of this equation. At a given time, the first term
changes sinusoidally with distance, z, while its amplitude decreases exponentially.
It is illustrated in Figure 3.5(a). On the other hand, the amplitude of the second
sinusoidal term increases exponentially. It is shown in Figure 3.5(b). Further, the
argument of the cosine function decreases with distance in the former case and



64 TRANSMISSION LINES

1.2 150.0
100.0

50.0

H@

0.0

-50.0

SRR - M
0.8 PRIV B BTSN B BT | ~100.0 oo v by o by v by ol

00 1.0 20 30 40 50 00 10 20 30 40 50
z z
(@) (b)

Figure 3.5 Behavior of two solutions to the Helmholtz equation with distance.

increases in the latter case. When a signal is propagating away from the source
along +z-axis, its phase should be delayed. Further, if it is propagating in a lossy
medium, its amplitude should decrease with distance z. Thus, the first term on
the right-hand side of equation (3.1.16) represents a wave traveling along the
+z-axis (an incident or outgoing wave). Similarly, the second term represents
a wave traveling in the opposite direction (a reflected or incoming wave). This
analysis is also applied to equation (3.1.17). Note that I,.s is reflected current that
will be 180° out of phase with incident current I;,. Hence,

Vin Vi
ef _ ZO

Ii Iref

and therefore equation (3.1.17) may be written as follows:

Vin — Vref
1) = —e™* — —e* 3.1.19
(2) 7€ 70 ¢ ( )

Incident and reflected waves change sinusoidally with both space and time. Time
duration over which the phase angle of a wave goes through a change of 360° (2w
radians) is known as its time period. The inverse of the time period in seconds
is the signal frequency in hertz. Similarly, the distance over which the phase
angle of the wave changes by 360° (27 radians) is known as its wavelength
(\). Therefore, the phase constant B is equal to 27 divided by the wavelength
in meters.

Phase and Group Velocities

The velocity with which the phase of a time-harmonic signal moves is known
as its phase velocity. In other words, if we tag a phase point of the sinusoidal
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wave and monitor its velocity, we obtain the phase velocity, v,, of this wave.
Mathematically,

; ®
"B
A transmission line has no dispersion if the phase velocity of a propagating
signal is independent of frequency. Hence, a graphical plot of w versus § will
be a straight line passing through the origin. This type of plot is called the
dispersion diagram of a transmission line. An information-carrying signal is
composed of many sinusoidal waves. If the line is dispersive, each of these
harmonics will travel at a different velocity. Therefore, the information will be
distorted at the receiving end. The velocity with which a group of waves travels
is called the group velocity, ve. It is equal to the slope of the dispersion curve of
the transmission line.

Consider two sinusoidal signals with angular frequencies w + 3w and ® — dw,
respectively. Assume that these waves of equal amplitudes are propagating in the
z-direction with corresponding phase constants p + 3f and f — 8. The resulting
wave can be found as follows:

fz, 1) = Re[Aej[(w+8w)t—(B+SB)z] 4 Aej[(w—ﬁw)t—(ﬂ—ﬁﬁ)z]]

= 2A cos(dwt — 3fz) cos(wt — Bz)

Hence, the resulting wave, f(z, ), is amplitude modulated. The envelope of this
signal moves with the group velocity,

dw
Vg = —
g BB
Example 3.2 A signal generator has an internal resistance of 50 €2 and an open-
circuit voltage v(t) = 3cos(2m x 10%) V. It is connected to a 75-Q lossless
transmission line that is 4 m long and terminated by a matched load at the other
end. If the signal propagation velocity on this line is 2.5 x 108 m/s, find the
instantaneous voltage and current at an arbitrary location on the line.

SOLUTION  Since the transmission line is terminated by a load that is equal to
its characteristic impedance, there will be no echo signal. Further, an equivalent
circuit at its input end may be drawn as shown in Figure 3.6. Using the voltage-
division rule and Ohm’s law, incident voltage and current can be determined
as follows:

75
50+75
3 £L0°
50+75

incident voltage at the input end, Vi,(z = 0) = 3/0°=1.8/0"V

incident current at the input end, [;,(z = 0) = =0.024 /0° A
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s0Q im . 50 Q
— 75 Q
3V.£0°
W0 750 [] 750
—_
Figure 3.6 Circuit arrangement for Example 3.2.
and

m_2nx108

B=—

= —— = 0.8 rad/m
v, 2.5 x 108

Therefore, V(z) = 1.8¢ 7782V and 1(z) = 0.024¢=7%872 A Hence,

v(z,1) = 1.8cos(2m x 10% — 0.87z) V and
i(z,t) =0.024 cos(2m x 1087 — 0.87tz) A
Example 3.3 The parameters of a transmission line are R =2 Q/m, G =0.5

mS/m, L = 8nH/m, and C = 0.23 pF/m. If the signal frequency is 1 GHz, cal-
culate its characteristic impedance (Zp) and the propagation constant (y).

SOLUTION
7 R+ joL 2+ 21 x 10° x 8 x 107 Q
""VG+joC | 0.5%x 1073+ j2m x 10° x 0.23 x 10-12
B 2 +j50.2655 o _\/ 50.31 /1.531tad
TV 05x 10734+ j1.4451 x 1037 V 15.29 x 10—+ £1.2377 rad

= 181.39Q /8.4° = 179.44 + j26.51 Q

and

vy =+ZY =/(50.31 £1.531rad) x (15.29 x 10—+ £1.2377 rad)
=0.2774 £79.31°m™' = 0.0514 + j0.2726 m~' = o + jB

Therefore, o = 0.0514 Np/m and p = 0.2726 rad/m.

Example 3.4 Two antennas are connected through a quarter-wavelength-long
lossless transmission line, as shown in Figure 3.7. However, the characteristic
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iX
Zn="7
0 A 80 + 35 Q
50Q
B |56+,28Q
i, (M4) N

> Z

Figure 3.7 Circuit arrangement for Example 3.4.

impedance of this line is unknown. The array is excited through a 50-Q2 line.
Antenna A has an impedance of 80 + ;35 2 and antenna B has 56 + j28 Q. Cur-
rents (peak values) through these antennas are found to be 1.5 Z0° and 1.5 £90° A,
respectively. Determine the characteristic impedance of the line connecting these
two antennas and the value of a reactance connected in series with antenna B.

SOLUTION Assume that Vi, and V. are the incident and reflected phasor volt-
ages, respectively, at antenna A. Therefore, the current, /4, through this antenna is

Vin =V, o o
IA = = 7 ref =15/0 A= ‘/in - Vref = ZOIA = Z()15 LO0°V
0

Since the connecting transmission line is a quarter-wavelength long, the incident
and reflected voltages across the transmission line at the location of B will be j Vi,
and — j Vi, respectively. Therefore, the total voltage, Vrgx, appearing across the
antenna B and the reactance jX combined will be equal to j(Vi, — V).

Viex = j(Vin — Viet) = jZola = j1.5Zo = 1.5Z¢ £90°
Also, Ohm’s law can be used to find this voltage as follows:
Vrex = (56 + j28 + jX)1.5 £90°

Therefore, X = —28 Q2 and Z; = 56 2. Note that the unknown characteristic
impedance is a real quantity because the transmission line is lossless.

3.2 SENDING-END IMPEDANCE

Consider a transmission line of length / and characteristic impedance Zy. It is
terminated by a load impedance Z;, as shown in Figure 3.8. Assume that the
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Iin -
Iref*—_
I::I Load
Z; Zy Z
" 14 int Vref L
z=0 R z=1

>

Figure 3.8 Transmission line terminated by a load impedance.

incident and reflected voltages at its input (z = 0) are Vj, and V., respectively.
The corresponding currents are represented by [, and lp.

If V(z) represents the total phasor voltage at point z on the line and /(z) is
the total current at that point,

V(z) = Vipe ™ Y* + Viepe?* (3.2.1)
and

1(2) = Iine™ ¥ + Ige* (3.2.2)
where Vi,, Vier, Iin, and I are incident voltage, reflected voltage, incident cur-
rent, and reflected current at z = 0, respectively.

Impedance at the input of this transmission line, Zj,, can be found after dividing
total voltage by the total current at z = 0. Thus,

_ V(z=0) . Vin + Veet _ Vin + Vet N ZOVin+Vref
I(Z = O) Lin + et Vin/ZO - Vref/ZO Vin — Vet

in
or
1+Vref/vin -7 1+F0

Z=7Zy— =
" 01 - Vref/vin 01 _FO

(3.2.3)

where 'y = pe/® is known as the input reflection coefficient. Further,

14Ty é=7in=1+ro

Zin="7
T, Zo 1—-T,

where Zj, is called the normalized input impedance. Similarly, voltage and current
at z =/ are related through load impedance as follows:

_ Viz=1) _ Vineiy] + ‘/refe+yl
h I(Z = l) B Iineiyl + Irefe+yl
Vine ™" 4 Vet eV 4 TyetV

0 — £0
Vinefyl _ Vrefeerl efyl _ 1"0€+yl

L
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Therefore,

— eV 4 Tpe” Zr—1
Zr=S T 0 py = ZLT (3.2.4)
el —Tyety ZL + 1

and equation (3.2.3) can be written as follows:

— 1+ Z =D/ + DI Zi(+e ) + (1= e
NN (Z - )/ ZL A Ve Zp(1 — e ) 4 (1 4 2

since
l—e 2 etV _ ¢V sinhyl
= = = tanh yl
1+e 2 etvl 4 evl  coshyl
= Z; + tanhyl
" 1+ 7Z, tanhyl
or

Z; + Zytanhyl

Iiw=2Zp————
" OZO + Z; tanhyl

(3.2.5)

For a lossless line, y = o 4+ j = jf, and therefore tanh y/ = tanh jB/ = j tanpI.
Hence, equation (3.2.5) simplifies as follows:

ZL —{—jZotanBl

Zip = Zob 120
" OZO—}—jZLtanBl

(3.2.6)

It is to be noted from this equation that Z;, repeats periodically every one-half
wavelength on the transmission line. In other words, the input impedance on a
lossless transmission line will be the same at points d 4+ n\/2, where n is an
integer, due to the fact that

and
27d 2
tanpl =tan| — *£nmw | = tan —
N A

Some special cases are as follows:

1. Z; =0 (i.e., a lossless line is short circuited) = Z;, = jZ,tanpl.

2. Zp = oo (i.e., a lossless line has an open circuit at the load) = Z;, =
—jZycotfl.

3. [ = N4, and therefore Bl = /2 = Z;, = Z%/ZL.
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According to the first two cases, a lossless line can be used to synthesize an
arbitrary reactance. The third case indicates that a quarter-wavelength-long line
of suitable characteristic impedance can be used to transform a load impedance
Z; to a new value of Zj,. This type of transmission line, called an impedance
transformer, is useful in impedance-matching applications. Further, this equation
can be rearranged as follows:

= 1

=_—=?
Z,

in

Hence, normalized impedance at a point a quarter-wavelength away from the
load is equal to the normalized load admittance.

Example 3.5 A transmission line of length d and characteristic impedance Z
acts as an impedance transformer to match a 150-2 load to a 300-2 line (see
Figure 3.9). If the signal wavelength is 1 m, find (a) d, (b) Z;, and (c) the reflec-
tion coefficient at the load.

SOLUTION
(@ d=7\4—->d=025m
(b) Zo = ZinZ1i — Zo = (150 x 300)1/2 = 212.132 Q
Z,—1 Z,—Zy 150—212.132
Z,+1  Zi+Zy 150+4212.132

) Iy = —0.1716

Example 3.6 Design a quarter-wavelength transformer to match a 20-<2 load to
the 45-Q2 line at 3 GHz. If this transformer is made from a Teflon-filled (¢, = 2.1)
coaxial line, calculate its length (in centimeters). Also, determine the diameter of
its inner conductor if the inner diameter of the outer conductor is 0.5 cm. Assume
that the impedance transformer is lossless.

SOLUTION
Zo=ZinZy =45 x20 =30 Q
and
L 200 x 107° b
Zo=,= = In— = 30
C 55.63 x¢ x 10712 " ¢g
d
le »
300 Q

Z
0 [E 150 Q

Figure 3.9 Circuit arrangement for Example 3.5.
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Therefore,
b 30
In— = =0.7251
a  41.3762
and
b 2b s 2b 0.5
a 2a 2.0649 ~ 2.0649
Phase constant § = w+/LC:
2 1
b="" o - = 2 VLC = f x /200 x 55.63 x & x 102!
A N 27
=3 x 10° x 107'° x +/200 x 55.63 x 2.1 x 0.1
=14.5011m™!

Therefore, » = 0.06896m and d = »/4 = 0.01724m = 1.724 cm.

Example 3.7 Design a quarter-wavelength microstrip impedance transformer to
match a patch antenna of 80 2 with a 50-2 line. The system is to be fabricated
on a 1.6-mm-thick substrate (g, = 2.3) that operates at 2 GHz (see Figure 3.10).

SOLUTION The characteristic impedance of the microstrip line impedance
transformer must be

Zo=+ZnZ, = 63.2456 Q2
Design formulas for microstrip line are given in Appendix 2. Assume that the

strip thickness ¢ is less than 0.096 mm and that the dispersion is negligible for
the time being at the operating frequency.

63.2456 (2.3 +1\"* 23-1 0.11

60 2 23+ 1
2
g 0" 1730
63.2456+/2.3
Zy Zy Z

le d »
! !

Figure 3.10 Circuit arrangement for Example 3.7.
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Since A < 1.52,

w

2
= {61739—1 —In(2 x 6.1739 — 1)
h =

223 61739 — 1) + 039 — 2O
tox23 | ™ 23

2% 3.2446

T

=2.0656 = w = 3.3 mm

At this point, we can check if the dispersion in the line is really negligible. For
that, we determine the effective dielectric constant as follows:

w h —1/2 12 —1/2
F(—) —(1+122 (14— = 0.383216
h < + w) < +2.0656)

Assuming that 1/ h = 0.005,

2341 231 e 23— 0005 o
g = x 0. - X =1 ~ 1.
2 2 46 /2.0656
and
4he =1 2
FovE T {05+[1+2xlog<1+ h)] }:0.213712
0
() =2 v V19| =1.909192
eelf) (1 Fax P13 T+

Since ¢,( f) is very close to ., dispersion in the line can be neglected. Therefore,

3x 108 ) 10.8821

= —— m = 10.8821 cm = length of line = =2.72cm
2 x10% x /1.9

Reflection Coefficient, Return Loss, and Insertion Loss

The voltage reflection coefficient is defined as the ratio of reflected to inci-
dent phasor voltages at a location in the circuit. In the case of a transmis-
sion line terminated by load Z;, the voltage reflection coefficient is given by
equation (3.2.4). Hence,

Viet _ Zy — 2y e_zyz

I = =
Vin ZL+ZO

= o1 6 e —2(a+jp) __ pLe—Z(xle—j(Qﬁl—e) (327)
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Figure 3.11 Reflection coefficient on (a) a lossy and (b) a lossless transmission line.

where pre/® = (Z; — Zo)/(Z1 + Zy) is called the load reflection coefficient.
Equation (3.2.7) indicates that the magnitude of reflection coefficient decreases
by a factor of e~>* as the observation point moves away from the load. Further,
its phase angle changes by —2f/. A polar (magnitude and phase) plot of it will
look like a spiral, as shown in Figure 3.11(a). However, the magnitude of reflec-
tion coefficient will not change if the line is lossless. Therefore, the reflection
coefficient point will be moving clockwise on a circle of radius equal to its mag-
nitude as the line length is increased. As illustrated in Figure 3.11 (), it makes
one complete revolution for each half-wavelength distance away from the load
(because —2p\/2 = —2m).

Similarly, the current reflection coefficient, T, is defined as a ratio of reflected
to incident signal-current phasors. It is related to the voltage reflection coefficient
as follows:

Tret _ _Vref/ZO

ro=-f_ 220 _p
Ii Vin/ZO

The return loss of a device is defined as the ratio of reflected power to incident
power at its input. Since the power is proportional to the square of the voltage
at that point, it may be found as

reflected power
return loss = ——— =
incident power

Generally, it is expressed in decibels as follows:
return loss = 201log,, p dB (3.2.8)

The insertion loss of a device is defined as the ratio of power transmitted
(power available at the output port) to that of the power incident at its input.
Since the power transmitted is equal to the difference of the incident and reflected
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powers for a lossless device, the insertion loss can be expressed as follows:

insertion lossof a lossless device = 101log;,(1 — 0%) dB 3.2.9)

Low-Loss Transmission Lines

Most practical transmission lines possess a very small loss of propagating sig-
nal. Therefore, expressions for the propagation constant and the characteristic
impedance can be approximated for such lines as follows:

y=~vZY = /(R + joL)(G + joC) = \/—szc <1 + i) (1 + i)

JjoL joC

For R <« wL and G « wC, a first-order approximation is

e w14 ) 5

Jj2wL j2wC

G
~ jovLC (1 +— —>

j2oL  j2wC
Therefore,
! R ¢ +G L Np/ (3.2.10)
o — — — m 2.
2\ T TPV P
and
B~ wvLC rad/m (3.2.11)
R+ joL /L 172 1. G iz
G+ joC C ]u)L joC
Hence,

L R G L R G
Zo~, =14+ —— 1— - ~ =1+ —— - ——
C j2wL j2wC C j2wL  j2wC

L I (R G
-/t [1 + oo (_ _ E)] (3.2.12)

Thus, the attenuation constant of a low-loss line is independent of frequency, while
its phase constant is linear, as in the case of a lossless line. However, the fre-
quency dependency of its characteristic impedance is of concern to communication
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engineers, because it will distort the signal. If RC = G L, the frequency-dependent
term will go to zero. This type of low-loss line is called a distortionless line. Hence,

y=+vZY = /(R + joL)(G + joC)

. C . RC
= (R+ J(DL)\/; =+ jp (G = T) (3.2.13)

Example 3.8 A signal propagating through a 50-Q distortionless transmission
line attenuates at the rate of 0.01 dB/m. If this line has a capacitance of 100 pF/m,
find (a) R, (b) L, (¢) G, and (d) v,,.

SOLUTION Since the line is distortionless,

L
Zo=,/= =50
c

a = 0.01dB/m ~ 0.01/8.69 Np/m = 1.15 x 10~ Np/m

and

Hence,

(@) R=ayL/C =1.15x 1073 x 50 = 0.057 Q/ m

(b) L =CZ2=10""x 50> H/m = 0.25 pH/m

(c) G = RC/L = R/Z} = 0.057/50> S/m = 22.8.S/ m
(d) v, =1/+/LC =2 x 108 m/s

Experimental Determination of Characteristic Impedance and Propagation
Constant of a Transmission Line

A transmission line of length d is kept open at one end, and the impedance at
its other end is measured using an impedance bridge. Assume that it is Z,.. The
process is repeated after placing a short circuit at its open end, and this impedance
is recorded as Zg.. Using equation (3.2.5), one can write

Zoc = Zgcothyd (3.2.14)
and
Zs. = Zytanhyd (3.2.15)
Therefore,
Zo =~ ZocLs (3.2.16)
and
tanh yd = Zs: =y= 1 tanh ™! Zse (3.2.17)

ZOC d ZOC
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These two equations can be solved to determine Z, and y. The following identity
can be used to facilitate the evaluation of the propagation constant:

1 14+2Z
tanh™' Z = = In +
2 1-Z

The following examples illustrate this procedure.

Example 3.9 Impedance at one end of the transmission line is measured to be
Zin = 30+ j60 <2 using an impedance bridge, while its other end is terminated
by a load Z,. The experiment is repeated twice, with the load replaced first by
a short circuit and then by an open circuit. These data are recorded as j53.1 2
and — j48.3 2, respectively. Find the characteristic resistance of this line and the
load impedance.

SOLUTION

Zo=/Zs X Zoe =/ j53.1 x (—j48.3) = 50.6432Q

ZL+jZOtanBl ZL+ZSC
Zin = Zo . = 40 .
Zo+ jZ tan Pl Zo+ jZ tan Pl
_ ZO ZL + Zsc
~ jtanBl Z; + Zo/(j tanBl)
Therefore,
Z Z Z — Z;
Zin = Zocg = ZL = Zocu
ZL + Zoc Zin - Zoc
153.1 — (30 + j60
7, = —jag3 x 2231 = B0+ j60)
30 4 j60 — (—j48.3)
Therefore,

Zp = 11.6343 + j6.3Q

Example 3.10 Measurements are made on a 1.5-m-long transmission line using
an impedance bridge. After short-circuiting at one of its ends, impedance at the
other end is found to be j103 Q2. Repeating the experiment with the short circuit
now replaced by an open circuit gives —j54.6 Q. Determine the propagation
constant and the characteristic impedance of this line.

SOLUTION

Zo = ZocZse = \/—j54.6 x j103 = 74.99 ~ 75 Q

j103
—j54.3

tanh 1.5y = = j1.8969 = 1.5y = tanh~' j1.8969
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' 1+ j1.8969

=-n-————-—-—
21— ;1.8969
1 14 1.8969 1 1 4

1.5y = —1n+1,7=—1n(1 /21713 rad) = = In(e/>'7"3) = j1.08565
2 1—/1.8969 2 2

and y = j0.7238m™!.

Example 3.11 A 10-m-long 50-Q2 lossless transmission line is terminated by
a load, Z; = 100 + j50 <. It is driven by a signal generator that has an open-
circuit voltage V; at 100 Z0° V and source impedance Z; at 50 2. The propagating
signal has a phase velocity of 200 m/i.S at 26 MHz. Determine the impedance at
its input end and the phasor voltages at both its ends (see Figure 3.12).

SOLUTION
Z, + jZotanpl 27 % 26 x 10
Zin = OH_J_—M and B = W _ e XX IV 0.8168 rad/m
Zo+ jZp tanBl v, 200 x 10°
100 + 750 + 750 tan(8.168
_ 50100+ /50 + /50@n@®168) - _ 5 o100 /0,181 rad

50 + j (100 + j50) tan(8.168)
=19.21 4 j3.529

The equivalent circuits at its input and at the load can be drawn as in Figure 3.13.

. Vs 100 x 19.5278 £0.181rad
Voltage at the input end, V4 = Zin = -
Zs + Ziy 50 4+ 19.21 + j3.52

10 m T

‘

Figure 3.12 Circuit arrangement for Example 3.11.

Z Vya Zmy

Figure 3.13 Equivalent circuits at the two ends of the transmission line shown in
Figure 3.12.
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or

1952.78 £0.181rad

= =28.1788 V £0.1302rad = 28.1788 V /7.46°
69.2995 £0.0508 rad

A

For determining voltage at the load, a Thévenin equivalent circuit can be used
as follows:

Zs+ jZytan Bl .

Ith=2p————— =7 Ly =72y =50Q
e+ jZtanpl ( 0 )

and

Vi = (Vm + Vref)at o.c. — (2 X Vin)at o.c. — 100V /—8.168rad
Therefore,

Vin 100 /—8.168rad .
V. = L= - x (100 + j50) V

Ztw+ Z;, 50 4+ 100 4 j50

or

Vi, =70.71V £—8.0261rad = 70.71 V £L—459.86° = 70.71V £—99.86°
Alternatively,
V(@) = Vine % + Viere ™ = Vi (7% + Te/™)

where Vi, is incident voltage at z = 0 and I" is the input reflection coefficient.

Vip =50V 20°
and 19.21 + j3.52 — 50
_ D= 02T OY ) 4470 12,9769 rad

19.21 + j3.52 + 50

Hence,
Vi = V(z=10m) = 50(e /3168 4 0.4472¢/ 2-9769+8.168)
=50 x 1.4142V /—1.743 rad

or

V, =70.7117V £—99.8664°

Example 3.12 Two identical signal generators are connected in parallel through
a quarter-wavelength-long lossless 50-€2 transmission line (Figure 3.14). Each of
these generators has an open-circuit voltage of 12 Z0°V and a source impedance



SENDING-END IMPEDANCE 79

Z,=50Q Z,=50Q

50Q 50Q
10Q
<A> 12 V£0° QS) 12 V£0°

i: M4 :i: M4 :i

Figure 3.14 Circuit arrangement for Example 3.12.

of 50 Q2. It drives a 10-Q2 load through another quarter-wavelength-long similar
transmission line. Determine the power dissipated by the load.

SOLUTION The signal generator connected at the left (source A) and the
quarter-wavelength-long line connecting it can be replaced by a Thévenin equiv-
alent voltage source of 12V/—90° with its internal resistance at 50 2. This
voltage source can be combined with the 12 Z0°V (source B) already there,
which also has an internal resistance of 50 Q2. The resulting source will have
a Thévenin voltage of 6 — j6V = 64/2V /—45° and an internal resistance of
25Q (i.e., two 50-KQ2 resistances connected in parallel). The load will transform
to 50 x 50/10 = 250 €2 at the location of source B. Therefore, a simplified circuit
can be drawn as in Figure 3.15.
The voltage across 250 2 will be equal to

6— j6
275V

250 x

= 6072/11 L—45°V

Thus, the dissipated power, P;, can be calculated as follows:

60% x 2
Pj=——— =0.119008 W = 119.008 mW
112 x 2 x 250
25Q
6V2 V£-45° 250 Q

Figure 3.15 Simplification of the circuit shown in Figure 3.14.
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3.3 STANDING WAVE AND STANDING WAVE RATIO
Consider a lossless transmission line that is terminated by a load impedance Z;,
as shown in Figure 3.16. Incident and reflected voltage phasors at its input (i.e.,
at z = 0) are assumed to be Vi, and Vi, respectively. Therefore, total voltage
V(z) can be expressed as follows:

V(z) = Vine_jBZ + Vrefe-hjBZ

Alternatively, V(x) can be written as

V(x) = Vie ¥ 4 Ve /B = v (7B 4 Te/BY)

or
V(x) = Vi[etPr 4 pe/ Br=9)] (3.3.1)
where v
= pejd) -
&

V., and V_ represent incident and reflected wave voltage phasors, respectively,
at the load point (i.e., at x = 0).

Let us first consider two extreme conditions at the load. In one case, the
transmission line has an open circuit, whereas in the other, it has a short-circuit
termination. Therefore, the magnitude of the reflection coefficient, p, is unity in
both cases. However, the phase angle, ¢, is zero for the former case and m for
the latter. Phasor diagrams for these two cases are depicted in Figure 3.17(a)
and (b), respectively. As distance x from the load increases, the phasor e/f*
rotates counterclockwise because of the increase in its phase angle fx. On the
other hand, the phasor e ~/#* rotates clockwise by the same amount. Therefore, the
phase angle of the resulting voltage, V (x), remains constant with space coordinate
x while its magnitude varies sinusoidally between £2V, . Since the phase angle
of the resulting signal V(x) does not change with distance, it does not represent

Vi, — —V

]

|—>Z X4—|

Figure 3.16 Lossless transmission line with termination.




STANDING WAVE AND STANDING WAVE RATIO 81

///ﬂ -
el , :

a -
V(x) > < V()C) .
V—Bx \ IPBr-m) /

B ‘ T —Px olBx

\\\,f  pr

(a) ®)
Figure 3.17 Phasor diagrams of line voltage with (a) open-circuit and (b) short-circuit
termination.

a propagating wave. Note that there are two waves propagating on this line in
opposite directions. However, the resulting signal represents a standing wave.

When the terminating load is of an arbitrary value that is different from the
characteristic impedance of the line, there are still two waves propagating in
opposite directions. The interference pattern of these two signals is stationary
with time. Assuming that V. is unity, a phasor diagram for this case is drawn
as shown in Figure 3.18. The magnitude of the resulting signal, V (x), can be
determined using the law of parallelograms as follows:

[V ()l = [V4I[1 + 0* + 2pcos(2px — ¢)]'/2 (3.3.2)

B

Bx

peiBr=0)

/am—m

Figure 3.18 Phasor diagram of line voltage with arbitrary termination.
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The reflection coefficient, I'(x), can be expressed as

Ve B esn
Hence, the magnitude of this standing wave changes with location on the
transmission line. Since x appears only in the argument of cosine function, the
voltage magnitude has an extreme value whenever this argument is an integer
multiple of . It has a maximum whenever the reflected wave is in phase with
the incident signal, which requires that the following condition be satisfied:

2Bx — ¢ = £2nm, n=0,1,2,... (3.3.4)

On the other hand, V (x) has a minimum value where the reflected and incident
signals are out of phase. Hence, x satisfies the following condition at a minimum
of the interference pattern:

28x — ¢ =£C2m + D, m=0,1,2,... (3.3.5)
Further, these extreme values of the standing waves are

IV () max = [V [(1 + p) (3.3.6)

and
[V () |min = V4 [(1 — p) (3.3.7)

The ratio of maximum to minimum values of voltage V (x) is called the voltage
standing wave ratio (VSWR). Therefore,

[V (%) |max _ I+0p
|V (X) | min I—p

Since 0 < p < 1 for a passive load, the minimum value of the VSWR will be
unity (for a matched load) while its maximum value can be infinity (for total
reflection, with a short circuit or an open circuit as the load).

Assume that there is a voltage minimum at x; from the load, and if one keeps
moving toward the source, the next minimum occurs at x;. In other words, there
are two consecutive minimums at x; and x, with x, > x;. Hence,

2(Bx1 — ¢) = 2m; + D

VSWR = § =

(3.3.8)

and
2Bx2— ) =[2(m1 + D + 1]
Subtracting the former equation from the latter, one finds that
13

2B(X2—X1)=27T:>X2—x1=5

where x, — x; is the separation between the two consecutive minimums.
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Similarly, it can be proved that two consecutive maximums are a half-wave-
length apart and also that separation between the consecutive maximum and
minimum is a quarter-wavelength. This information can be used to measure the
wavelength of a propagating signal. In practice, the location of a minimum is
preferred over that of a maximum. This is because minimums are sharper in
comparison with maximums, as illustrated in Figure 3.19. Further, a short (or
open) circuit must be used as the load for the best measurement accuracy.

Measurement of Impedance

Impedance of a one-port microwave device can be determined from measurement
on the standing wave at its input. Those required parameters are the VSWR and
the location of the first minimum (or maximum) from the load. A slotted line
that is equipped with a detector probe is connected before the load to facilitate
measurement. Since the output of a detector is proportional to power, the square
root of the ratio is taken to find the VSWR. Since it may not be possible in
most cases to probe up to the input terminals of the load, the location of the
first minimum is determined as follows. An arbitrary minimum is located on the
slotted line with unknown load. The load is then replaced by a short circuit. As
a result, there is a shift in minimum, as shown in Figure 3.19. The shift of the
original minimum away from the generator is equal to the location of the first
minimum from the load.

Since the reflected voltage is out of phase with that of the incident signal
at the minimum of the standing wave pattern, a relation between the reflection

coefficient, I'j = —p, and the impedance Z; at this point may be written as
Z -1
F] =—p==
Z+1

2.0

Magnitude of V(x)
= &

<
n

Figure 3.19 Standing wave pattern on a lossless transmission line.
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where Z, is the normalized impedance at the location of the first minimum of
the voltage standing wave. Since

1 S—1
1—p S+1

and therefore, -
S—-1 ZzZi -1 = 1

- - Z 7
S+1  Z,+1

This normalized impedance is equal to the input impedance of a line that is
terminated by load Z; and has a length of d;. Hence,

— 1 Z,+ jtanpd — 1 — jStanpd
7y =L Zutjtnpd o 1 jStnpd
S 1+ jZptanBd, S — j tan Bd,;

Similarly, the reflected voltage is in phase with the incident signal at the
maximum of the standing wave. Assume that the first maximum is located at a
distance d, from the unknown load and that the impedance at this point is Z;.

One can write _
Zy— 1 S—1 —
= =——=7,=S

== 227" _
2 1 T s+

and

— Z, — jtanPd,
ZL =
1 — jZ,tanBd,

Since the maximum and minimum are measured on a lossless line that feeds
the unknown load, magnitude of the reflection coefficient p does not change at
different points on the line.

Example 3.13 A load impedance of 73 — j42.5Q terminates a transmission
line of characteristic impedance 50 4 j0.01 2. Determine its reflection coefficient
and the voltage standing wave ratio.

SOLUTION
ro Zy—Zy 73— j42.5— (50 + jO.01)
T Zi+2Zy 73— j42.5+ (504 j0.01)
23— j4251 483332 /—1.0749rad
123 — j42.49  130.1322 /—0.3326rad
=0.3714 /—0.7423rad = 0.3714 /—42.53°
and l4+p 1403714
VSWR = — P — 2t 01817

l1—p 1-03714
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Note that this line is lossy, and therefore the reflection coefficient and VSWR
will change with distance from the load.

Example 3.14 A 100-Q2 transmission line is terminated by the load Z;. Mea-
surements indicate that it has a VSWR of 2.4 and the standing wave minimums
are 100cm apart. The scale reading at one of these minimums is found to be
275 cm. When the load is replaced by a short circuit, the minimum moves away
from the generator to a point where the scale shows 235cm. Find the signal
wavelength and the load impedance.

SOLUTION ' Since the minimums are 100 cm apart, the signal wavelength \ =
2 x 100 =200cm = 2m, B = wrad/m, and d; = 275 — 235 = 40 cm. Hence,
— 1 — j2.4tan(0.47)

Z; = - =1.65—0.9618
2.4 — jtan(0.4m)

or

Z, = 165 — j96.18 Q2

3.4 SMITH CHART

Normalized impedance at a point in the circuit is related to its reflection coeffi-

cient as 14T 14T, 4T
7Z=R+jX= - r ) (3.4.1)
I—-T 1-T, - T,

where I', and I'; represent real and imaginary parts of the reflection coeffi-
cient, while R and X are real and imaginary parts of the normalized impedance,
respectively. This complex equation can be split into two, after equating real and
imaginary components on its two sides. Hence,

(- s) #vi= ()
r, — — | +I7 = — 34.2)
1+R 1+R
1\? 1\?
(T, — D>+ (F,- — §) = (§> (3.4.3)

These two equations represent a family of circles on the complex I'-plane. The
circle in (3.4.2) has its center at (R/(1 4+ R), 0) and a radius of 1/(1 4+ R). For
R =0 it is centered at the origin with unity radius. As R increases, the center
of the constant-resistance circle moves on a positive real axis and its radius
decreases. When R = oo, the radius reduces to zero and the center of the circle
moves to (1,0). These plots are shown in Figure 3.20. Note that for passive
impedance, 0 < R < oo and —00 < X < +o0.

Similarly, (3.4.3) represents a circle that is centered at (1, 1/ X) with a radius
of 1/X. For X = 0, its center lies at (1,00) with an infinite radius. Hence, it is a

and
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straight line along the I',.-axis. As X increases on the positive side (i.e., 0 < X <
00), the center of the circle moves toward point (1,0) along a vertical line defined
by I', = 1, and its radius becomes smaller and smaller in size. For X = o0, it
becomes a point that is located at (1,0). Similar characteristics are observed for
0 > X > —o0. As shown in Figure 3.20, a graphical representation of these two
equations for all possible normalized resistance and reactance values is known
as the Smith chart. Thus, a normalized impedance point on the Smith chart
represents the corresponding reflection coefficient in polar coordinates on the
complex I"-plane. According to (3.2.7), the magnitude of the reflection coefficient
on a lossless transmission line remains constant as p; while its phase angle
decreases as —2f/. Hence, it represents a circle of radius p,. As one moves away
from the load (i.e., toward the generator), the reflection coefficient point moves
clockwise on this circle. Since the reflection coefficient repeats periodically at
every half-wavelength, the circumference of the circle is equal to A\/2. For a given
reflection coefficient, normalized impedance may be found using the impedance
scale of the Smith chart. Further, R in (3.4.1) is equal to the VSWR for ', > 0
and I'; = 0. On the other hand, it equals the inverse of VSWR for I', < 0 and
I'; = 0. Hence, R values on the positive I',-axis also represent the VSWR.

Constant R or (1,1)
G circles

0°

_ 0
Constant X or
B arcs

Figure 3.20 Smith chart.
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Since admittance represents the inverse of impedance, we can write

Hence, a similar analysis can be performed with the normalized admittance
instead of impedance. It results in the same kind of chart except that the normal-
ized conductance circles replace normalized resistance circles, while the normal-
ized susceptance arcs replace normalized reactance.

Normalized resistance (or conductance) of each circle is indicated on the I,
-axis of the Smith chart. Normalized positive reactance (or susceptance) arcs are
shown on the upper half, while negative reactance (or susceptance) arcs are seen
in the lower half. The Smith chart in conjunction with equation (3.2.7) facilitates
the analysis and design of transmission line circuits.

Example 3.15 A load impedance of 50 4+ j100 €2 terminates a lossless, quarter-
wavelength-long transmission line. If characteristic impedance of the line is 50 €2,
find the impedance at its input end, the load reflection coefficient, and the VSWR
on this transmission line.

SOLUTION This problem can be solved using equations (3.2.6), (3.2.7), and
(3.3.8) or the Smith chart. Let us try it both ways.

21 A 0w o
Bl="—x—-===90
~ 42
5 _ g ZitjZotanpl _ 5030 +/100) + 750tan(90°)
0+ jZitanpl 50 + j(50 + j100) tan(90°)
or
750 2500 .
in =50~ N = ; =10—]ZOQ
j(50 4+ j100) ~ 50 + j100
p_Zi—% _50+j100-50  j100 _ 100 £90°
 Ziy4+Zy 5047100450 100+ 7100 100 x /2 /45°
=0.7071 /45°

I+l 1407071  1.7071

1—-|I' 1-0.7071  0.2929

= 5.8283

To solve this problem graphically using the Smith chart, normalized load impe-
dance is determined as follows:

— Z 50 100
7 _L=+7J=

— 142
Zo 50 +J

L=

This point is located on the Smith chart as shown in Figure 3.21. A circle that
passes through 1+ j2 is then drawn with point 1 + jO as its center. Since the
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Figure 3.21 Solution to Example 3.15 using a Smith chart.

radius of the Smith chart represents unity magnitude, the radius of this circle
is equal to the magnitude of the reflection coefficient p,. In other words, the
normalized radius of this circle (i.e., the radius of this circle divided by the
radius of the Smith chart) is equal to p.. Note that a clockwise movement on
this circle corresponds to a movement away from the load on the transmission
line. Hence, a point d meters away from the load is located at —28d on the chart.
Therefore, the input port of the line that is a quarter-wavelength away from the
load (i.e., d = N4) can be located on this circle after moving by —m to a point
at 0.438\ on the “wavelengths toward generator” scale. Thus, from the Smith
chart, VSWR = 5.8, I'; = 0.71 £45°, and Zj, = 0.2 — j0.4:

Zin = 50(0.2 — j0.4) = 10 — j20

Example 3.16 A lossless 75-C2 transmission line is terminated by an impedance
of 150 4+ j150 2. Using the Smith chart, find (a) 'y, (b) VSWR, (¢) Z;, at a
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distance of 0.375\ from the load, (d) the shortest length of the line for which
impedance is purely resistive, and (e) the value of this resistance.

SOLUTION _
— _ 1504150 _

L 75 2+ 7] 2
After locating this normalized impedance point on the Smith chart, the constant
VSWR circle is drawn as shown in Figure 3.22.

(a) The magnitude of the reflection coefficient is equal to the radius of the
VSWR circle (with the radius of the Smith chart as unity). The angle made by
the radial line that connects the load impedance point with the center of the chart
is equal to the phase angle of reflection coefficient. Hence,

I, =0.62 £30°
0. o
) - 2
3 ") g . S
R J\O - o\ Oy J
e AN A 0
SETEON \X %
SL X, :
AFQYEN / >
5 ;?Q T 2 N
ST T
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=1Z ; gl i
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R
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o N :
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W) _'lI\ /
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Figure 3.22 Solution to Example 3.16 using a Smith chart.
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(b) VSWR is found to be 4.25 from the scale reading for the point where
the circle intersects the +I', axis.

(¢) For d = 0.375\, —2Bd = —4.7124rad = —270° (clockwise from the
load). This point is located after moving on the VSWR circle by 0.375\ from the
load (at 0.084\ on the “wavelengths toward generator” scale). The corresponding
normalized impedance is found to be 0.3 + j0.54. Therefore,

Zin(I = 0.375N) =75(0.3 4+ j0.54) = 22.5 4 j40.5Q

(d) While moving clockwise from the load point, the VSWR circle crosses
the I',-axis for the first time at 0.25\. The imaginary part of impedance is zero
at this intersection point. Therefore, d = (0.25 — 0.208) A = 0.042). Normalized
impedance at this point is 4.25. The next point on the transmission line where
the impedance is purely real occurs a quarter-wavelength from it (i.e., 0.292\
from load). Normalized impedance at this point is 0.23.

(e) The normalized resistance and VSWR are the same at this point. Therefore,

R =75x%x4.25=318.75Q

Example 3.17 A lossless 100-£2 transmission line is terminated by an impedance
of 100 + ;100 Q2 as illustrated in Figure 3.23. Find the location of the first Vi,
the first Viuin, and the VSWR if the operating wavelength is 5 cm.

SOLUTION
— _ 100+ 100 _

As shown in Figure 3.24, this point is located on the Smith chart and the VSWR
circle is drawn. From the chart, VSWR = 2.6. The scale reading on the “wave-
lengths toward generator” is 0.162\ at the load point. When one moves away
from this point clockwise (toward generator) on this VSWR circle, the voltage
maximum is found first at 0.25\ and then a minimum at 0.5\. If the first voltage
maximum iS at dy,x from the load, dp,x = (0.25 — 0.162)\ = 0.088\ = 0.44cm

Zy=100 Q Z; =100+ ;100 Q

Figure 3.23 Circuit arrangement for Example 3.17.
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Figure 3.24 Solution to Example 3.17 using a Smith chart.

from the load. The first minimum is a quarter-wavelength away from the point
of voltage maximum. Hence, dp,i, = (0.5 — 0.162)A = 0.338\ = 1.69 cm.

Example 3.18 A 150-Q load terminates a 75-Q2 line. Find the impedance at
points 2.15\ and 3.75\ from the termination:

— 150

L=75 =2
SOLUTION As illustrated in Figure 3.25, this point is located on the Smith
chart and the VSWR circle is drawn. Note that the VSWR on this line is 2 and
the load reflection coefficient is about 0.33 Z0°. As one moves on the transmis-
sion line toward the generator, the phase angle of reflection coefficient changes
by —2Pd, where d is the distance away from the load. Hence, one revolution
around the VSWR circle is completed for every half-wavelength. Therefore, the
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Figure 3.25 Solution to Example 3.18 using a Smith chart.

normalized impedance will be 2 at every integer multiple of a half-wavelength
from the load. It will be true for a point located at 2 as well as at 3.5\. For the
remaining 0.15X\, the impedance point is located on the VSWR circle at 0.40\
(i.e., 0.25 4 0.15) on the “wavelengths toward generator” scale. Similarly, the
point corresponding to 3.75\ from the load is found at 0.5\. From the Smith
chart, the normalized impedance at 2.15\ is 0.68 — j0.48, while it is 0.5 at
3.75\. Therefore,

impedance at 2.15\, Z; = (0.68 — j0.48) x 75 =51 — j36 Q2
and
impedance at 3.75\, Z, = (0.5) x 75 =37.5Q.
Example 3.19 A lossless 100-Q2 transmission line is terminated by an admit-

tance of 0.0025 — j0.0025S. Find the impedance at a point 3.15\ away from
the load and the VSWR on this line.
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SOLUTION v
Y.=-2=Y, x Zy=025—j0.25

Yy
As before, this normalized admittance point is located on the Smith chart and
the VSWR circle is drawn. It is shown in Figure 3.26. There are two choices
available at this point. The given normalized load admittance is converted to
corresponding impedance by moving to a point on the diametrically opposite
side of the VSWR circle. It shows a normalized load impedance as 2 + j2.
Moving from this point by 3.15\ toward the generator, the normalized impedance
is found as 0.55 — j1.08. Alternatively, we can first move from the normalized
admittance point by 3.15\ toward the generator to a normalized admittance point
0.37 4 j0.75. This is then converted to normalized impedance by moving to the
diametric opposite point on the VSWR circle. Thus, the normalized impedance
at a point 3.15\ away from the load is 0.55 — j1.08. The impedance at this point
is 100 x (0.55 — j1.08) = 55 — j108 2, and the VSWR is approximately 4.3.

0.7
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Figure 3.26 Solution to Example 3.19 using a Smith chart.
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Example 3.20 An experiment is performed using the circuit illustrated in Figure
3.27. First, a load Z; is connected at the end of a 100-Q2 transmission line and
its VSWR is found to be 2. After that, the detector probe is placed at one of
the minimums on the line. It is found that this minimum shifts toward the load
by 15cm when the load is replaced by a short circuit. Further, two consecutive
minimums are found to be 50 cm apart. Determine the load impedance.

5

v,O

Zp=100Q ZL

Figure 3.27 Circuit arrangement for Example 3.20.

Figure 3.28 Solution to Example 3.20 using a Smith chart.
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SOLUTION  Since the separation between consecutive minimums is 50 cm, the
signal wavelength on the line is 100 cm. Therefore, the first minimum of the
standing wave pattern occurs at 0.15\ from the load. Since the VSWR on the
line is measured as 2, this circle is drawn on the Smith chart as illustrated in
Figure 3.28. As explained in the preceding section, a minimum in a voltage
standing wave occurs when the phase angle of the reflection coefficient is 180°.
It is located on the Smith chart at a point where the VSWR circle intersects the
—I', axis. From this point we move toward the load by 0.15\ (i.e., counterclock-
wise) to locate the normalized load impedance point. It is found to be 1 —;0.7.
Therefore,
Z; =100 x (1 — j0.7) = 100 — j70 L
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PROBLEMS

3.1. A lossless semirigid coaxial line has its inner and outer conductor radii as
1.325 and 4.16 mm, respectively. Find the line parameters, characteristic
impedance, and the propagation constant for a signal frequency of 500 MHz
(e, =2.1).

3.2. Calculate the magnitude of the characteristic impedance and the propa-
gation constant for a coaxial line at 2 GHz. Assume that b =3cm, a =
0.5cm, and € = gy (2.56 — j0.005).

3.3. A certain telephone line has the following electrical parameters: R = 40 2/
mile, L = 1.1 mH/mile, G &~ 0, and C = 0.062 jLF/mile. Loading coils are
added which provide an additional inductance of 30 mH/mile as well as an
additional resistance of 8 €2/mile. Obtain the attenuation constant and phase
velocities at frequencies of 300 Hz and 3.3 kHz.

3.4. A given transmission line has the following parameters: Zy = 600 £—6° €,
o =2.0x 10> dB/m, v, = 2.97 x 108 m/s, and f = 1.0kHz. Write phasor
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3.5.

3.6.

3.7.

3.8.

3.9.
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V(z) and [(z) and the corresponding instantaneous values for a wave travel-
ing in the z-direction if the maximum value of the current wave at z = 0 is
0.3 mA and it has a maximum positive value with respect to time at = 0.

A 100 + j200-€2 load is connected to a 75-Q2 transmission line that is 1 m
long. If signal wavelength on the line is 8 m, find the input impedance and
the signal frequency. Assume that the phase velocity is 70% of the speed
of light in free space.

A 30-km-long transmission line is terminated by a 100 + j200-2 load. A
sinusoidal source with output voltage v(¢) = 15 cos(80007¢) V and internal
resistance 75 €2 is connected at its other end. The characteristic impedance
of the line is 75 and the phase velocity of the signal is 2.5 x 108 m/s.
Find the total voltage across its input end and the load.

A 2.5-m-long transmission line is short-circuited at one end and the impe-
dance at its other end is found to be j5 2. When the short is replaced by
an open circuit, the impedance at the other end changes to —;j500 2. A
1.9-MHz sinusoidal source is used in this experiment, and the transmission
line is less than a quarter-wavelength long. Determine the characteristic
impedance of the line and phase velocity of the signal.

A lossless 75-€2 transmission line is connected between the load impedance
of 37.5 — j15 and a signal generator with internal impedance of 75 2.
Find (a) the reflection coefficient at 0.15\ from the load, (b) the VSWR
on the line, and (c¢) the input impedance at 1.3\ from the load.

Two antennas are connected through a quarter-wavelength-long lossless
transmission line, as shown in the Figure P3.9. However, the characteristic
impedance of this line is unknown. The array is excited through a 50-2 line.
Antenna A has an impedance of 80 — j80 2 and antenna B, 75 — j55 Q.
The peak voltage across antenna A is found to be 113.14 /—45° V and the
peak current through antenna B is 1.0 /90° A. Determine the characteristic
impedance of the line connecting the two antennas and the value of a
reactance connected in series with antenna B.

T

jX=1

Figure P3.9
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3.11.

3.12.

3.13.

3.14.

3.15.

3.16.
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Measurements are made on a 1-m-long coaxial line (with negligible loss)
using an impedance bridge that operates at 100 MHz. First, one of its
ends is short-circuited and the impedance at the other end is measured as
—j86.6025 Q2. Repeating the measurements with an open circuit in place of
a short circuit shows an impedance of j28.8675 2. Find the characteristic
impedance of the line and the propagation constant. If the coaxial line is
Teflon filled (¢, = 2.1) and the inner diameter of its outer conductor is
0.066 cm, determine the diameter of its inner conductor.

A lossless 75-Q transmission line is terminated by a load impedance of
150 + j150 Q2. Find the shortest length of line that results in (a) Z;, =
75— j120Q, (b) Z;, =75 — j75%, and (¢) Z;, = 17.6 Q.

The open- and short-circuit impedances measured at the input terminals of
a lossless transmission line of length 1.5 m, which is less than a quarter-
wavelength, are —j54.6 2 and ;103 €2, respectively.

(a) Find the characteristic impedance Z; and propagation constant y of
the line.

(b) Without changing the operating frequency, find the input impedance of
a short-circuited line that is twice the given length.

(c¢) How long should the short-circuited line be for it to appear as an open
circuit at the input terminals?

At a frequency of 100 MHz, the following values are appropriate for a cer-
tain transmission line: L = 0.25 wH/m, C = 80 pF/m, R = 0.15 @/m, and
G = 8 uS/m. Calculate (a) the propagation constant, y = o + jf, (b) the
signal wavelength, (c) the phase velocity, and (d) the characteristic impe-
dance.

The open- and short-circuit impedances measured at the input terminals
of a 3-m-long (i.e., greater than a quarter-wavelength but less than one-
half wavelength) lossless transmission line are j24.2 Q2 and —;j232.4Q,
respectively.

(a) Find the characteristic impedance and propagation constant of this line.

(b) How long should the open-circuited line be for it to appear as a short
circuit at the input terminals?

A 2.25\-long lossless transmission line with its characteristic impedance
at 75 Q is terminated by a 300-2 load. It is energized at the other port by a
signal generator that has an open-circuit voltage of 20V (peak value) and
internal impedance of 75 €.

(a) Find the impedance at the input end of the line.
(b) Determine the total voltage across the load.
A 22.5-m-long lossless transmission line with Zy = 50 €2 is short-circuited

at one end, and a voltage source vg = 20 cos(4m x 10 —30°) V is con-
nected at its input terminals, as shown in Figure P3.16. If the source
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3.17.

3.18.

3.19.

3.20.
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impedance is 50 2 and the phase velocity on the line is 1.8 x 10% m/s,
find the total currents at its input and through the short circuit.

I
50 Q

50 Q

A

22.5m >

Figure P3.16

A 15-cm-long lossless transmission line with Zy = 75 is open at one
end, and a voltage source vy = 10 cos(2m x 10°t — 45°) V is connected at
its other end, as shown in Figure P3.17. The source impedance is 75 2 and
the phase velocity on the line is 2 x 10® m/s. Compute the total voltage
and current at its input as well as at its open end.

|
75 Q

75Q

A4

l‘ 15 cm

Figure P3.17

Determine the characteristic impedance and the phase velocity of a 25-
cm-long loss-free transmission line from the following experimental data:
Zse. = —j90R2, Zo.. = j402, and f = 300 MHz. Assume that Bl is less
than 7 radians.

A lossless line is terminated in a load resistance of 50 €2. Calculate the two
possible values of characteristic impedance Z; if one-fourth of the incident
voltage wave is reflected back.

Measurements on a 0.6-m-long lossless coaxial cable at 100 kHz show a
capacitance of 54 pF when the cable is open-circuited and an inductance of
0.3 wH when it is short-circuited. Determine the characteristic impedance
of the line and the phase velocity of this signal on the line. (Assume that
the line length is less than a quarter-wavelength.)
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For the reflection coefficients and characteristic impedances given, find the
reflecting impedance in each case: (a) I' = 0.7 /30°, Zo =50; (b) I =
0.9 £-35° Zy=1009; (¢) T =0.1 —j0.2, Zy=50; (d) T =0.5—
JjO, Zy = 600 .

A 75-Q line lossless line is terminated by a load impedance Z; = 100 +
j150 Q. Using a Smith chart, determine (a) the load reflection coefficient,
(b) the VSWR, (c¢) the load admittance, (d) Z;, at 0.4%\ from the load,
(e) the location of Vi, and Vi, with respect to the load if the line is 0.6\
long, and (f) Z;, at the input end.

A lossless 50-€2 line is terminated by a 25 — j60-2 load. Find (a) the reflec-
tion coefficient at the load, (b) the VSWR on the line, (¢) the impedance at
3.85\ from the load, (d) the shortest length of the line for which impedance
is purely resistive, and (e) the value of this resistance.

An antenna of input impedance Z; = 75 4 j150  at 2 MHz is connected
to a transmitter through a 100-m-long section of coaxial line, which has
the following distributed constants: R = 153 Q/km, L = 1.4mH/km, G =
0.8 wS/km, and C = 0.088 pF/km. Determine the characteristic impedance,
the propagation constant, and the impedance at the input end of this
line.

A lossless 50-€2 transmission line is terminated in 25 + j50 2. Find (a) the
voltage reflection coefficient, (b) the impedance at 0.3\ from the load,
(c) the shortest length of the line for which impedance is purely resistive,
and (d) the value of this resistance.

A uniform transmission line has constants R = 15m/m, L = 2 wH/m,
G =1.2pS/m, and C = 1.1 nF/m. The line is 1km long and it is termi-
nated in a resistive load of 80 2. At 8 kHz, find (a) the input impedance,
(b) the attenuation in decibels, and (¢) the characteristic impedance.

A 50-Q2 lossless line is terminated by a load impedance Z; = 50 + j100 2.
Using a Smith chart, determine (a) the load reflection coefficient, (b) the
VSWR, (c¢) the load admittance, (d) Z;, at 0.4\ from the load, (e) the
location of Vi« and Vi, with respect to load if the line is 0.6\ long, and
(f) Zi, at the input end.

A 50-€2 lossless line is terminated by a load admittance Y, = 100 + j150S.
Using a Smith chart, determine (a) the load reflection coefficient, (b) the
VSWR, (c) the load admittance, (d) Z;, at 0.4\ from the load, (e) the
locations of Vi, and Vi, with respect to load if the line is 0.6\ long, and
(f) Z;, at the input end.

Design a quarter-wavelength stripline impedance transformer to match a
150-2 load with a 75-Q2 line. The ground plane separation is 2.6 mm,
and the dielectric constant of the filling material is 3.1. It operates at
2 GHz.
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3.31.

3.32.

3.33.

3.34.

3.35.
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Design a quarter-wavelength microstrip impedance transformer to match a
250-€2 load with a 50-2 line. The system is to be fabricated on a 1.6-mm-
thick substrate (¢, = 2.3) that operates at 2 GHz.

A microwave transmitter is fabricated on a GaAs substrate. An antenna
used in the system offers a resistive load of 40 Q2. The electronic circuit
has an output impedance of 1kS2. Design a microstrip A4 impedance
transformer to match the system. The operating frequency is 4 GHz and the
substrate thickness is 0.05 mm. The ¢, value of the GaAs substrate is 12.3.

A microstrip line is designed on a 0.1-mm-thick GaAs substrate (g, = 14).
The strip thickness is 0.0001 mm and its width is 0.01 mm. Compute (a) the
characteristic impedance and (b) the effective dielectric constant.

For the transmission line shown in Figure 3.33, find (a) the reflection coef-
ficient (I';,) at the input end, (b) the VSWR on the line, and (c) the input
admittance (Yj,).

Zy=50Q |::| 200 —;50 Q
a=0

< 0.3 =i

Figure P3.33

A lossless transmission line has a characteristic impedance of 50 2 and is
terminated with an unknown load. The standing wave ratio on the line is
3.0. Successive voltage minimums are 20 cm apart, and the first minimum
is 5cm from the load.

(a) Determine the value of terminating load.

(b) Find the position and value of a reactance that might be added in series

with the line at some point to eliminate reflections of waves incident
from the source end.

A lossless 100-2 transmission line is terminated with an unknown load.
The standing wave ratio on the line is 2.5. Successive voltage minima are
15 cm apart, and the first maximum is 7.5 cm from the load.

(a) Determine the value of terminating load.

(b) Find the position closest to the load and value of a reactance that
might be added in series with the line to eliminate reflections of waves
incident from the source end.
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A lossless transmission line has a characteristic impedance of 50 2 and is

terminated with an unknown load. The standing wave ratio on the line is

3.0. Successive voltage minimums are 2 cm apart, and the first minimum

is 0.5cm from the load.

(a) Determine the admittance of terminating load.

(b) Find the shortest length of the line from the load for which the admit-
tance is purely conductive.

(¢) Determine the value of this conductance in siemens.

(d) Find the shortest length of the line from the load for which the impe-
dance is purely resistive.

(e) Determine the value of this resistance in ohms.

A lossless 50-Q2 line is connected to a load as shown in Figure P3.37.
The input reflection coefficient I'y, at 1.45)\ from the load is found at
0.3 /—60°. Find (a) the load impedance in ohms, (b) the VSWR, (¢) the
shortest length of the line from the load for which the impedance is purely
resistive, and (d) the value of this resistance in ohms.

I, =03 £-60° —»

}47 1450 @——p

Figure P3.37

A lossless 100-€2 transmission line is terminated in a 50 + j150-€2 load.
Find (a) the reflection coefficient at the load, (b) the VSWR, and (¢) Z;,
(z =0.35)\).

A lossless 50-Q transmission line is terminated by a 25 — j50-Q load.
Find (a) 'z, (b) the VSWR, (¢) Z;, at 2.35\ from the load, (d) the shortest
length of the line where impedance is purely resistive, and (e) the value of
this resistance.

For the transmission line circuit shown in Figure P3.40, find (a) the load
reflection coefficient, (b) the impedance seen by the generator, (c) the
VSWR on the transmission line, and (d) the fraction of the input power
delivered to the load.
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Figure P3.40

3.41. For the transmission line circuit shown in Figure P3.41, find the required
value of Z; that will match the 20-Q2 load resistance to the generator. The
generator internal resistance is 60 2. Find the VSWR on the transmission
line. Is the load resistance matched to the transmission line?

@D “ 9209

e p=mn —

Figure P3.41

3.42. Use a Smith chart to find the following for the transmission line circuit
shown in Figure P3.42: (a) the reflection coefficient at the load, (b) the
reflection coefficient at the input, (c) the VSWR on the line, and (d) the
input impedance.

50Q [] 35-j20Q

< 0.122 »|

Figure P3.42

3.43. A lossless 40-Q2 line is terminated in a 20-2 load. Find the shortest line
length that results in (a) Z;j, =40 — j28 Q and (b) Z;, =48 + j16 Q. Use
a Smith chart rather than the impedance transformation equation.
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3.44. A 30-m-long lossless transmission line with Zy, = 50 2 operating at 2 MHz
is terminated with a load Z; = 60 + j40 Q. If the phase velocity on the line
is 1.8 x 103 m/s, find (a) the load reflection coefficient, (b) the standing
wave ratio, and (c¢) the input impedance.

3.45. A 50-Q transmission line is terminated by an unknown load. The total volt-
age at various points of the line is measured and found to be as displayed in
Figure P3.45. Determine (a) the magnitude of reflection coefficient, (b) the
VSWR, and (c) the signal wavelength in meters.

0.6 ¢

0 1 2 3 4 5 6

» Distance away from the source (m)

Figure P3.45

3.46. A 100-€2 lossless line is terminated by a series RLC circuit, as shown in
Figure P3.46.

“oo Q

V,, cos oyt Zy=100 Q

L=1pH
C=100 pF
?R:l()o(l

(a) Find the source frequency fy; for which VSWR on the line will
be unity.

Figure P3.46

(b) Find the source frequencies f; and f, on either side of f; for which
the VSWR on the line will be 2.



ELECTROMAGNETIC FIELDS
AND WAVES

This chapter begins with an introduction to the fundamental laws of electromag-
netic fields. Maxwell’s equations in integral (or large-scale) form are introduced
initially because these are relatively easier to correlate with the experimen-
tal observations. The corresponding differential expressions (or point forms)
are obtained via the Stokes and Gauss theorems. After a brief discussion on
time-harmonic fields and the constitutive relations, uniform plane waves are
introduced. The boundary conditions are summarized next along with their appli-
cations in reflection and transmission of uniform plane waves at planar interfaces.

A short presentation on the magnetic sources (current and charge) is included
following uniform plane wave propagation. After introducing modified Maxwell’s
equations, potential functions are presented. This facilitates the construction of
solutions in different coordinate systems. The chapter ends with a presentation
on hollow metallic cylindrical waveguides.

4.1 FUNDAMENTAL LAWS OF ELECTROMAGNETIC FIELDS

In general, electromagnetic fields and sources vary with space coordinates and
time. Using vector notations, these may be represented as follows:

E(r,t) electric field intensity in V/m
J€(r,tr) magnetic field intensity in A/m

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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D(r,t) electric flux density in C/m?

B (r,t) magnetic flux density in T
g(r,t) electric current density in A/m?
p(r,t) electric charge density in C/m?

Using this notation, we present several laws as they appear in Maxwell’s
equations. For simplicity, the space and time dependence of these field quantities
is not shown explicitly below but is implied.

Faraday’s Law of Induction

Faraday discovered that if a conducting wire loop is exposed to the magnetic
flux, it might induce an electromotive force (emf). The induced emf depends on
the time rate of change of magnetic flux that leaves the surface bound by the
loop. Induction is possible only when the magnetic flux is changing with time
or the loop is moving through a nonuniform magnetic field. Consider a loop ¢
that bounds the surface s, as illustrated in Figure 4.1. Magnetic flux leaving the
surface can be evaluated by integrating the normal component of magnetic flux
density at every point on it. Mathematically,

9
%E-dlz—E/QJ-ds 4.1.1)

Generalized Ampere’s Law

The generalized Ampere law is based on experiments conducted by Oersted and
the theoretical reasoning of Maxwell. Oersted found that electric current flowing
through a conductor generates an encircling magnetic field. Maxwell introduced
the displacement current term along with the conduction current. This was a

Figure 4.1 Magnetic flux density $B passing through an area s bounded by a curve c.
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Figure 4.2 Electric flux density 9 and current density j passing through an area s
bounded by a curve c.

significant contribution to efforts to explain current flow through capacitors in a
circuit as well as to predict the propagation of electromagnetic waves in space.
Consider a closed path ¢ that bounds a surface s as illustrated in Figure 4.2.
Integration of the tangential component of the magnetic field intensity along this
closed path (the line integral of vector magnetic field intensity along c) gives the
circulation of the magnetic field intensity, called the magnetomotive force (mmf),
found to be equal to the net current enclosed by the closed path ¢. Mathematically,

9
fgc.dl =/1.ds+5fﬁ).ds 4.1.2)

Thus, it is analogous to Faraday’s law. Since the electric field intensity is
expressed in volts per meter, its line integral (the emf) is in volts. Similarly,
the unit of magnetic field intensity is amperes per meter, and therefore the mmf
has the unit amperes. The first term on the right-hand side of (4.1.2) represents
the conduction current (the net transfer of electric charge) and its second term is
the time rate of change of electric flux leaving the surface s. There is no term
analogous to conduction current in Faraday’s law because there is never a net
transfer of magnetic charge.

Gauss’s Law for Electric Fields

Gauss’s law for electric fields is based on the experimental observations of Gauss
and Faraday. Consider a closed surface s that bounds a volume v, as shown in
Figure 4.3. There is an electric charge distributed in volume v with a charge
density of p. This electrical charge sets up a displacement flux with its density
as D. Gauss’s law for electric fields relates the enclosed charge with the total
displacement flux that emanates from the closed surface s. According to this law,
the electric displacement flux that emanates from a closed surface s is equal to
the net charge contained within the volume v. Mathematically,

f@-ds:/pdv (4.1.3)
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D

Figure 4.3 Electric flux density 9 emanating from a volume v bounded by a surface s.

Gauss’s Law for Magnetic Fields

This law is analogous to Gauss’s law for electric fields. Since the magnetic flux
lines are always closed and magnetic charges do not exist, unlike positive or
negative electric charges, net magnetic charge in a volume v has to be zero. As
illustrated in Figure 4.4, the magnetic flux emanating from the closed surface s
is therefore equal to zero. Mathematically,

y§53.ds=o (4.1.4)

Equation of Continuity/Conservation of Charge

Consider a closed surface s that bounds a volume v as shown in Figure 4.5. There
is an electrical charge distributed in this volume that has a charge density p. If
there is a current flow across the closed surface s, there should be an effect on
the charge distribution. If the net current flowing through the surface s is zero,
there is no change in total charge. The net current emanating from the surface s is

J

Figure 4.4 Electric flux density $ emanating from a volume v bounded by a surface s.
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Figure 4.5 Electric charges leaving a volume v bounded by a surface s.

equal to the time rate of decrease in the charge enclosed. Stated mathematically,

f]-ds: —%/pdv (4.1.5)

Example 4.1 As shown in Figure 4.6, three arms of a rectangular conducting
loop are fixed and the fourth is sliding in the x-direction with a velocity of
500m/s. The loop lies on the z = 0 plane, and there is a magnetic flux density
of 5T in the z-direction. Find the emf induced in the loop. What happens if the
magnetic flux varies with time as follows?

B=72e5c0s10° T

SOLUTION
o [* [ B d
fe.dlz——/ / Betdrdy = ——(5x2xx) = —1025 = —10 x 500
. ar to Jo ot dt
— 5000V
/y
y=2m
—»
y=0 x
x=0

Figure 4.6
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For the case of a magnetic field changing with time:

a [ [ 9
f&d::——/ / BeZdxdy = —— (2 xx x5c0810%) V
. ar Jo Jo at

dx 9 9 . 9
=—25500510t+2xxx 10° x 5sin10°r V

= x x 10" x sin10%7 — 5000 cos 10°t V

Example 4.2 An infinitely long solid cylindrical wire with its radius at 2m
is laying along the z-axis. It carries a current with its density given as J(p) =
Jo(1 —0.5p)2A/m?. Find the magnetic field intensity inside as well as outside
the wire.

SOLUTION From the condition given, it is clear that only the encircling mag-
netic field Hy exists. Hence, Ampere’s law for inside the wire gives

27w p 21
fﬁ.d1=/Jods—>/ H¢pdd)=/ / Jo(1 —0.50' dp’ do)
c s 0 0 Jo
or

0’ 0’ PP

Similarly, for outside the wire,

27 2 21
%H-dl:/J-dS»/ H¢pd(]>=/ / Jo(1 —0.50" do' do)
c s 0 0 0
or

22 23 2Jo
2npHy =21y 3—0.5? — H¢=3— A/m 2<p
p

Equations (4.1.1)—(4.1.4) are known as Maxwell’s equations in integral (or
large-scale) form. A differential (or point) form of these equations can be
obtained via the application of the Stokes and Gauss theorems as follows.
From (4.1.1), (4.1.2), and the Stokes theorem,

9 B
yge.dlzf(sz).ds=—§/g3.ds—>Vxez—g

and

9 9D
jﬂge.dl=f(ngc)-ds=/]-ds+5/@-ds—>ngc=;+

o
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Similarly, from (4.1.3), (4.1.4), and the Gauss theorem,
%@-ds = /Vo.‘l)dv :/pdv - VeD=0p
N v v

fﬂ?-ds:/V-dev:O% VeB=0

v

and

Application of the Gauss theorem to (4.1.5) gives

0 ap
od = Vo d = —— d V. _ -
%] s /v Jdv 8t/vp v—>V.] ™

These results may be summarized as follows:

OB
Vxe=_—22 (4.1.6)

o1

9D
Vx =g+ 4.1.7)
V.D—p (4.1.8)
V.B=0 (4.1.9)
and
veg_2p (4.1.10)
Y o

Equations (4.1.6) to (4.1.9) are known as Maxwell’s equations in point (or dif-
ferential) form; (4.1.10) is the equation of continuity in differential form.

Time-Harmonic Fields

Electromagnetic fields and sources considered up to this point were assumed
to be an arbitrary function of time and space. The analysis can be simplified
significantly with the assumption that these vary sinusoidally with time. It is to
be noted that this assumption includes a large number of cases. Further, this
formulation can be extended to include nonsinusoidal cases via Fourier series or
Fourier integrals, as necessary.

Consider a vector field d(r, ¢) that is sinusoidal with time. Using complex
notations, it can be expressed as

A(r, 1) = A(r) cos(wr + 0) = Re{[A(r)e’?1e/) 4.1.11)

Therefore, the time derivative of this vector can be written as

%d(r, 1) = Re{[joA(r)e/®1e/™} (4.1.12)
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This indicates that a complex vector A(r)e/? (a phasor quantity) can be used in
place of d(r, t), jw can replace the time derivative, and ¢/*' can be suppressed
during the field analysis. Further, it can be proved that division by jw will replace
the time integral. The time dependence can be recovered after multiplying the
given complex vector by e/“' and then extracting the real part of that. This is a
familiar process used in ac circuit analysis to define the reactance of an inductor
or a capacitor.

Using phasor representations for the field quantities, equations (4.1.6) to (4.1.10)
can be written as follows:

V xE(r) = —joB(r) (4.1.13)
V x H(r) = J(r) + joD(r) 4.1.14)
V.D(r) = p(r) (4.1.15)
V.B(r)=0 (4.1.16)
and
V. J(@r) = —jop(r) (4.1.17)

Bold roman symbols are now employed instead of bold script to distinguish the
phasor field quantities. Further, to simplify the notation, space dependence of the
field quantities will no longer be included explicitly.

Constitutive Relations

A general analysis involves the evaluation of E, D, H, and B for given sources
(current and charge densities). Maxwell’s equations represent only eight scalar
equations, whereas unknown fields have 12 scalar components. Further, the two
Gauss laws can be found from the other two Maxwell equations and the equation
of continuity. Therefore, Maxwell’s equations give only six independent scalar
equations, whereas 12 are needed to find 12 unknown field components. The
constitutive relations provide the remaining six independent scalar equations
as follows:

D=¢E+P (4.1.18)

where .
P= { X€0E for a linear medium (4.1.19)

X.€oE for a linear and isotropic medium

P is the polarization density vector; g the permittivity of the free space
(8.854 x 1072 F/m), ﬁ a dimensionless electrical susceptibility tensor, and
X. a dimensionless electrical susceptibility scalar. Therefore, for a linear and
isotropic medium,

D =¢y(1 + %.)E = ¢E = gy¢, E (4.1.20)
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where ¢, is called the relative permittivity (or dielectric constant) of the medium
and e is its permittivity in F/m.
Similarly,
B=pH+M) 4.1.21)

where

xmH for a linear and isotropic medium (4.1.22)

M= { YnH for a linear medium
M is the magnetization density vector, o the permeability of the free space
(41 x 1077 H/m), ¥, a dimensionless magnetic susceptibility tensor, and Y.,
a dimensionless magnetic susceptibility scalar. Therefore, for a linear and
isotropic medium,

B = po(1 + xm)H=pH = pop, H (4.1.23)

where p is the permeability of the medium and ., is its relative permeability.

Also, the current density term in (4.1.14) may have two parts, one due to an
impressed source and the other due to conduction. Conduction current density
can be found via Ohm’s law as follows:

J=0E (4.1.24)

where o is the conductivity of the medium in S/m. Therefore, (4.1.14) may be
expressed as follows:

VxH=J+0E+ jocE =Je—|—jw8(1 —ji)E — )+ jos"E (4.1.25)
wEe
where

€ o
¢ = (s—j%) =e(l = jtand) — & = — — j—— = ¢ — j&' (4.1.26)
0 0

tand = — (4.1.27)
wEe

J¢ is the impressed current source density, €* the complex permittivity of the
material, € the complex relative permittivity, and tand is known as the loss
tangent. The loss tangent represents a ratio of the magnitude of conduction current
density to the magnitude of displacement current density in the medium.

Example 4.3 The electric field intensity in a source-free region is given
as follows:

E = Zed4e /6730 V/m

If e = ¢y and p = p in the region, find the signal frequency.
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SOLUTION  Since all electromagnetic fields must satisfy Maxwell’s equations,
we first determine the corresponding magnetic field and then try to find the
electric field.

3y Z
. 1 0 0 0
VXE=—jopH—> H=—- — P
jopg | 0x  dy 0z
0 0 4de /03
_ 12x + 4y =i G=3)
Who
and
by y Z
d 0 0
VxH= josE > E = - ax ay az
Jwep
12 jesy A e g
oo ®lLo
=20+ §0+2———e /07
W= o€o
Therefore,
16 8
5 =4 > = = 6 x 10°rad/s
W7 o€ / Ho€o

Poynting’s Vector and the Power Flow

Poynting’s vector represents the electromagnetic power flow through a surface.
The magnitude of Poynting’s vector represents the power per unit area leaving
that surface in the direction along the power flow (normal to that surface). An
instantaneous Poynting vector can be evaluated for given instantaneous electric
and magnetic field intensities as follows:

P=Ex It (4.1.28)

A time-averaged Poynting’s vector can be determined from given phasor electric
and magnetic field intensities as follows:

P = I Re(E x HY) (4.1.29)
The asterisk on the magnetic field intensity represents its complex conjugate.

Example 4.4 The electromagnetic fields of an antenna at a large distance are
found as follows:

Ox T ikor
cos (— cos O) e /M V/m
0 2

~ 1
E(r,0) =6 —
r sin
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and

ro 1 T —jkor
H(r, 6) = ¢ j ——— cos (— cos 0) e ko A/m
7 8in 0 2

Find the power radiated by this antenna.

SOLUTION

1 R <101 S (T )
P=_>Re(ExH") =r————cos (—cos@) W/m
2 rZsin” 0 2

and

T 27 b4 27
60
Pradiated = P.7r’sin0d0do = 2T cos? (Z cos6) db do
2
o Jo o Jo

sin 6
= 1443.5W = 1.4435kW

4.2 THE WAVE EQUATION AND UNIFORM PLANE
WAVE SOLUTIONS

In a source-free, linear, isotropic, homogeneous region, Maxwell’s curl equations
in phasor form are

VXE=—jopH 4.2.1)
V xH = —jwge'E 4.2.2)

After taking the curl of (4.2.1) and substituting (4.2.2) on its right-hand side,
we get

VxVxE=—jopV x H=—jon(jos:*E) = k°E 4.2.3)

where

k = wy/|gpe* =P — ja “4.2.4)

k, o, and P being the wave number, attenuation constant, and phase constant,
respectively.
Further,

VxVxE=V(V.E)—V?E=kE - VZE4+KE=0 4.2.5)
Similarly, starting from (4.2.2), we find that
VH+K’H=0 (4.2.6)

Equations (4.2.5) and (4.2.6) are known as the Helmholtz equation or vector
wave equation.
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Consider an electric field that is directed along the x-axis (x-polarized). Further,
it is uniform in the x and y directions (i.e., no variations with x or y). Therefore,
the wave equation (4.2.5) for this case reduces to

dzEx (Z)

pEa KE(2)=0 4.2.7)

This is an ordinary differential equation of second order, similar to (3.1.14). Its
solution can be found easily as follows:

E.(z) = Ee /" 4 E_e/ = E e7%e /P 4 E_e% e/ (4.2.8)

E, and E_ are integration constants. As noted in (3.1.18), the first term represents
a wave traveling along +z (outgoing wave), and the second term represents a
wave traveling along —z (incoming wave).

Associated magnetic field intensity can be found from (4.2.2) instead of solv-
ing (4.2.6). It can be proved that only the y-component of the magnetic field
exists in this case. Therefore, the electric field, magnetic field, and direction of
wave propagation are orthogonal to each other. As before, the wavelength and
phase velocity of the wave are

r= 22 4.2.9)
=3 2.
and
v, = % (4.2.10)

The penetration depth of the wave is defined as a distance d, over which the
amplitude of the electric field decays to 1/e of its value at z = 0. Hence,

d, = 4.2.11)

1
o
When the medium is highly conductive, the depth of penetration is called the
skin depth, 8. It is found to be

§= | 4.2.12)

== =— (4.2.13)
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represents the ratio of electric field intensity component to magnetic field intensity
component transverse to the direction of wave propagation such that it has a

positive real part.

Example 4.5 The electric field intensity of a time-harmonic field in free space
is given as follows:

E=Z2(1+j)e />  mV/m

Assuming that the distance x is measured in meters, find (a) the wavelength,
(b) the frequency, and (c) the associated magnetic field intensity.

SOLUTION
2n 2w
@r=—=—=1m
B 27
3 x 108
) f= 22" —3x 108 Hz = 300 MHz
Xy z
1 ] il d
©H=—- VXxE=—- — — =
JWRo jowg | 0x 9y 0z
0 0 E

IS}

2 ,
= 5+ e ™ mA/m
Wo

Alternatively, the intrinsic impedance can be used in conjunction with Poynt-
ing’s vector to determine the associated magnetic field:

E, _wu0_2nx3x108x4nx10’7

= = =376.9911 Q
—H, k 27

'f]:

Example 4.6 A 10-kHz electromagnetic wave is being used to communicate
between two submerged submarines. If the conductivity and dielectric constant
of the seawater are 4 S/m and 81, respectively, find (a) the propagation con-
stant, (b) the wavelength, (c) the attenuation constant, (d) the phase velocity,
and (e) the skin depth of the wave.

SOLUTION  Since the seawater is nonmagnetic, . = [Lo and

. O
k = wy/ oo™ = w\/uoeo (er - ]—>

WE(

Further,
o 4

— = =17190.2 > 81
wegy 2w x 10* x 8.854 x 10~12 >
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Therefore,

k~ o[ 1o (—ji) _ oRT JORO 3974 — j0.3974 m~!
WE( 2 2

Hence, f = 0.3974 rad/m and o = 0.3974 Np/m.

r= 2 2N 158107
= — = = . m

B~ 03974

27 x 104
vy === L = 15,8107 x 10* ms

B 03974
and

a 03974

Uniform Plane Wave Propagating Along r

The preceding analysis can be extended easily for the case of a wave that propa-
gates at an angle from a given axis. Consider a uniform plane wave propagating
along r at an angle 6 from the z-axis, as illustrated in Figure 4.7. This wave has
an x-component of the electric field intensity that can be written as

E = £Epe /" (4.2.13)
Since the magnetic field intensity must be orthogonal to both its electric field and
the direction of propagation, it will have a y as well as a z component. We select

a point B at r on the propagation path and drop a perpendicular from that on
the y-axis. Further, we drop a perpendicular from point C to A in the direction

z A

20

o C

Figure 4.7 Geometry for a uniform plane wave propagating at an angle 6 from the z-axis.
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of propagation. As indicated in Figure 4.7, the angle ABC is equal to 6 as well.
Assume that the Cartesian coordinates of point B are y and z. Hence,

r=0A+ AB = 0OCsin6+ BCcos6 = ysin6+zcos6 (4.2.14)

and
ker =k,sin® y +k,cos0 z =kyy + k.2 4.2.15)
where
ky =k, sin®
and
k, =k, cos®

Therefore, (4.2.13) may be written as
E = fEge /0y HkD (4.2.16)

Phase velocities v, and v,, of this wave with respect to the y and z axes can
be found as

w
_ 4217
7= Relky) (4.2.17)
and
w
(4.2.18)

°r: = Re(k.)

Example 4.7 The electric field intensity of a time-harmonic wave traveling in
a source-free free space is given as follows:

E =49 +32)e/® %  mV/m
Assuming that y and z represent their respective distances in meters, determine
(a) the angle of the propagation direction relative to the z-axis, (b) the wave-
lengths of the wave along the r, y, and z directions, (¢) the phase velocities along

the r, y, and z directions, (d) the energy velocities along the r, y, and z directions,
(e) the frequency of the wave, and (f) the associated magnetic field intensity.

SOLUTION  From the information given, ky, = ksin® = 6 andk, = kcos6 = 8.

Therefore,
ke = K2+ k2 =6>+8 =10m™"'

k,
(a) sin® = k—’ =0.6 > 6 =236.87°

r
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An analysis of the given electric field indicates that this angle is from the —z
direction, and therefore it should be subtracted from 180° to obtain the angle
measured from +z. Hence, 6 = 180° — 36.87° = 143.13°.

27 271 27 271 271
b)) N =—=-—7=06283m, \y=—=—=10472m, and h;, = —
k, 10 ky 6 k,
27
= ra =0.7854 m

(¢) Since the wave is propagating in free space, its phase velocity along r is
3 x 108 m/s. The frequency of this wave may be found as follows:

3x 108

o= vk =3 x 10’ rad/s or f = Hz = 477.47 MHz

o  3x10°

= =5 x 10® m/
Upy i, 6 X ]

and

3 x 10°
@ 2T 375 % 10° s
k, 8
(d) ve, =3 x 10% m/s, vey = v, sin0 = 1.8 x 108 m/s, and v,; = v, cOsO =
2.4 x 108 m/s
(e) The frequency is 477.47 MHz, as found in part (c).

Xy z

1 3 9 0
HH=—-———VxE=—- — — —
JoWko Jopo | dx  dy 0z

0 E, E,

— £413.2629 x 106~/ ©-8) A/

4.3 BOUNDARY CONDITIONS

The electromagnetic field problems considered so far have involved a single
medium of infinite extent. However, there are numerous real-world problems
that require analysis of electromagnetic fields in the presence of more than one
medium. Therefore, it is important to know the behavior of electromagnetic fields
across the interface of two media.

Consider an interface of the two media, as illustrated in Figure 4.8. The elec-
trical characteristics of these media are as indicated. When (4.1.2) is applied to
an infinitesimal area across the interface and its side A# is reduced to zero under
the limit, it results in the relation

(F — 3) x 1 = J, 4.3.1)
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Ah

=]

Medium 1

Medium 2

Figure 4.8 Infinitesimal area across the interface of medium 1 and medium 2.

where subscripts 1 and 2 are used to indicate the magnetic field intensity in the
corresponding medium. J; represents the surface current density in A/m on the
boundary, and the unit vector n is directed into medium 1.

Similarly, when (4.1.1) is applied to this infinitesimal area across the interface
and its side A#h is reduced to zero under the limit, it results in the relation

Ax(&—E)=0 4.3.2)

Subscripts 1 and 2 are used to indicate the electric field intensity in the corre-
sponding medium. Now, consider a pillbox volume across the interface of the
two media, as shown in Figure 4.9. When (4.1.3) is applied to this volume and
the side A#h is reduced to zero under the limit, it results in the relation

ne (D — D) = p; (4.3.3)

where subscripts 1 and 2 are used to indicate the electric flux density in the
corresponding medium p represents the surface charge density in C/m? on the
boundary, and the unit vector n is directed into medium 1.

Similarly, the following relation is found via (4.1.4) for the magnetic flux
densities in the two media:

Ao (B —B) =0 4.3.4)

Equations (4.3.1) to (4.3.4) can be used to determine the electromagnetic fields
from one to other medium across the boundary. It is to be noted that (4.3.3)

Figure 4.9 Pillbox volume across the interface of medium 1 and medium 2.
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and (4.3.4) are formulated via Gauss’s laws that are not independent, and there-
fore these conditions are satisfied automatically if (4.3.1) and (4.3.2) are met.
Further, if medium 2 is a perfect conductor, the fields inside it vanish, and
therefore the boundary conditions (4.3.1) to (4.3.4) reduce to

nxJ =g 4.3.5)
nx& =0 (4.3.6)
neD=op;s 4.3.7)
and
neB =0 (4.3.8)

If the second medium is a good conductor (finite conductivity), the fields penetrate
mostly up to its skin depth. In such a case, the following Leontovich impedance
boundary condition can be used provided that the radius of curvature of the
surface is significantly greater than the skin depth (2/ wpo)!/2.

& = Z,(h x %6 4.3.9)

Z, = \/E ~ I8 (4.3.10)
€ (o}

Example 4.8 The region x > 0 is a perfect dielectric with g, = 2.25, and the
region x < 0 is a free space. At the interface, subscript 1 denotes field components
on the +x side of the boundary and subscript 2 those on the —x side. If D; =
£ +29C/m?, find D,, E;, and E,.

where

SOLUTION The conditions stated in the problem are illustrated in Figure 4.10.
The interface is x = 0 plane, and therefore the x component, will be normal, with

Medium 2
Free space

Figure 4.10 Conditions for Example 4.8.
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the y component tangential to this plane.

D 1 2
D, =¢E —>E =— ? 5

- v/
e 2250 T 2.25e° m

From the boundary conditions, the x component of electric flux density and y
component of electric field intensity in medium 2 will be same as in medium
1. Hence,

2
2 M =55
Therefore, 5
D,=%+-—9 Cm’
2 =Xt 5057 m
and
D 1 2
Er=—=—%+ $  V/m
€0 €0 2.258()

Example 4.9 A sphere of 2m radius is made of a perfect dielectric material
(medium 1). It is surrounded by free space (medium 2). Electric field intensities
in the two media are given as follows:

E| = Ey;(cos 67 — sineé) r<2m

8 4 n
E, =Ep |:(1+7)cosef—<1——3) sinee] r>2m
7 r

Find the permittivity of the spherical medium.

and

SOLUTION As indicated in Figure 4.11, the » components of the electric fields
are normal and the 6 components are tangential at the interface. Therefore,

4
—sin 6E01 = — (1 — g) sin6E02 — E02 = 2E()1

Figure 4.11 Conditions for Example 4.9.
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and

E
81E()1 cosO = 80E02 «2cosf — €1 = 28()E—02 = 480 F/m
01

4.4 UNIFORM PLANE WAVE INCIDENT NORMALLY
ON AN INTERFACE

Consider a uniform plane electromagnetic wave propagating in medium 1 as
illustrated in Figure 4.12. The electric field E' of this wave is y directed, and its
magnetic field H' is in the —x direction. A wave propagating in the +z direction
is incident normally on the interface of medium 2 with medium 1. The electrical
characteristics of the two media are as indicated in Figure 4.12. Since the wave
experiences a change in electrical characteristics in its path, a part of the incident
signal is reflected back, while the remaining signal is transmitted into medium 2.
Thus, there are two waves in medium 1 propagating in opposite directions, and
one in medium 2 that continues along +z.

The electromagnetic fields associated with the incident wave can be expressed
as follows:

E = §Ege /07 (4.4.1)
and
. . . NI
H = —tHye 07 = 3 ikz (4.4.2)
N1
X
Medium 1 Medium 2
(SRR 02,€2,lp
Er
Ei(f/\/M_’ W
H H'| @
Er

Figure 4.12 Geometry of a uniform plane wave incident normally on the interface of
two media.
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where E( and Hj are arbitrary constants, k; the complex wave number, and 1
the complex intrinsic impedance of medium 1.

Similarly, electromagnetic fields associated with the reflected wave (E" and
H") as well as the transmitted wave (E’ and H') can be expressed as follows:

E" = JRE(et/"* 4.4.3)
r_a ke _ 2 p B0tk

H = xRH e /"% = xR—e™/"1* (4.4.4)

N1
E' = $TE e /%= (4.4.5)
and

t A —jkiz ~Eo ik z

H = —xTHpe /"% = —xT —e™/* (4.4.6)

N2

where R and T are complex reflection and transmission coefficients, respec-
tively, k, the complex wave number in medium 2, and v, the complex intrinsic
impedance of medium 2.

Now, applying the boundary conditions (tangential components of the fields
are continuous across the boundary) at z = 0 gives

Eo+REq=TEy—> 1 +R=T 4.4.7)
and
E, E E
_Z0 LRV 2 g2y (4.4.8)
N1 N1 N1 N2

Equations (4.4.7) and (4.4.8) can be solved for R and T as follows:

2
- 4.4.9)
N +n2
and B
p=12"M (4.4.10)
ni +m2

Therefore, the total electric field at any point in medium 1 is found to be

E1 = )A)E()eijk]z + )’\/RE()eJrjk'Z
|E11> = |Eo|*[e 27 + p?e®™7 4 2pcos(2B1z + 0)] (4.4.11)

where

R = pe’® (4.4.12)
kl = Bl — jOLl (4413)
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By is the phase constant in rad/s and a; is the attenuation constant in Np/m for
medium 1.

It is to be noted that the propagation characteristics of this wave are very much
similar to that of a wave propagating on the transmission line, as discussed in
Chapter 3.

Example 4.10 The electric field intensity of a uniform plane wave propagating
in free space is given as

E(z,1) = y+4.8cos(10°t —koz)  V/m
If this wave impinges normally on a lossless medium (i, = 1 and ¢, = 2.25) in
the z > 0 region, find kg, k2, R, T, the VSWR, and the average power transmitted

into the medium.

SOLUTION The wave numbers and intrinsic impedance of the wave in the two
media are found as follows:

ko = w/Itogo = 10°v/47 x 10~7 x 8.854 x 10~12 = 3.3356 rad/m
ky = o/ ogosr = kov'2.25 = 5.0034 rad/m

47t x 1077
m= Mo [ T 37673430
g0\ 8854x 101
d

Lo 47 x 1077
127 ot \/8.854 X 1012 x 2.25

Now R and T can be found via (4.4.9) and (4.4.10) as

an

R — N2 — M1 ~ 02
N+ M2
and )
T=—"2 ~08
N +n2
The VSWR in medium 1 is found to be
1 1 .
VSWR — 1 1P _ 1402
1—p 1-02

The electric field intensity in medium 2 is

E(z, 1) = $+3.84cos(10°r —krz)  V/m
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Therefore, the time-averaged power transmitted into medium 2 may be found
as follows:

1 LE]? 1( 3.84
Py = =~ Re(E x H*) = TEF 138 ) 60204 wim?
2 2 1, 2\251.1562

4.5 MODIFIED MAXWELL’S EQUATIONS AND POTENTIAL
FUNCTIONS

Equation (4.1.9) implies that the magnetic flux does not start from or terminate
at a magnetic charge the way that electric flux does with electric charge. This
is because there is no real magnetic charge (or magnetic monopole). In fact,
the smallest unit of the magnetic source is a magnetic dipole that is actually an
infinitesimal current loop.

Consider a general case where the source consists of two types of currents:
a linear current that flows or oscillates in the linear direction, and an infinitesi-
mal circulatory current that flows or oscillates around an infinitesimal loop. For
this case it is rather hard to describe mathematically the electric current den-
sity J that includes both parts. Mathematically, it is sometimes advantageous
to recognize its linear part as electric current J, and imagine its infinitesimal
circulatory current as an equivalent magnetic dipole source. If the circulatory
current varies in magnitude and direction or oscillates around the loop with
time, the equivalent magnetic dipole strength also oscillates with time. When
the magnetic dipole oscillates with time, it can be considered as an imagi-
nary magnetic current flowing up and down. This is completely analogous to
a time-varying electric dipole. Therefore, a time-varying circulatory current can
be represented by an equivalent magnetic current and charges, J, and p,,
respectively.

Imagine now that the magnetic charge p,, produces a magnetic flux, analogous
to the electric charge p, producing the electric flux. Then equation (4.1.9) should
be modified to

VB = pn

If (4.1.9) is modified, (4.1.6) also needs modification because divergence of the
curl of a vector is always zero, which is not true because p,, is a function of

time:
08 _ D gm0 g
ar ot = ot

If it is assumed that the usual continuity equation should hold between p,, and J,,,

Ve(VxE&=-V

9 Pm
Ve =_—
Hence, equation (4.1.6) should be modified to
0B
Vx&E=—-%,

o



MODIFIED MAXWELL’S EQUATIONS AND POTENTIAL FUNCTIONS 127

Therefore, the modified Maxwell’s equations for the time-harmonic field and the
two continuity equations can be expressed as:

V x E(r) = —-J,,(r) — joB(r) “4.5.1)
V x H(r) =J.(r) + joD(r) 4.5.2)
VD(r) = p.(r) 4.5.3)
VB(r) = p,(r) 4.5.4)
VeJo(r) = —jwp.(r) (4.5.5)
and
V() = —jwp,(r) (4.5.6)

Magnetic Vector and Electric Scalar Potentials

Potential functions are introduced to transform Maxwell’s equations mathemati-
cally and so facilitate solutions to electromagnetic problems. Consider that there
are only electric sources (current and charge) present in a volume under consider-
ation (i.e., J. # 0, p. # 0,J,, =0, and p,, = 0). Therefore, Maxwell’s equations
for time-harmonic fields and the equation of continuity can be written as follows:

VxE=—jwB (4.5.7)

VxH=]J.+ joD (4.5.8)

V.D=p, (4.5.9)

V.B=0 (4.5.10)
and

Vel =—jop, (4.5.11)

As defined earlier, the constitutive relations are

B =pH 4.5.12)
and
D=c¢E (4.5.13)

Since divergence of the curl of a vector is always zero, the magnetic flux density
in (4.5.10) may be assumed to be the curl of vector A. Hence,

V.B=0=B=VxA (4.5.14)
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Substitution of B from (4.5.14) into (4.5.7), and recognizing the fact that the curl
of the gradient of a scalar is always zero gives

VXE=—joV xA= VxE+ joA) =0=E+ joA = -V,

Therefore,
E=-V¢,— joA (4.5.15)

where A is called the magnetic vector potential and ¢, is known as the electric
scalar potential.
Using (4.5.12), (4.5.13), and (4.5.15), (4.5.8) may be written as

VxA
V x

=J.+ joeE = J, + joe(=Vd, — joA)

If p is not changing with space coordinates, this relation simplifies further
as follows:
VxVxA=V(V.A) — VA =pl, — joepuVd, + o pLeA
or
V2A + w?peA = —uJe + jowep Vo, + V(V < A)
or
VA + o’peA = —pJ, + V(V A + joepd,) (4.5.16)

Similarly for ¢ not changing with space coordinates, (4.5.9), (4.5.13),
and (4.5.15) give

Pe

Ve(=Vo, — joA) = el Vi, + jo(V+A) = (4.5.17)

_Pe

€
Equations (4.5.16) and (4.5.17) represent a pair of coupled partial differential
equations for ¢ and A. These may be uncoupled via Helmholtz’s theorem, which
states that a vector is specified completely by its curl and divergence. Since only
the curl of A is defined via (4.5.14), we are at liberty to specify its divergence.
The Lorentz condition may be used to define it as

VA =—joend, (4.5.18)
Thus, (4.5.16) and (4.5.17) simplify to

VA + kA = —uJ (4.5.19)

and

V20, + K, = — (4.5.20)
€
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where k? = w?we and k is the wave number. It should be noted at this point that
the continuity equation is implied by the Lorentz condition.

Electric Vector and Magnetic Scalar Potentials

Electric vector and magnetic scalar potentials are introduced when the existence
of only magnetic current and charge is assumed in the region (i.e, p, = 0 and

¢ = 0). Therefore, Maxwell’s equations and the equation of continuity for this
case are found to be

VxE=-J,— joB (4.5.21)
VxH=joD (4.5.22)
V.D=0 (4.5.23)
V.B=op, (4.5.24)
and
Vedn = —jopm (4.5.25)

As before, D = ¢E and B = pH. Because of (4.5.23), it is assumed that
D=-VxF (4.5.26)

where F is called the electric vector potential.
After substituting (4.5.26) into (4.5.22) and noting that curl of the gradient of
a scalar is always zero, we get

VxH=—-joVXxF— VxH+ joF) =0— H+ joF = -V,

Therefore,
H=-V¢,, — joF (4.5.27)

where ¢,, is called the magnetic scalar potential. Now, from (4.5.21), (4.5.26),
and (4.5.27),

V xF . .
Vx| - . =—=Jn — jou(=Vo, — joF)
or

—VxVxF=—¢), + jopneVd, — w*neF
or

—[V(V+F) — V*F] 4+ 0’pueF = —¢J,, + jopeVo, (4.5.28)
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As in the preceding case, if the Lorentz condition
V.F = —joped, (4.5.29)

is introduced, then
V2F + w*ueF = —¢l, (4.5.30)

Further, (4.5.24), (4.5.27), and (4.5.29) give

. . . Pm
V'[M(_V(l)m - J(’*)F)] = Pm = _Vz(l)m - Jw(_JwME(I)m) = E
or

V24, + oped, = —2 (4.531)

v

An electromagnetic field problem can be divided into these two cases, solved for
each case, and the individual solutions can be superimposed to find the complete
solution. Thus, the electromagnetic fields may be found easily after determin-
ing the vector potentials via (4.5.19) and (4.5.30) and the corresponding Lorentz
conditions. This procedure is used in the following section to further formulate
general solution techniques for source-free cases that are specialized subsequently
for a few waveguides.

4.6 CONSTRUCTION OF SOLUTIONS
The analysis presented in Section 4.5 is specialized here for a source-free region
with rectangular as well as cylindrical coordinates. It is further divided into two

cases; the electric vector potential is assumed to be zero in one, and the magnetic
vector potential, zero in the other.

Rectangular Coordinate System

1. Assume that A = zZA, and F = 0; then (4.5.14), (4.5.15), and (4.5.18) give

1 1[.0A 0A
H=_—VxZA.=— | —+5(——)+20 4.6.1)
v W dy ox
and
R 1 0A,
E=—-jwzA, + - A\ (4.6.2)
jope 0z

For this case, (4.5.19) simplifies to

32A 32A 92A
2 2 _ z z z 2 _
VA, +k*A, =0 — Py + 7572 + P +k°A, =0 (4.6.3)
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After (4.6.3) is solved for a given problem, field components
from (4.6.1) and (4.6.2) as follows:

H — 1 0A,
o dy
104,
T B
H, =0
£ — 1 9%A,
YT jope dxdz
1 3%A,
E, = —
© jope dyoz
and
1 92
E, = - — + k) A,
jope \ 972
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are found

(4.6.4)

(4.6.5)

(4.6.6)

4.6.7)

(4.6.8)

(4.6.9)

Since the magnetic fields are transverse to the z-axis (H, = 0), these fields are

known as TM* (transverse magnetic to z) mode fields.

2. Assume that F = ZF, and A = 0; then (4.5.26) and (4.5.27) give

1 . 1[,0F, [ OF, A
E=—-—-VxzF,=—- +y +z0
e

€ ay ox
and
o 1 aF,
H=—jozF, + - V—
jope 9z

For this case, (4.5.30) simplifies to

02 F, N 0°F, N d’F,

2 2
VIE 4 KF =0 TR

+k’F. =0

After (4.6.12) is solved for a given problem, field components
from (4.6.10) and (4.6.11) as follows:

_10F.
T g dy
19F,
E, =-
e 0x
E.=0
1 3’°F,
H, =

jowe dx 0z

(4.6.10)

(4.6.11)

(4.6.12)

are found

(4.6.13)

(4.6.14)
(4.6.15)

(4.6.16)
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1 0°F,
H, = - < 4.6.17)
T jowe dydz
and
1 92 )
H, = T pys) + k7| F, (4.6.18)

Since the electric fields are transverse to the z-axis in this case, these fields are
known as TE*® (transverse electric to z) mode fields.

Cylindrical Coordinate System

1. Assume that A = ZA, and F = 0; then from (4.5.14), (4.5.15), and (4.5.18),
we get

1 R 1[.104, 0A, .
H=-VxzA, = —|p- +¢o| - +z0 (4.6.19)
1 mipdd ap
and
o 1 _9A,
E=—jozA, + - V— (4.6.20)
joue 0z

For this case, (4.5.19) in cylindrical coordinates may be written as follows:

19 [/ 9A 1 924,  9%A
VZA, + KA, =0 —> —— z — 24 24 KA. =0 (4.6.21
.+ z %pap(p 9p 92 8(1)2 + Y= + z ( )

Once solutions to (4.6.21) are found, electromagnetic fields may be determined
from (4.6.19) and (4.6.20) as follows:

1 9A,

- (4.6.22)
* wp 99
194,
= —— (4.6.23)
¢ n ap
H, =0 (4.6.24)
1 9%A
b= - - (4.6.25)
joue 0pdz
1 3%A,
Ey = - (4.6.26)
jopep ddpdz

and

A LR
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This is the TM? mode (magnetic field transverse to the z-axis) in a cylindrical
coordinate system.

2. For F = ZF, and A = 0, (4.5.26) and (4.5.27) in cylindrical coordinates give

1 . 1 18F A 8F
E=—-VxzF,=—- + ¢ +z0 (4.6.28)
€ € ap

p ¢
and
A 1 JoF,
H=—jozF, + - \Y ' (4.6.29)
JwLE 9z

Further, (4.5.30) reduces to
10 ( BFZ) 1 3°F, 0°*F,
2

V2 F. +k*F,=0— —— [ p— —
* ” a0 p? 992

F.=0 (4.6.30)
pap

After (4.6.30) is solved, the field components are determined from (4.6.28) and
(4.6.29) as follows:

1 9F,

E,=—— 4.6.31
P ep 9 ( )
E, = 19F, (4.6.32)
¢ = e 9p .0.
E. =0 (4.6.33)
1 9*F
H, = - < (4.6.34)
JjwLe 0p0zZ
1 9*F
Hy = - < (4.6.35)
Jjopep dd az
and
1 92
H, = - ( k2) (4.6.36)
jope \ dz2

This is the TE® mode (electric field transverse to the z-axis) in a cylindrical
coordinate system.

These formulations are used in the following sections to analyze propagation
of electromagnetic signals through the waveguide.

4.7 METALLIC PARALLEL-PLATE WAVEGUIDE

Consider a parallel-plate waveguide that consists of two perfectly conductive
plates extending to infinity on the y—z plane, as illustrated in Figure 4.13. Sep-
aration between the two plates is assumed to be a. There is an electromagnetic
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Figure 4.13 Metallic parallel-plate waveguide.

signal that propagates along the z-axis with a complex propagation constant vy.
Therefore, the field variation along the z-axis is assumed to be e~ Y%, whereas
it stays constant along the y-axis (i.e., d/dy — 0). For analyzing TM modes
between the two plates, partial differential equation (4.6.3) simplifies to the fol-
lowing ordinary differential equation:

dzAz (x)
dx?

+ (K +vHA.(x) =0 (4.7.1)
A solution to this equation can be found easily as follows:

A, (x) = cjcoskyx + cpysink,x 4.7.2)
where ¢; and ¢, are integration constants to be evaluated from the boundary
conditions, and

k2 =k + y? (4.7.3)

Therefore,
A, (x,y,72) = (c1 cosk,x + ¢y sink,x)e™ V" 4.7.4)

Since the boundary conditions require that the tangential electric fields must be
zero on the conducting surfaces at x = 0 and at x = a, E, must be zero on these
surfaces. It is to be noted that E, is zero everywhere because A; is independent
of y. For a nontrivial solution,

Elizo =0— A(x,y,2)|=0 =0 4.7.5)
Equation (4.7.5) is satisfied only if

c1=0 (4.7.6)
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and
k, = —, m=20,1,2,... 4.7.7)

Therefore,

A, = ¢;sin (m_nx) e Y? 4.7.8)
a

Further, the propagation constant can be found from (4.7.3) as follows:

miy2
y= (—) e 4.7.9)
a
Therefore, the signal will propagate without attenuation if k > mm/a, and it will
attenuate for k < mm/a. The cutoff occurs at k = mm/a.

Once A, is determined, the field components may be found from (4.6.4)—(4.6.9)
as follows:

H, =0 (4.7.10)
Hy=—2" cos (m—”x) eV 4.7.11)
W oa a

H =0 4.7.12)
E =—c— "% cos (m—”x) e 4.7.13)

joue a a
E, =0 (47.14)

and
2

[ (T) sin (Tx) eV (4.7.15)

joue \ a a

These results are summarized in Table 4.1 assuming that —c;(k./) = Ej.

A similar procedure may be used to determine the characteristics of TE
mode fields propagating through this waveguide. Final results are summarized in
Table 4.1.

Example 4.11 A metallic parallel-plate waveguide is air-filled, and the sepa-
ration between its plates is 4.5 cm. Investigate the characteristics of a 12-GHz
signal propagating in TM,,,o modes.

SOLUTION

mT 271 2a 2x4.5x 1072
kcz——>)\.cz—=—:— m
a k. m m
and
_3><108_3x108xm

N = %102 Hz = 3.3333m GHz
¢ X
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TABLE 4.1 Signal Propagation in Parallel-Plate Waveguides

TE,,o0 Modes TM, o Modes
k mxn mm
c P -
¥mo VK =k K2 — k2
ke o
Hy(x, 2) ——° Hycos(kox)e Y 0
J O
ke .
E.(x,2) 0 JjEq— sin(k.a)e "¢
we
Hy(x,2) — M Hy sin(k.x)e ™ Ymo¢ 0
V8
Hy(x,z) 0 Eqcos(k.x)e Ymoz
Ey(x, 2) 0 M Eg cos(k.x)e V7
J e
Ey(x,z2) Hy sin(k x)e~¥m* 0

Hence, the cutoff frequencies for first four TM modes are found as follows:

TMyo — f, = 3.3333GHz
TMyy — f. = 6.6667 GHz
TM;0 — f. = 10GHz
TMyo — f. = 13.3333 GHz

Since the cutoff frequency for the TMyy mode is higher than the signal fre-
quency of 12 GHz, only TM;y, TMyg, and TM3, modes will exist for this sig-
nal. The corresponding cutoff wavelengths are 9, 4.5, and 3 cm, respectively.
The signal wavelength inside the guide for each mode can be found as fol-
lows:

Ao 2.5

T™™ g > \, = = cm = 2.6024 cm
OV T= 0o’ VT-(25/97

™o 2.5

TMyy — A = = cm = 3.0067 cm

VI=(o/r)? V1—(25/45)°
and

n 2.5

TM3p — Ay = 0 cm = 4.5227 cm

T 1o VI- 253



METALLIC RECTANGULAR WAVEGUIDE 137

4.8 METALLIC RECTANGULAR WAVEGUIDE

In this section we present another application of the formulation described in
Section 4.6 to analyze the electromagnetic signals propagating through a hol-
low metallic cylindrical waveguide of rectangular cross section, as shown in
Figure 4.14. Both the geometry of a rectangular waveguide and the coordinate
system are shown. It is assumed that its cross section is a x b, and the electromag-
netic signal is propagating along the z-axis. Therefore, the field variation along
the z-axis is given as e ~/%?. TM and TE modes propagating through this waveg-
uide can be analyzed using equations (4.6.1) to (4.6.18). For TE modes, (4.6.12)
reduces to

aze(-xv )’) + azFZ(-xv )’)

Py a7t (k* = k) F.(x,y) =0 4.8.1)

It is a second-order partial differential equation that can be solved using the
separation-of-variables technique as follows.

Assume that F,(x, y) is a product of two functions, one dependent on x only
and the other on y only. Hence,

F.(x,y) = fikx) f2(y) (4.8.2)
Therefore,
9?F.(x, y) d? fi(x)
2 () d;2 (4.8.3)
and
PF.(x, ) d* /()
oy J1(x) d;z (4.8.4)

Substituting (4.8.2) to (4.8.4) into (4.8.1) and rearranging results in

1 d*fix) 1 d*fH©») T
= (kX —k 4.8.5
filx) dx? + L) dy? ( 2 ( :

Figure 4.14 Metallic rectangular waveguide.
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In (4.8.5), the first term is only x dependent, the second is dependent on y
only, and the sum of these two is always a constant, as its right-hand side indi-
cates. Therefore, each term on the left-hand side must be independently constant
as follows:

1 dzfl(x) g2

o o =k (4.8.6)
and

1 d’Hy)

EORrT R *8

where k, and k, are constants.

Equations (4.8.6) and (4.8.7) are in the form of the harmonic equation consid-
ered earlier, and its solutions are the harmonic functions. Complete solutions to
each of these can be written as

f1(x) = cycoskyx 4 ¢y sink,x (4.8.8)
and

£ (y) =c3coskyy + casinky,y (4.8.9)
Therefore, the solution to (4.8.1) is found to be
F.(x,y) = (cicoskyx + cpsink,x)(c3 coskyy + casink,y) (4.8.10)
Further, equations (4.8.1), (4.8.6), and (4.8.7) give the separation equation,
KAk 4k =k (4.8.11)

Since tangential electric fields must be zero on the conducting surfaces, the
boundary conditions for (4.8.1) are found to be

JF,
Eylveo =0 — -0 (4.8.12)
Y=b dy }Zg
and
JF,
Ey|o =0— =0 (4.8.13)
X= 8 X riO

To satisfy these boundary conditions, (4.8.10) in conjunction with (4.8.12) and
(4.8.14) gives

cs =0 (4.8.14)

ni
k=" (4.8.15)
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=0 (4.8.16)
and

ky = — (4.8.17)
a

where m and n are integers, including zero, except that both cannot be zero at
the same time (which is a trivial case). Therefore,

F.(x, y) = ci¢3 cos (%x) cos (%y) (4.8.18)

Further, k£, may be found from (4.8.11) as

k. = \/k2 — (’"7”)2 - (%)2 (4.8.19)

Consider a case when the waveguide is air-filled and therefore k = k is a pure
real number. The following conditions are possible in this situation.

D

K2 < (%)2 + (%)2 (4.8.20)

In this case, the quantity under the square root in (4.8.19) becomes negative. As
a result, k, is imaginary and the signal attenuates without propagating along the
waveguide. This may be used to design attenuators.

(2) 2 2
K2 > (%) n (%) 4.8.21)

In this case, the quantity under the square root in (4.8.19) is positive. Therefore,
k. is real and the signal propagates through the waveguide without attenuation
(ideally). This may be used to transmit the signal.

3

K2 = (%)2 + (%)2 = 2 (4.8.22)

In this case, the quantity under the square root in (4.8.19) goes to zero. As a
result, k, is zero (i.e., the cutoff condition). This wave number is known as the
cutoff wave number k., and the corresponding wavelength of the signal is called
the cutoff wavelength \.. The corresponding frequency f, is called the cutoff
frequency of the waveguide. Thus, the waveguide works as a high-pass filter. A
signal propagates only when its frequency is greater than the cutoff frequency of
the waveguide.
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The wavelength and phase velocity of a signal propagating on the waveguide
are found as follows:

o 27 _ 27 _ Ao
e kT ke/k)? VT (o/ne)?
o
_ (4.8.23)
; V1= (f./f)?
an
® o 3 x 108

=" = = (4.8.24)

Tk T T Guin? 1= Gojrey s

where f is the signal frequency, k¢ its wave number in free space, and X the
signal wavelength in free space.

Fields inside the waveguide are found after substituting (4.8.18) into (4.6.13)
to (4.6.18) as follows:

E.(x,y,2) = jHyowk, cosk,x sink,y e /%= (4.8.25)
E,(x,y,2) = —jHywpk, sink,x cosk,y e /%= (4.8.26)
E(x,y,2)=0 (4.8.27)
. . /mT nm ks
H.(x,y,2) = jHok.k, sin (—x) cos (7)/) e ik (4.8.28)
a
H,(x,y,z) = jHok.k, cosk,x sink,ye /%= (4.8.29)
and '
H,(x,y,7) = Hok?cosk,x cosk,ye /%= (4.8.30)
where i
Hy = —jcic3— (4.8.31)
WE

It is to be noted that if m and n are both zero, the fields do not exist. Therefore,
for a nontrivial case, m or n has to be a nonzero integer. For a > b, the lowest-
order mode that propagates is TE;y (i.e., for m =1 and n = 0). It is known
as the dominant mode for rectangular waveguides. From the expressions given
in Table 4.2, it may be found easily that the lowest-order TM mode that can
propagate through these waveguides is TMy; (i.e., for m =1 and n = 1).

For the TE o mode, only the H;, H,, and E| field components will be nonzero.

Further, \. = 2a and
Mo

Ng(TEy) = m

(4.8.32)

Further,

. T bl —Jjk.z
Ey(x,y,2) = —jHowpo— sin (—x> e
a a

— _HO(DMOl (ejl(ﬂx/a)+kzzl _ e—jl(ﬂx/d)+kzzJ) (4.8.33)
2a
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TABLE 4.2 Signal Propagation in Metallic Waveguides of Rectangular Cross
Section

TE,,, Modes T™,,.,, Modes
ke O+ () O+ ()
b=y Ja—k Ja—e

)\0 >‘-0
g _— _
V1 — (ke/ko)® V1= (ke/ ko)
H,(x,y) Hyk? cos (ﬂx) cos (Hy) 0
a b
E,(x,y) 0 Eokf sin (m—ﬂx) sin (Ey)
a b
. mm . /mm nw . nw . /mx nw
Hy(x,y) JjHok,— sin (—x) cos (—y) JjEowe— sin (—x) cos (—y)
a a b b a b
. nw mr . /nT . mr mT . /nT
Hy(x,y) JjHok, — cos (—x) sin (—y) —jEpwe— cos (—x) sin (—y)
b a b a a b
. nm mT . /nm .mtk, mT . /N7
Ei(x,y) JjHywpo—— cos (—x) sin (—y) —J Eqcos (—x) sin (—y)
b a b a a b
. mmw . /mT nm .nwk, . /mT nTm
Ey(x,y) —jHywpo— sin (—x) cos (—y) —j——Epsin (—x) cos (—y)
a a b b a b

On comparing this with (4.2.16), it may be found that this represents two plane
electromagnetic waves propagating at angles +6 after reflection from the side-
walls of the waveguide, as shown in Figure 4.15. This angle is found to be

1 )\0

0 =sin" —
2a

(4.8.34)

Therefore, 6 — 90° as Ao — 2a (i.e., \.), and the wave ceases to propagate.

-0 f
0 v

Figure 4.15 Two uniform plane waves bouncing from the conducting sidewalls of a
rectangular waveguide.

Z
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Example 4.12 The inside cross section of an air-filled rectangular metallic
waveguide is 1.58 cm x 0.79 cm. (a) Determine its cutoff frequencies for TE,
TEyp, TEy;, and TE;; modes. (b) Find the mode(s) that will propagate through
this waveguide if the signal frequency is anywhere between 12 and 18 GHz. (c) If
this waveguide is being used to send a 15.8-GHz signal in TE;y mode, find the
phase velocity.

SOLUTION

(a) Since

=T (M) =310 () 4 (2)

cutoff frequencies for various modes are found to be

1 2 0 :
TE —3x10%(— ) Hz=94937GH
o= fo=3x \/<2x0.0158> +<2><0.0079> ? z
2 2 0 2
TExw — fo=3x10%|(~———) +(~———) Hz=18.9873GHz
2 % 0.0158 2 % 0.0079

0 2 1 2
TE " =3x 108 [ —— — ) Hz=18.9873GH
0n = fo=3x \/<2x0.0158> +<2x0.0079> ’ ?

and

1 2 1 2
TE; — f. =3 x 108\/(7) + (7) Hz = 21.2285GHz

2 x 0.0158 2 x 0.0079

(b) From part (a), the cutoff frequency for the TE;y mode is 9.4937 GHz.
Since the next-higher modes have cutoff at 18.9873 GHz, only the TE;y mode
will exist for the signal frequency band 12 to 18 GHz.

o 3x100 3x100 3% 108
VI= 00/ VI=(f/)?  V1—(9.4937/15.8)
=3.7531 x 108m/s

(©) v,

4.9 METALLIC CIRCULAR WAVEGUIDE

Electromagnetic signal propagating through a hollow conducting cylindrical
waveguide of circular cross section can be analyzed using (4.6.19) to (4.6.36).
Figure 4.16 shows the geometry and coordinate systems for such analysis.
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Figure 4.16 Metallic circular waveguide geometry.

Assume that the waveguide radius is a and the field variation in the z-direction is
e~/%% (because the signal is propagating along z). For a TM mode, (4.6.21) gives

9 ( A (p, ¢>) L DAL 9)
P\ a0 907

Following the technique used in Section 4.8, assume that A, (p, ¢) is a product of
two functions (one dependent on p only and the other on ¢ only) and solve (4.9.1)
using the separation of variables. Hence,

+ (K* — k2 p* A (p, §) =0 4.9.1)

Az(p, &) = fi(p) f2(d) (4.9.2)

Therefore, (4.9.1) may be written as

p d dfi (p)) 2 2, 2 1 d2f2(¢) 2
— ke —k = —— =
f1(0) do (" ap ) tE R "

=— @) de? (4.9.3)

where # is a constant that turns out to be an integer so that f,(¢) is a single-valued
harmonic function.
After defining k* — k2 = k7. for simplicity, (4.9.3) gives

d ( dfi(p)
o (p ;p ) + (k20> —n®) fi(p) =0 (4.9.4)
and
d’ f(9)
djﬂ +n2fo(p) =0 (4.9.5)

Equation (4.9.4) is known as Bessel’s equation of order n. Its solutions are the
Bessel’s function of the first kind, the Neumann function (also known as the
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Bessel’s function of the second kind), and the Hankel functions of the first and
second kinds. Any two of these functions are linearly independent solutions
to (4.9.4). Further, the first two of these represent standing waves, whereas the
Hankel functions are convenient for traveling waves. For the present case, only
Bessel’s functions of the first kind are possible solutions because Neumann func-
tions go to infinity at the origin (i.e., p = 0). Equation (4.9.5) is the harmonic
equation considered earlier. Therefore,

sinnd

cos nd (4.9.6)

Az(pv ¢’v Z) = C]n(kpp) {

Since tangential electric fields must be zero on the conducting wall at p = a,

Jukoa) =0 — k, = £ 4.9.7)
where p,,, is the mth zero of J,(k,a).
TABLE 4.3 Signal Propagation in Circular-Cross-Section Waveguides
TE,,, Modes T™,,,, Modes
k. Prm Prm
a a
ky = —jYmn vV k(% —kZ V k(% — k2
cosnd
H (p. ¢) HoJu(kep) § . 0
sinnd
cosnd
E.(p, $) 0 EoJu(kep) | .
sinnd
k cosnd nwe —sinnd
Hy(p, §) —j—HoJ, (k, j— EoJy (ke
o(p, ¢ s 0, (kep) sinnd jpkf. 0Ju(kep) cos o
—sinng we cosnd
Hy(p, d) —Jj——=HyJ, (k. —j—EoJ, (k.
o(p, & e 0Jn( p){cosmb I3 Eo ( p)Linmb
UG]S —sinn¢ Lk, , cosnd
E,(p, —j— HoJ, (k. —j 2 EoJ! (k.
o (0, &) kaf- 0Jn( p){cosn¢ I Eo (kep) sinnd
g , cosnd _nk, —sinnd
E(, ) HJnkC —;EJ,,k(;
o(p, ¢ I o ( p)[sinmb kacz 0Ju( p)(cosn¢
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Similarly, (4.6.30) is solved to analyze TE modes in the circular waveguide.
In this case, enforcement of the boundary condition (E, = 0 at p = a) gives

9, (kyp)

= J, (kya) = 0 (4.9.8)
0kop) |,y ’
and ,
k, = Lrm (4.9.9)
a

where p;,. is the mth root of (4.9.8).
Characteristics of the TM and TE modes in a circular waveguide are listed in
Table 4.3. Detailed derivations are deferred to Problems 4.34 and 4.35.
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PROBLEMS

4.1. The magnetic flux density on the y = 0 plane is given by
B = 5cos3xcos 10°t§ T

A square loop of conducting wire is placed on this plane with its vertices

at (x, 0, 2), (x,0,3), (x+1,0, 3), and (x + 1, 0, 2).

(a) Find the emf induced around the loop assuming that the loop is sta-
tionary.

(b) If the loop is moving with a velocity of v = % « 10* m/s, determine the
new induced emf.

42. If B=7%+5cos(10°t — 0.57tx — ny)T, find the emf induced around a
closed loop formed by connecting successively the points (0, 0, 0), (2,
0, 0), (2, 1, 0), (0, 1, 0), and (0, 0, 0).

4.3. For the following charge distribution, find the displacement flux that
emanates from a cubical surface bounded by x = +2, y = £2, and z = £2.

p(x,y’Z)=5(3—X2—y2—Zz) (:/l'n3
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44.

4.5.

4.6.

4.7.

4.8.

4.9.

4.10.

4.11.

4.12.

ELECTROMAGNETIC FIELDS AND WAVES

Find the charge densities that will produce the following electric flux den-
sities: (a) D = xyX 4+ yz9 + zxZ C/m? and (b) D = psin ¢ C/m>.
In cylindrical coordinates, charge is distributed with uniform density 5 C/m?

within the region 1 < p < 2. Find the electric flux density in the region
@1l <p<2and(b)p>2.

If the electric field intensity in free space is €= 5cos(10°t — x + ky)?
V/m, find the value(s) of k.

The magnetic field intensity of an electromagnetic wave is given as
F(x,1) =2+0.6cosPxcos10®s  A/m

If the region is nonmagnetic with 0 = 0 and ¢ = 6.25¢(, find the corre-
sponding electric field intensity and f.

A uniform plane electromagnetic wave is propagating in free space. Its
instantaneous magnetic field intensity is given by

FE = Z+5co0s (108t—5y+ ;) LA/m
(a) Determine P and the signal wavelength.
(b) Find the corresponding instantaneous electric field intensity.

A uniform plane wave of 50 MHz propagates in a lossless nonmagnetic
medium in the +x direction. A probe located at x = 0 measures the phase
angle of the wave to be 95°. An identical probe located at x = 2.5 m mea-
sures the phase to be —12°. What is the relative permittivity of the medium?

The magnetic field intensity of a uniform plane wave of 50 MHz is given
as
H(z) = (5% + j109)e 73  A/m

If it is in a lossless and nonmagnetic medium, find v, 1, and the instanta-
neous electric field intensity.

The electric field intensity of a uniform plane wave propagating in a non-
magnetic medium of zero conductivity is given as follows:

E(y, 1) = X« 127 cos(9T x 107t + 0.3my) V/m

Find (a) the frequency, (b) the wavelength, (¢) the direction of wave prop-
agation, (d) the dielectric constant of the medium, and (e) the associated
magnetic field intensity.

A uniform plane wave of 2 GHz is propagating in the +x direction in
a nonmagnetic medium that has a dielectric constant of 2.25 and a loss
tangent of 0.1. Its electric field is in the y-direction.
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4.14.

4.15.

4.16.

4.17.

4.18.

4.19.
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(a) Find the distance over which the amplitude of the propagating wave
will reduce by 50 percent.

(b) Find the intrinsic impedance, the wavelength, and the phase velocity
of the wave in the medium.

A uniform plane wave propagates in the +z (downward) direction into the
ocean (¢, = 80, b, = 1, and 0 = 4 S/m). Its magnetic field at the ocean
surface (z = 0) is give as

FO,1) = p+2cos 10’1  A/m

(a) Determine the skin depth and intrinsic impedance of the ocean water.
(b) Find the corresponding electric field intensity in the ocean.

A uniform plane wave of frequency 100kHz is propagating in a material
medium. It is given that (1) the fields attenuate by the factor e~! over a
distance of 1205 m, (2) the fields undergo a change in phase by 27 radians
in a distance of 1321 m, and (3) the ratio of the amplitudes of its electric
and magnetic field intensities at a point in the medium is 163.54 Q. Find
the propagation constant y and the intrinsic impedance .

The electric field intensity of a uniform plane wave propagating through a
lossless nonmagnetic medium is given by

&z, 1) =%+02c08(10°t +1z)  V/m
Find (a) the direction of propagation, (b) the velocity of the signal, (c) the
wavelength, and (d) the associated magnetic field intensity.

A material has an intrinsic impedance of 120/24°Q at 320 MHz. If its
relative permeability is 4, find its (a) loss tangent, (b) dielectric constant,
(¢) conductivity, and (d) complex permittivity.

The electric field intensity of a uniform plane wave traveling through a
material medium (¢, = 4,0 = 0.1S/m, p, = 1) is given by J«10e¥* V/m.
If the signal frequency is 2.45 GHz, find the associated magnetic field
intensity and propagation constant .

For a uniform plane wave propagating in the 4z direction in a nonmagnetic
material medium with 6 = 10 S/m and ¢, = 9, the magnetic field intensity
in the z = O plane is given by

H(z=0,1)=7F+0.1cos2m x 10%)  A/m

Find the associated electric field intensity in the medium.

The magnetic field intensity of a uniform plane wave propagating through
a certain nonmagnetic medium is given by

H(x,1) =Z25c0s(10°t —6x)  A/m
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4.20.

4.21.

4.22.

4.23.

4.24.

4.25.

ELECTROMAGNETIC FIELDS AND WAVES

Find (a) the direction of wave travel, (b) the velocity of wave, (c) the
wavelength, and (d) the associated electric field intensity.

A uniform plane wave propagating through a lossless nonmagnetic medium
has a power density of 8.05W/m? and an rms electric field intensity at
40.2 V/m. Find (a) the intrinsic impedance of the medium, (b) the rms
magnetic field intensity, and (c) the velocity of the wave.

The electric field intensity of a signal transmitted through a coaxial line is
given as follows:

Ey _,
E=p—e®  V/m a
p

IA
>

IA
S

where a and b are inner and outer conductor radii, respectively, and
B = w(e)’>. Find (a) the associated magnetic field intensity, (b) the
surface current density J;, (c) the surface charge density p,, and (d) the
displacement current per unit length.

The region x > 0 is a perfect dielectric with ¢, = 6.25, while the region
x < 0 is a perfect dielectric of ¢, = 2.25. At the interface, subscript 1
denotes field components on the +x side of the boundary and subscript 2
on the —x side. For D; = 4% + 29 C/m?, find D, E;, and E,.

A sphere of 1 m radius is made of perfect dielectric material (medium 1).
It is surrounded by free space (medium 2). The electric field intensities in
the two media are given as follows:

E1=E01(cos6f—sin6é) r<Im
and

8 4 R
E2=E02|:(1+—3>c056f—<1——3>sin66j| r>1m
r r

Find the permittivity of the spherical medium.

A 150-MHz plane wave is normally incident from air (region 1) onto a
semi-infinite nonmagnetic dielectric slab (region 2). If the voltage standing
wave ratio in front of the slab is 2.5 and E,, is at the boundary, find (a)
N2, (b) €2, (¢) the reflection coefficient, and (d) the distance d from the
boundary to the nearest E,x of the standing wave pattern.

A uniform plane wave traveling through a nonmagnetic dielectric medium
with €, = 4 is incident normally upon its interface with free space. If its
electric field intensity is given by

Eip = 9 ¢3¢ /20072 mV/m
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Find (a) the corresponding magnetic field intensity, (b) the reflected electric
field intensity, (c) the reflected magnetic field intensity, (d) the transmitted
electric field intensity, and (e) the transmitted magnetic field intensity.

A uniform plane wave of 3 GHz propagating through free space is incident
normally on a lossless dielectric medium with ¢, =4 and p, = 1. The
incident electric field at the interface has a value of 2 mV/m right before
it strikes the interface. In free space, find (a) the reflection coefficient,
(b) the VSWR, (c¢) the positions (in meters) of the maxima and minima
of the electric field, and (d) the maximum and minimum values of the
electric field.

The electric field intensity of a uniform plane wave propagating in air
is E;(z) = X +5¢7/% V/m. The wave is incident normally on an interface
at z = 0 with a medium that has a dielectric constant at 6.25 and a loss
tangent at 0.3. Find (a) the phasor expressions for reflected and transmitted
electric and magnetic fields, and (b) the time-averaged power flow per unit
area in the lossy medium.

Region 1 (x < 0) is air, whereas region 2 (x > 0) is a nonmagnetic medium
characterized by o = 10™* S/m and ¢, = 4. A uniform plane wave with its
electric field intensity as given below is incident on the interface at x = 0
from region 1.

2
&L = 5cos <27E x 108 — ?nx> V/m

Obtain the reflected and transmitted wave electric fields.

Verify the characteristics of the TE mode fields given in Table 4.1 for an
electromagnetic signal that propagates in a metallic parallel-plate waveg-
uide.

Separation between the plates of a parallel-plate waveguide is 0.625 cm,
filled with a nonmagnetic dielectric material of ¢, = 4. Find the cutoff
frequencies for the TMyy, TMy9, TMy9, TE1g, and TE;y modes. Can a
signal propagate in the TEyy mode? Determine the phase velocities for all
possible TE and TM modes that exist at 30 GHz.

Verify the characteristics of TM mode fields given in Table 4.2 for an elec-
tromagnetic signal that propagates in a metallic waveguide of rectangular
cross section.

The wavelength of a signal propagating through an air-filled WR-340
rectangular waveguide is found to be 20 cm. Determine its frequency in
gigahertz.

The inside cross section of an air-filled rectangular waveguide is 2.286 cm
x 1.016 cm.
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4.34.

4.35.
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(a) Determine its cutoff frequencies for the TE;y, TEy, TE¢;, and TE;
modes.

(b) Which mode(s) will propagate through this waveguide if the signal
frequency is anywhere between 8 and 12 GHz?

(c) Determine the phase velocity of a 9.375 GHz signal propagating in
TE o mode.

Verify the characteristics of TE mode fields given in Table 4.3 for an
electromagnetic signal that propagates in a hollow metallic cylindrical
waveguide of circular cross section.

Verify the characteristics of the TM mode fields given in Table 4.3 for
an electromagnetic signal that propagates in a hollow metallic cylindrical
waveguide of circular cross section.



RESONANT CIRCUITS

A communication circuit designer frequently requires means to select (or reject)
a band of frequencies from a wide signal spectrum. Resonant circuits provide
such filtering. There are well-developed, sophisticated methodologies to meet
virtually any specification. However, a simple circuit suffices in many cases.
Further, resonant circuits are an integral part of the frequency-selective amplifier
as well as of the oscillator designs. These networks are also used for impedance
transformation and matching.

In this chapter we describe the analysis and design of these simple frequency-
selective circuits and present the characteristic behavior of series and parallel
resonant circuits. Related parameters, such as quality factor, bandwidth, and input
impedance, are introduced that will be used in several subsequent chapters. Trans-
mission lines with an open or short circuit at their ends are considered next, and
their relationships with the resonant circuits are established. Transformer-coupled
parallel resonant circuits are discussed briefly because of their significance in the
radio-frequency range. In the final section we summarize the design procedure
for rectangular and circular cylindrical cavities, and the dielectric resonator.

5.1 SERIES RESONANT CIRCUITS

Consider the series R—L—C circuit shown in Figure 5.1. Since the inductive reac-
tance is directly proportional to signal frequency, it tries to block the high-
frequency contents of the signal. On the other hand, capacitive reactance is

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.

151



152 RESONANT CIRCUITS

L

il I
|

Vin(t )

|

Figure 5.1 Series R—L—C circuit with input—output terminals.

inversely proportional to the frequency. Therefore, it tries to stop its lower
frequencies. Note that the voltage across an ideal inductor leads the current by 90°
(i.e., the phase angle of an inductive reactance is 90°). In the case of a capacitor,
voltage across its terminals lags behind the current by 90° (i.e., the phase angle
of a capacitive reactance is —90°). This means it is possible that the inductive
reactance will be canceled out by the capacitive reactance at some intermediate
frequency. This frequency is called the resonant frequency of the circuit. If the
input signal frequency is equal to the resonant frequency, maximum current will
flow through the resistor and it will be in phase with the input voltage. In this
case, the output voltage V, will be equal to the input voltage Vj,. It can be
analyzed as follows:
From Kirchhoff’s voltage law,

L dv,(t 1 !
L ()+

T = 7oov0(t)dt+vo(t)=v,»n(t) (5.1.1)

Taking the Laplace transform of this equation with initial conditions as zero (i.e.,
no energy storage initially), we get

L v = v 512
(74—%“") 0(8) = Vin(s) (5.1.2)

where s is the complex frequency (Laplace variable). The transfer function of
this circuit, T'(s), is given by

Vo(s) _ 1 _ SR

Vin(s) SL/R+1/sRC+1 s2L+sR+1/C

T(s) = (5.1.3)

Therefore, the transfer function of this circuit has a zero at the origin of the
complex s-plane and also has two poles. The location of these poles can be
determined by solving the quadratic equation

1
s2L+sR+E =0 (5.1.4)

Two possible solutions to this equation are as follows:

R R\ 1
- (2) - = 5.1.5
Y) <2L) LC (5.1.5)
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The circuit response will be influenced by the location of these poles. Therefore,
these networks can be characterized as follows:

1. If R/2L > 1/+/LC (i.e., R > 2/L/C), both of these poles will be real
and distinct, and the circuit is overdamped.

2. If R/2L =1/+/LC (i.e., R=24/L/C), the transfer function will have
double poles at s = —R/2L = —1/+/LC. The circuit is critically damped.

3. If R/2L < 1/+/LC (ie., R <2{/L/C), the two poles of T(s) will be
complex conjugate of each other. The circuit is underdamped.

Alternatively, the transfer function may be rearranged as follows:

sCR sCRw?
T(s) = == — (5.1.6)
s°LC+sRC+1 524 2twos + wyp
where
R /C
= —/—= 5.1.7
=3V (5.1.7)
! (5.1.8)
W)y = —— .
°T VIC

¢ is called the damping ratio and wy is the undamped natural frequency.
Poles of T'(s) are determined by solving the equation

5% + 2Lwos + wg =0 (5.1.9)

For ¢ < 1, 515 = —Cwo £ jwoy/1 — 2. As shown in Figure 5.2, the two poles
are complex conjugates of each other. The output transient response will be
oscillatory with a ringing frequency of wo(1 — ¢?) and an exponentially decaying
amplitude. This circuit is underdamped.

For ¢ = 0, the two poles move on the imaginary axis. Transient response will
be oscillatory. It is a critically damped case. For ¢ = 1, the poles are on the
negative real axis. Transient response decays exponentially. In this case, the
circuit is overdamped.

Consider the unit step function shown in Figure 5.3. It is like a direct voltage
source of 1V that is turned on at time ¢ = 0. If it represents input voltage
vin(t), the corresponding output v,(t) can be determined via Laplace trans-
form technique. The Laplace transform of a unit step at the origin is equal to
1/s. Hence, the output voltage, v,(¢), is found as follows:

O . sCRw} 1 1 CRw}
V() =L V,(s) =L —————-=1L 5
2 + 2Lwos + wj § (s +two)? + (1 — 2wy
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Figure 5.2 Pole—zero plot of the transfer function.
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Figure 5.3 Unit-step input voltage.

where L~! represents the inverse Laplace transform operator. Therefore,
2c —Cwot
Uo(t) = \/:28 0 Sln((,t)()t\/ 1-— Cz)u(t)
1=t

This response is illustrated in Figure 5.4 for three different damping factors. As
can be seen, initial ringing lasts longer for a lower damping factor.

A sinusoidal steady-state response of the circuit can be determined easily after
replacing s by jw, as follows:

. Vin(jo) Vin(jw)
Vo(]w) = . = .
owL/R+1/joRC+1 (1+j/RC)(LCw —1/w)
or
Vo) Vn(j) _ Vin(j0)

(14 j/RC)(w/wi — 1/w) (14 j/woRC)(w/wy — wo/w)
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0.8 — £=0.95

Output voltage ————»

20 30 40 50
gt —————

Figure 5.4 Response of a series R—L—C circuit to a unit step input for three different
damping factors.

The quality factor, Q, of the resonant circuit is a measure of its frequency selec-
tivity. It is defined as

average stored energy

0 =wo (5.1.10)
power loss
Hence,
1L oL
C=01pr =&k

Since wgL = 1/woC,

L 1 VIC 1 [T 1
0 =200 _ ZE\/g:_ (5.1.11)

R wRC  RC 2
Therefore,
Vin(J
Vo(jw) = , ) (5.1.12)
1+ jO(w/mwg — wg/w)
Alternatively,
V,(j 1
U _ gy = —— (5.1.13)
Vin(jw) 1+ j0(w/wy — wo/w)

The magnitude and phase angle of (5.1.13) are illustrated in Figures 5.5 and 5.6,
respectively. Figure 5.5 shows that the output voltage is equal to the input for
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Figure 5.5 Magnitude of A(jw) as a function of w.
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Figure 5.6 Phase angle of A(jw) as a function of w.

a signal frequency equal to the resonant frequency of the circuit. Further, phase
angles of the two signals in Figure 5.6 are the same at this frequency, irrespective
of the quality factor of the circuit. As signal frequency moves away from this
point on either side, the output voltage decreases. The rate of decrease depends
on the quality factor of the circuit. For higher O, the magnitude is sharper,
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indicating a higher selectivity of the circuit. If signal frequency is below the
resonant frequency, the output voltage leads the input. For a signal frequency
far below the resonance, the output leads the input by almost 90°. On the other
hand, it lags behind the input for higher frequencies. It converges to —90° as the
signal frequency moves far beyond the resonant frequency. Thus, the phase angle
changes between 1/2 and — /2, following a sharper change around the resonance
for high-Q circuits. Note that the voltage across the series-connected inductor
and capacitor combined has inverse characteristics to those of the voltage across
the resistor. Mathematically,

Vie(jw) = Vin(jo) — Vo (jw)

where V¢ (jw) is the voltage across the inductor and capacitor combined. In
this case, sinusoidal steady-state response can be obtained as follows:

VicGo) _ Vol _ !
Vin(j) Vin(j) I+ 0(w/wo — wo/w)

_ _JO(w/wy = wo/w)
1+ jO(w/wy — wp/w)

Hence, this configuration of the circuit represents a band-rejection filter.
Half-power frequencies w; and w; of a bandpass circuit can be determined
from (5.1.13) as

1 1 o) wo 2
— = 2—=1 2= _=
2 14 0*(w/wg — wo/w)? - e (wo w)

Therefore,

Assuming that ®; < wg < wy,

and

Therefore,
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or
w2 w2 0 o 1 1
032——0=—031+—0:>(032+031)=—0+—0=w(2)<—+—>
[ay) [ [QF} [QF] w1 w32
or
Wi = W 0 (5.1.14)
and
1 2
o _eo_ 1 e
Wy W] (0] W] 0
or
[6V)) 6V
0 Wy — W

Example 5.1 Determine the element values of a resonant circuit that passes all
the sinusoidal signals from 9 to 11 MHz. This circuit is to be connected between
a voltage source with negligible internal impedance and a communication system
with its input impedance at 50 2. Plot its characteristics in a frequency band of
1 to 20 MHz.

SOLUTION From (5.1.14),

Wy = Jorwy = fo =+ fifr =9 x 11 =9.949874 MHz
From (5.1.11) and (5.1.15),

woL o R
Q:Lz 0 :>in
R W) — Wy W] — Wy
50

T 2nx 106 x (11 —-9)

=3.978874 x 107* H~ 4pH

From (5.1.8),

1 1
=— = (C=— =6.430503 x 107"'F~ 64.3pF
®0="Ic Lo’ P

The circuit arrangement is shown in Figure 5.7. Its magnitude and phase char-
acteristics are displayed in Figure 5.8.

Input Impedance

Impedance across the input terminals of a series R—L—C circuit can be deter-
mined as follows:

1 2
Zn =R+ jol + —— =R+ joL(1-20 (5.1.16)
joC w?
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L=4pH C=643pF
e
AN

R=50Q

Figure 5.7 Filter circuit arrangement for Example 5.1.

1.0 —
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< 06—
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E 04
] -
= L
02
00 L 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
0 5 10 15 20
o
(@)

20—

Phase angle in (rad)

(b
Figure 5.8 Magnitude (a) and phase (b) plots of A(jw) for the circuit in Figure 5.7.
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At resonance, the inductive reactance cancels out the capacitive reactance. There-
fore, the input impedance reduces to the total resistance of the circuit. If signal
frequency changes from the resonant frequency by +3w, the input impedance
can be approximated as

— 20R}
LOAO@=00) b g 20R

Zin=R+j0*) 2
) o

(5.1.17)

Alternatively,

. wol . , o
Zin~ R+ j2wL =—+ j2(w —wp)L=j2|{wo—wg+ — | L
o Jj20

zjz[w_wo <1+ji):|L (5.1.18)

Therefore, a series resonant circuit can be analyzed with R as zero (i.e., assuming
that the circuit is lossless). The losses can be included subsequently by replacing
a real resonant frequency, wg, by the complex frequency, wo[l + j(1/20Q)].

At resonance, the current through the circuit, I,, is

[ = (5.1.19)

Therefore, voltages across the inductor, V;, and the capacitor, V¢, are

Vin .
Vi =jwoL7 =jQVin (5.1.20)
and
1V
Ve = — =—jQV 5.1.21
C j(J)()C R ]Q in ( )

Hence, the magnitude of voltage across the inductor is equal to the quality factor
times input voltage, while its phase leads by 90°. The magnitude of the voltage
across the capacitor is the same as that across the inductor. However, it is 180°
out of phase because it lags behind the input voltage by 90°.

5.2 PARALLEL RESONANT CIRCUITS

Consider an R—L—C circuit in which the three components are connected in
parallel, as shown in Figure 5.9. A subscript p is used to differentiate the circuit
elements from those used in series circuit of Section 5.1. A current source, i;, (1),
is connected across its terminals and i,(f) is current through the resistor R,,.



PARALLEL RESONANT CIRCUITS 161

¥ io(0) T

iin(t) L - Vo(t)

"IN G R, l

Figure 5.9 Parallel R—L—-C circuit.

Voltage across this circuit is v,(¢). From Kirchhoff’s current law,

Iin(t) = i/ R,i,(t) dt + CPM +i,(1) (5.2.1)
L, ) dt

Assuming that no energy was stored in the circuit initially, we take the Laplace
transform of (5.2.1). It gives

R
Iin(s) = <STP + SRpCp + 1) Io(s)
P

Hence,
1,(s) _ sL,/R,

Ln(s)  s2L,C, +s(L,/R,) +1

(5.2.2)

Note that this equation is similar to (5.1.6). It changes to T (s) if RC replaces
L,/R,. Therefore, the results of the series resonant circuit can be used for this
parallel resonant circuit, provided that

1
"7 2wk, G,
and
wy = ! (5.2.3)
L,Cp
Hence,
1 1 /L,
— (5.2.4)

“= 2wk, C, 2R\ C,

The quality factor, Q,, and the impedance, Z,, of the parallel resonant circuit
can be determined as follows:

woL 1 RP

Oseries = T = woRC = QP = O‘)ORPCP = u)oLp (5.2.5)
Vo (j Iy(jw)R oL

z, = (Jo)  I(jo)R, JjoL, (52.6)

In(io)  In(jo)  —0?L,Cp+ jo(L,/R,) +1
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Input Admittance

Admittance across input terminals of the parallel resonant circuit (i.e., the admit-
tance seen by the current source) can be determined as follows:

Y, L e+ =L a1 @ (5.2.7)
n=Z, TR, T T oL, TR, TN T @2

Hence, input admittance will be equal to 1/R,, at the resonance. It will become
zero (i.e., the impedance will be infinite) for a lossless circuit. It can be approx-
imated around the resonance, wg = dw, as

1 1 2w Q
Yn~ —+j280C,=—+] (5.2.8)
R, "7 R, " ooR,
The corresponding impedance is
Ry
Z,~ - (5.2.9)
14 j(208w/wo)
Current through the capacitor, I, at the resonance is
I. = jowoCpR,Iin = jOIin (5.2.10)
and current through the inductor, I, is
1 :
Iy = - RyIin=—j0OIn (5.2.11)
J(")OLp

Thus, current through the inductor is equal in magnitude but opposite in phase
to that through the capacitor. Further, these currents are larger than the input
current by a factor of Q.

Quality Factor of a Resonant Circuit

If resistance R represents losses in the resonant circuit, Q given by the preceding
formulas is known as the unloaded Q. If the power loss due to external load
coupling is included through an additional resistance Rj, the external Q, is
defined as follows:

(,OoL
Re 52.12
Q.= R, (5.2.12)

(,OoLp

for series resonant circuit

for parallel resonant circuit
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The loaded Q, Q;, of a resonant circuit includes internal losses as well as the
power extracted by the external load. It is defined as follows:

L
Rwl R for series resonant circuit
L
0 = R HR (5.2.13)
“HUP for parallel resonant circuit
(,\)OLI7
where R R
LRp
RL||R, = R R,

Hence, the following relation holds good for both types of resonant circuit:

1_1,1 5210
QL_Qe Q o

See Table 5.1.

Example 5.2 Consider the loaded parallel resonant circuit in Figure 5.10. Com-
pute the resonant frequency in radians per second, unloaded Q, and the loaded
Q of this circuit.

SOLUTION ! {

_ _ 8
JL,C, V105 x 10T 107 radls

wo =

TABLE 5.1 Relations for Series and Parallel Resonant Circuits

Series Parallel
1 1
wo -
VLC L,C,
D ing fact R /C 1 L,
ing factor, — /= _—|ZP
amping g VI R\ C,
Unloaded Q woL ! R, R C
nloade — = = woR,
R~ wRC woL, P
External Q = Q woL ! R, R C
xterna = — = .
¢ RL (J)()RLC U‘)OLP 0% L>p
00, 00,
Loaded Q = Q
‘ 0+ 0. 0+ 0.
Input i 4 7 R+ 2RQ%w R
nput impedance, Zi,, j - -
around resonance ®o I+ j(2Q8w/wo)
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Load
10pF | 10uH

100 k2 ]

100 kQ

J

Figure 5.10 Circuit for Example 5.2.

The unloaded
R, 10°
woL, 108 x 1073

The external Q,
R. 10°

woL, 108 x 10-3

Qe:

The loaded Q,

_RJR.  00.  50x10°

= = =50
woLp, 0+ 0, 108 x 1073

QL

5.3 TRANSFORMER-COUPLED CIRCUITS

Transformers are used as a means of coupling as well as of impedance trans-
forming in electronic circuits. Transformers with tuned circuits in one or both of
their sides are employed in voltage amplifiers and oscillators operating at radio
frequencies. In this section we present an equivalent model and an analytical
procedure for the transformer-coupled circuits.

Consider a load impedance Z; that is coupled to the voltage source Vi via a
transformer as illustrated in Figure 5.11. Source impedance is assumed to be Z;.
The transformer has a turns ratio of n: 1 between its primary (the source) and
secondary (the load) sides. Using the notations indicated, equations for various
voltages and currents can be written in phasor form as follows:

Vi=joLil+ joMI (5.3.1)
Vo = joMI, + joL, (5.3.2)

where M is the mutual inductance between the two sides of the transformer.
Standard convention with a dot on each side is used. Hence, magnetic fluxes
reinforce each other for the case of currents entering this terminal on both sides,
and M is positive.
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° L]
Z,
n:l

— —

v v

©

Figure 5.11 Transformer-coupled circuit.

The following relations hold for an ideal transformer operating at any frequency:

Vi=nV, (5.3.3)
14
L =—— (5.3.4)
n
and
Vi nV, 2 Va

=n’Z, (5.3.5)
_]2

11 o —Iz/l’l

Several equivalent circuits are available for a transformer. We consider one of
these that is most useful in analyzing the communication circuits. This equivalent
circuit is illustrated in Figure 5.12. The following equations for phasor voltages
and currents may be formulated using the notations indicated in the figure.

I I
Vi = jo(l =&)L 1 + jotL, (11 + f) = joL ] +jwsL1;2 (5.3.6)

2
@ L I <~ 1
+ h

1-8L

¢ ¢, SN

.

Ideal transformer

Figure 5.12 Equivalent model of the transformer-coupled circuit shown in Figure 5.11.
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and

17, L
Vo= — []m§L1 <11 + —)} (5.3.7)
n n

If the circuit shown in Figure 5.12 is equivalent to that shown in Figure 5.11,
these two equations represent the same voltages as those of (5.3.1) and (5.3.2).
Hence,

L
SLi_ y (5.3.8)
n
and
L
2—21 =1L, (5.3.9)
n
In other words,
EL;
= | 2= 5.3.10
n L ( )

and

M MJE M
5= L, _./L1L2:>‘/g_ LiL,

where k is called the coefficient of coupling. 1t is close to unity for a tightly
coupled transformer, and close to zero for a loose coupling.

Example 5.3 A tightly coupled transformer is used in the circuit shown in
Figure 5.13. Inductances of its primary and secondary sides are 320 and 20 nH,
respectively. Find its equivalent circuit, the resonant frequency, and the Q of
this circuit.

+ T4

6 pF v ' ' v, _| 30.7pF 62.5kQ
I oy L L
s <> /\ 1 LZ r\

A A A

Figure 5.13 Transformer-coupled resonant circuit.
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I C) v ;;Cl R, @Ll @ V,

Ideal transformer

Figure 5.14 Equivalent model of the transformer-coupled circuit shown in Figure 5.13.

SOLUTION  Since the transformer is tightly coupled, k =~ 1. Therefore, & ~
1,1 — & =0, and its equivalent circuit simplifies as shown in Figure 5.14. From

(5.3.10),
gL, /320
n—= — X —_— = 4
L, 20

and from (5.3.5),

Y, 1 1
— 52 — — i
Zl—nZQZ>Y1—n2— 2(R2+j(nC2>

Therefore,
Ry =n’R, = 16 x 62.5kQ = 1 MQ
1
Ci=6+ E30.7pF =6+ 1.91875 ~ 7.92pF

1 1

T VLG J30x10°x7.92 x 102

fo= ‘2”—0 = 99.97 MHz & 100 MHz
TT

= 628.1486 x 10° rad/s

o

and
R, 10°

= = = 4974.9375
wol;  628.1486 x 10° x 320 x 10~?

Example 5.4 A transformer-coupled circuit is shown in Figure 5.15. Draw its
equivalent circuit using an ideal transformer.

(a) If the transformer is tuned only to its secondary side (i.e., R; and C; are
removed), determine its resonant frequency and impedance seen by the current
source.
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A

L] L[]
C
_Cl Vi L V2 _‘_2
N ! Ll R,

R,

16

Y

A 4 A

Figure 5.15 Double-tuned transformer-coupled circuit.

(b) Determine the current transfer function (Iy/I;) for the entire circuit (i.e.,
R, and C; are included in the circuit). If the transformer is loosely coupled, and
both of the sides have identical quality factors as well as the resonant frequen-
cies, determine the locations of the poles of the current transfer function on the
complex w-plane.

SOLUTION Following the preceding analysis and Figure 5.12, the equivalent
circuit can be drawn easily, as shown in Figure 5.16. Using notations as indicated
in the figure, circuit voltages and currents can be found as follows:

I
nVs = stL, (11 + —2) (5.3.12)
n
Ve —hh— 2 _ g (5.3.13)
T 21+SR2C2_ 20 o
1
I, =1+ (R— +sc1) [(nVs +s(1 — &)L, 1] (5.3.14)
1

1
@% < bin <« 1
A

" (-5, * + 110

R, . n:l

s T Vi 4 &Ly nV, * V__C2 R
m ™

Ideal transformer

Figure 5.16 Equivalent representation for the circuit shown in Figure 5.15.
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From (5.3.12), (5.3.13), and (5.3.10), we find that

2

S“ELIRyCy + sEL sL SEL

1+ SLiRyCa + S8 Ls Vo= (1452LoCo+ =2 | Rylly = 5 Ll
n2R2 R2 n

or
Iy s§L,/nRy

I, 14 52L,C, +sL»/R>

(5.3.15)

When R; and C; are absent, I; will be equal to I, and (5.3.15) will represent
the current transfer characteristics. This equation is similar to (5.2.2). Hence, the
resonant frequency is found as follows:

1
VLCo
Note that the resonant frequency in this case depends only on L, and Cj. It is

independent of inductance L; of the primary side. The impedance seen by the
current source, with R; and C; removed, is determined as follows:

(5.3.16)

Wy =

Zin(s) = ‘I/—: =sLi(l =9+ fiiz/&) +1 (5.3.17)
At resonance,
Zin(joo) = jooLi(1 —§) +n*R (5.3.18)
and if transformer is tightly coupled, & ~ 1,
Zin(jwo) = n’Ry (5.3.19)

When R; and C; are included in the circuit, (5.3.12) to (5.3.14) can be solved
to obtain a relationship between Iy and I;. The desired current transfer function
can be obtained as

Iy SEL1/nRy

I, [s2LyCa + s(La/Ry) + 11{1 +s(1 —&)Li[(1/Ry) + sC11}
+sEL1[(1/Ry) + sC]

(5.3.20)

Note that the denominator of this equation is now a polynomial of the fourth
degree. Hence, this current ratio has four poles on the complex w-plane. If the
transformer is loosely coupled, £ will be negligible. In that case, the denominator
of (5.3.20) can be approximated as follows:

I SEL1/nR,

I ~ [s?L>Co + s(La/Ro) + 1I{1 + sLi[(1/Ry) + sCi1} + sEL1 [(1/Ry) + 5C)]
(5.3.21)
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For w; = wy = wp, and Q1 = Q> = Qo,

1
L1C1 = L2C2 =
®q
and
R R

= — =
L~ L, 000

Hence, (5.3.21) may be written as

Iy SELl/nRZ

I, 2wl 1 5/o00 + 12 4 EG2/d + 5/w0 Q)

(5.3.22)

The poles of (5.3.22) are determined by solving the equation

52 s : 52 s
_+_+1) . <_+_>=0 (5.3.23)
<w(2) w0 Qo 5 w(z) 0o Qo

The roots of this equation are found to be

W 1)
s A ~30 + on\/(1 FVE) - (2—Q0) (5.3.24)

5.4 TRANSMISSION LINE RESONANT CIRCUITS

Transmission lines with open- or short-circuited ends are frequently used as
resonant circuits in the ultrahigh frequency and microwave range. We con-
sider such networks in this section. Since the quality factor is an important
parameter of these circuits, we need to include the finite (even though small)
loss in the line. There are four basic types of these networks, as illustrated in
Figure 5.17.

It can be found easily by analyzing the input impedance characteristics around
the resonant wavelength, \,, that the circuits of Figure 5.17 (a) and (d) behave
like a series R—L—C circuit. On the other hand, the other two transmission lines
possess the characteristics of a parallel resonant circuit. A quantitative analysis
of these circuits is presented below for n as unity.

Short-Circuited Line

Consider a transmission line of length / and characteristic impedance Zj. It has
a propagation constant, y = o + jf. The line is short circuited at one of its ends,
as shown in Figure 5.18. The impedance at its other end, Z;,, can be determined
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J= Q2n -1\,
L_—4.] |‘— = n A, —’l
—_— -2
y=o+jB
O
pen Zy Open
% T=0+jB
(a) ()
2n— DA,
l:& nh
4 |« |= r N|
e ' 2 I
yY=a+jB
Short Z Short
Z y=o+jB

(©) (d)

Figure 5.17 Four basic types of transmission line resonant circuits, n = 1,2, ....

in = Zy y=o+jB

Figure 5.18 Short-circuited lossy transmission line.

from (3.2.5) as follows:

. tanh al 4 j tan p/
Zin = Zotanhyl = Zytanh(a + jR) = Z - 54.1
o tamiy o tanh(a + jB) 01+]tanhaltanﬁl ( )

For al <« 1,tanhol/ ~ al, and assuming that the line supports only the TEM
mode, we find that B/ = wl/v,. Hence, it can be simplified around the resonant
frequency, wq, as follows:

wl wol  dwl
Bl=—=—" 4 — =pi+

Up Up Up Up

dwl
— 5.4.2)

where B, is the phase constant at the resonance.
If the transmission line is one-half wavelength long at the resonant frequency,

l
B,l=m and — = —.
Vp [6¥]))
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Therefore, tan / can be approximated as follows:

dw [ T 3w ndw 7w
tanp/ =tan|{ m+ — | =tan| T+ = tan ~

v,, o (V) o
and [+ j (7 802/w0) 5
al + j(m dw/wg LT 3w
in ~ - ~ Zo|al + 543
“TH @) (x de/wo) °< w0 ) 643

It is assumed in (5.4.3) that (al)(7 dw/wg) K 1.

For a series resonant circuit, Zy, =~ R + j23wL. Hence, a half-wavelength-long
transmission line with short-circuit termination is similar to a series resonant cir-
cuit. The equivalent-circuit parameters are found as follows (assuming that losses
in the line are small such that the characteristic impedance is a real number):

R~ Zoal = S Zoak, (5.4.4)
Z
L~ 20 (5.4.5)
2 ()
2
C~ (5.4.6)
T[(,O()ZO

and

= — (5.4.7)

On the other hand, if the transmission line is a quarter-wavelength long at the
resonant frequency, B,/ = m/2, and [/v, = /2 w,. Therefore,

T dwl T 7w Tdw 2 wg
tanp/l =tan| =+ — | =tan{ =+ — ) =—cot| — | = ——

2w, 2 2w 2 wg Tdw
(5.4.8)
and (2 wo/ Td®) Zo/al
— T QL
Tin & Zg— L 2ROMTOO) 0 (5.4.9)

T = jalQwo/mdw) 1+ j(rt/al)(3w/2 wo)

This expression is similar to the one obtained for a parallel resonant circuit
in (5.2.9). Therefore, this transmission line is working as a parallel resonant
circuit with equivalent parameters as follows:

Zo 4Z,
~ 20 5.4.10
P ol o\, ( )
47
Ly~ -2 (5.4.11)
TTWo
T
S (5.4.12)

4 (J)OZO
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and

0=— =2 (5.4.13)

Open-Circuited Line

The analysis of the open-circuited transmission line shown in Figure 5.19 can be
performed following a similar procedure. These results are summarized below.
From (3.2.5),

Zy

tanh vyl

Zin|ZL=oo = (5414)

For a transmission line that is a half-wavelength long, the input impedance can

be approximated as follows:

1+ j(al)(mdw/wo) Zy
ol + j(mdw/wy) ol + j(Tdw/wo)

Zin ® 7y (5.4.15)

This is similar to (5.2.9). Therefore, a half-wavelength-long open-circuited trans-
mission line is similar to a parallel resonant circuit with equivalent parameters
as follows:

_Zy 2Z

R — 5.4.16
P ol oA, ( )
27
S (5.4.17)
TwWo
N (5.4.18)
2(,0020
and
B
- =" 5.4.19
0 20l 20 ( )

If the line is only a quarter-wavelength long, the input impedance can be approx-
imated as

1 — j(a)(2 wg/mdw) LW
Zin~ Zy - ~Zo|lol+j— (5.4.20)
al — j(2 wg/Tdw) 2 wyg
I‘ ) :I
Zin — Z Y:(X+jB

Figure 5.19 Open-circuited transmission line.
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TABLE 5.2 Equivalent-Circuit Parameters of the Resonant Lines for n = 1

Quarter-wavelength line Half-wavelength line
Open Circuit Short Circuit Open Circuit Short Circuit
Resonance Series Parallel Parallel Series
47y 27y
R 1 Zoan, 1 Zoan,
a0t o, o, 240
L nZ 47y 27y nZy
4w Twq Twg 2 wo
c 4 b4 b4 2
JTZO(,O() 420030 220(,00 T[Z()(,O()
0 B, B B, B,
20 20 20 20

Since (5.4.20) is similar to (5.1.17), this transmission line works as a series reso-
nant circuit. Its equivalent-circuit parameters are found as follows (see Table 5.2):

R~ Zyal = L Zoak, (5.4.21)
TI?Z()
L~ (5.4.22)
4(,00
4
C~ (5.4.23)
T[O)oZo
and
Z
o=b_ ™ _b (5.4.24)

4R 4ol  2a

Example 5.5 Design a half-wavelength-long coaxial line resonator that is short-
circuited at its ends. Its inner conductor radius is 0.455 mm and the inner radius
of the outer conductor is 1.499 mm. The conductors are made of copper. Com-
pare the Q value of an air-filled resonator to that of a Teflon-filled resonator
operating at 5 GHz. The dielectric constant of Teflon is 2.08 and its loss tangent
is 0.0004.

SOLUTION  From the relations for coaxial lines given in Appendix 2,

oo 21 x 5 x 10° x 47 x 1077
R, = = =0.018427 Q2
20 2 x 5.813 x 107
R,

1 1
% = Ynt/a)iole (5 - E)
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_ 0.018427 100 n 100
2% 376.7343 x In(1.499/0.455) \ 0.455 ~ 1.499
= 0.058768 Np/m

With Teflon filling,

R, 11
o, = — + -
© T 2¢/Wo/e0, In(b/a) (a b)
B 0.018427 x +/2.08 100 100
T 2 x 376.7343 x In(1.499/0.455) \ 0.455 ' 1.499
— 0.084757 Np/m

oy = %./ugsoer tand = 7t x 5 x 10° x 3 x 10% x +/2.08 x 0.0004

— 0.030206 Np/m
2 5 x 10°
Bo= 222X 7 _ 104719755 rad/m
3 % 10°
27 x 5 x 10° x /2.08
By = XX T X — 151.029 rad/m
3 % 10°
Bo  104.719755
=P I 690,96
Qair 20 2 x 0.058768
151.029
Oreton = P4 — 656.8629

20 2 x (0.084757 + 0.030206)

Example 5.6 Design a half-wavelength-long microstrip resonator using a 50-2
line that is short circuited at its ends. The substrate thickness is 0.159 cm, with
its dielectric constant 2.08 and the loss tangent 0.0004. The conductors are made
of copper. Compute the length of the line for resonance at 2 GHz and the Q of
the resonator. Assume that thickness ¢ of the microstrip is 0.159 pm.

SOLUTION Design equations for the microstrip line (from Appendix 2) are

8e”
m for A > 1.52
w e — 1
Z=1, {B-1-m@B-1+
= o for A <1.52
- 0.61
x |In(B — 1) +0.39 —
£

where

Do (el ”2+e,—1 023+0.11
60\ 2 e+ 1\ £
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v

T

h

d

Figure 5.20 Geometry of the microstrip line.

and
_ 6072

- Zoer

See Figure 5.20. Therefore,

50 /2.08+1\"* 2.08—1 0.11
(i) <0.23

_0 S0 — ) =1.1333
60 2 X + 2.08)

Since A is smaller than 1.52, we need B to determine the width of microstrip.
Hence,

607>
B=——"=821I2
50 x 4/2.08
w 2 2.08 -1
—=—18212—1—-In(2x8.212 -1
h n{ n(2 x )t %208
x | In(8.212 — 1) + 0.39 0.61 =3.1921
’ ' 208 7
Therefore,
w = 0.507543cm ~ 0.51cm
Further,
05120841+ (2.08 —1) !
gre = 0. . 08 —1) x
1+ 12/3.192094
2.08 — 1)0.0001
B (2.08 )0.000 _ 17875

4.64/3.1921

Therefore, the length of the resonator can be determined as follows:

l:l—vp/f— c 3 x 1010

27 2 T 2ffe 2x2x10° x +/1.7875

cm = 5.6096 cm
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Since ocopper = 5.813 X 107 S/m, the quality factor of this resonator is determined
as follows. For w/h > 1/2m,

e w+03979t 1+1 2h 3.1923
_— = — . — n — = J.
h h h t

and

h 1.25¢+ 1.25 h
t=14+—|[1———+—0In(2-)| =2.5476
W, h b t

Therefore, for w/h > 1, a. is found to be

o. = 44.1255 x 10—5 EZOSre fGHZ [& 0.667 (we/h)

_ Np/m
h o h w,/h 4 1.444

= 0.0428 Np/m

Similarly, o, is found from (A2.28) as follows:

€ & — 1

= 10.4766
% e —1 /&

fou,tand  Np/m = 0.0095 Np/m

and
27 27 27

B:—:

— = ——————— rad/m = 56.0035 rad/m
N 21 2 x 5.6096/100

Hence, Q of the resonator is found as

B 56.0035

= = = 5354
20 2 x (0.0428 4 0.0095)

Q

5.5 MICROWAVE RESONATORS

Cavities and dielectric resonators are commonly employed as resonant circuits
at frequencies above 1 GHz. These resonators provide much higher Q than the
lumped elements and transmission line circuits. However, the characterization of
these devices requires analysis of associated electromagnetic fields. Character-
istic relations of selected microwave resonators are summarized in this section.
Interested readers can find several excellent references and textbooks analyzing
these and other resonators.

Rectangular Cavities

Consider a rectangular cavity made of conducting walls with dimensions a x
b x c, as shown in Figure 5.21. It is filled with a dielectric material of dielectric
constant €, and relative permeability .. In general, it can support both TE,,,,
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y
b
9 L s
/ <=
z
Figure 5.21 Geometry of the rectangular cavity resonator.

and TM,,,, modes, which may be degenerate. The cutoff frequency of TE,,, and
TM,,,,, modes can be determined from the formula

fC(MHz)z\j% [(%)2+ (;—bﬂ MHz

The resonant frequency f, of a rectangular cavity operating in either TE,,,, or
TM,,.,, mode can be determined as follows:

£,(MHz) = j% [(;"—a)z + (;—b)Z + (%)2} MHz  (5.5.1)

If the cavity is made of a perfect conductor and filled with a perfect dielectric,
it will have infinite Q. However, it is not possible in practice. In the case of cavity
walls having a finite conductivity (instead of infinite for the perfect conductor)
but filled with a perfect dielectric (no dielectric loss), its quality factor Q. for
TE;9, mode is given by

60b(acw./ie)’ W
R, (2p2%a3b + 2bc? + p?adc +ac®)\ s,

Qc|10p = (552)

The permittivity and permeability of the dielectric filling are given by € and p,
respectively, o is angular frequency, and Ry is the surface resistivity of walls,
which is related to the skin depth 8; and the conductivity o as follows.

1 WK
Ri=—=_|— 5.5.3
s \/ > (5.5.3)

On the other hand, if the cavity is filled with a dielectric with its loss tangent
as tand while its walls are made of a perfect conductor, the quality factor Q4 is
given as

1
= 5.5.4
Qa tan § ( )
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When there is power loss in both the cavity walls and the dielectric filling, the
quality factor Q is found from Q. and Q, as follows:

1 1 1

— = — 4+ — 5.5.5
0~ 0. 0 (5:9:9)

Example 5.7 An air-filled rectangular cavity is made from a piece of copper
WR-90 waveguide. If it resonates at 9.379 GHz in TE¢; mode, find the required
length ¢ and the Q value of this resonator.

SOLUTION  Specifications of WR-90 are given in Table A3.3 as follows:

a=0.9in. = 2.286cm
and

b=04in. = 1.016cm

From (5.5.1),

1 9379\ 2 1\
— = ZZ) - (=) =223383 = ¢c= 2.238cm
2c 300 2a

Next, the surface resistance, Ry, is determined from (5.5.3) as 0.0253 2, and the
Q. is found from (5.5.2) to be about 7858.

Example 5.8 A rectangular cavity made of copper has inner dimensions a =
1.6cm, b =0.71cm, and ¢ = 1.56cm. It is filled with Teflon (¢, = 2.05 and
tand = 2.9268 x 10~*). Find the TE;y; mode resonant frequency and Q value
of this cavity.

SOLUTION  From (5.5.1),

bi 300 ! ’ + ! ’ 9379 MHz = 9.379 GH
r == - % Z = . Z
V205V \2x0.016 2 x 0.0156

Since power dissipates both in the dielectric filling as well as in the sidewalls,
overall Q will be determined from (5.5.5). From (5.5.2) and (5.5.4), Q. and Qg
are found to be 5489 and 3417, respectively. Substituting these into (5.5.5), the
Q value of this cavity is found to be 2106.

Circular Cylindrical Cavities

Figure 5.22 shows the geometry of a circular cylindrical cavity of radius r and
height £. It is filled with a dielectric material of relative permeability w, and
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Figure 5.22 Geometry of the circular cylindrical cavity resonator.

dielectric constant ¢,. Its resonant frequency f, in megahertz is given as

£.(MHz) = %\/(X:mf + (ph—“)z MHz (5.5.6)

where

Yom = {an for TM modes (5.5.7)

P'wm for TE modes

As discussed in Section 4.9, p,,, represents the mth zero of the Bessel function
of the first kind and order n and p’,,, represents the mth zero of the derivative
of the Bessel function. In other words, these represent roots of the following
equations, respectively (see Table 5.3):

J,(x) =0 (5.5.8)
and
) _ (5.5.9)
dx

The Q. of a circular cylindrical cavity operating in TE,,,, mode and filled
with a lossless dielectric can be found from the following formula:

47.7465 [ = (1/2)" | [P + (per/ 7]

~ 3, f,(MHz) {[p;gm +@r/h) (prr/ W] + [1 —@r/h) (npﬁr/p;lmh)q}
(5.5.10)

c

TABLE 5.3 Zeros of J,(x) and J, (x)

’ ’

n Pni Pn2 Pn3 p,;l P2 Pu3

0 2405 5.520 8.654 3.832 7.016 10.173
1 3.832 7.016 10.173 1.841 5.331 8.536
2 5136 8417 11.620 3.054 6.706 9.969
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In the case of TM,,,, mode, Q. is given by

o, — 417465 \/[p,%m+(1?ﬂr/h)2]

T8 f(MHz) 1+ Q2r/h) p>0 (5.5.11)

For p =0,
47.7465 Dum

8 A, (MHZ) 1+ 7/ h)

p=0 (5.5.12)

c

The quality factor Q, due to dielectric loss and the overall Q are determined as
before from (5.5.4) and (5.5.5) with appropriate Q..

Example 5.9 Determine the dimensions of an air-filled circular cylindrical cav-
ity that resonates at 5 GHz in TE;; mode. It should be made of copper, and its
height should be equal to its diameter. Find the Q of this cavity given that n = 0,
m=p=1,and h =2r.

SOLUTION From (5.5.6), with xo; as 3.832 from Table 5.3, we get

= 0.03955m

3.832% 4 (m/2)?
ryr =
(5000 x 27/300)2

and

h =2r =0.0791 m

Since

[ 2 2
5. = - =9.3459 x 1077
’ WUO \/2TEX5X 109 x 41 x 10~7 x 5.8 x 107 x m

The Q value of the cavity can be found from (5.5.10) as

47.7465 x 10° [3.8322 + (w/2)*]'?

= = 39,984.6
93459 x 107 x 5 x 10° "« [3.8322 + (n/2)2] + 1

Qc

Further, there is no loss of power in air (tan 8§ &~ 0), Qy is infinite, and therefore
Q is the same as Q..

Dielectric Resonators

Dielectric resonators (DRs), made of high-permittivity ceramics, provide high
Q values with smaller size. These resonators are generally a solid sphere or
cylinder of circular or rectangular cross section. High-purity TiO, (g, =~ 100,
tan d &~ 0.0001) was used in early dielectric resonators. However, it was found
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Figure 5.23 Geometry of an isolated circular cylindrical dielectric resonator.

to be intolerably dependent on the temperature. With the development of new
ceramics, temperature dependence of DR can be reduced significantly.

Figure 5.23 shows an isolated circular cylindrical DR. Its analysis is beyond
the scope of this book. Its TE(5 -mode resonant frequency, f, in GHz, can be
found from the following formula:

34 r
f.(GHz) = = (3.45 n —) GHz (5.5.13)
r h

r

where r and & are in millimeters. This relation is found to be accurate within
+2% if

2> % ~ 05 (5.5.14)

and

50 > ¢ > 30 (5.5.15)

An isolated DR is of almost no use in practice. A more practical situation
is illustrated in Figure 5.24, where it is coupled with a microstrip line in a
conducting enclosure. Assume that the dielectric constants of the DR and the
substrate are ¢, and g, respectively. With various dimensions as shown (all in
meters), the following formulas can be used to determine its radius r and the
height h. If r is selected between the following bounds, the formulas presented
in this section are found to have a tolerance of no more than 2% (Kajfez and
Guillon, 1986):

1.2892 x 108 1.2892 x 108
X >r > X (5.5.16)
Jr/es Jr/er

where f, is resonant frequency in hertz.
The height of the DR is then found as

h=-(tan' —  fant 22 (5.5.17)
B B tanh oyt B tanh ard
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where
o] =/ k?— késs (5.5.18)
oy = /K2 — Kk} (5.5.19)
B = kie, — k? (5.5.20)
. 2.405
K = + Y (5.5.21)
r 2.405r[1 4 (2.43/y) +0.291y]
y =/ (kor)2(e, — 1) — 5.784 (5.5.22)
and
k() = W4/Mo€o (5523)

Example 5.10 Design a TEy;-mode cylindrical dielectric resonator for use at
35 GHz in the microstrip circuit shown in Figure 5.24. The substrate is 0.25 mm
thick and its dielectric constant is 9.9. The dielectric constant of the material
available for DR is 36. Further, the top of the DR should have a clearance of
1 mm from the conducting enclosure.

SOLUTION Since

1.2892 x 10%

=1.171 x 10 m
fra/es

and
1.2892 x 108
NG

the radius r of the DR may be selected as 0.835 mm.

=6.139 x 10™*m

Conducting

T / enclosure
d
. ) DR
Mlcrostri l /

W¢h

AAAAA
I

Substrate ' ¢ 2r > : ; t

Figure 5.24 Geometry of a circular cylindrical dielectric resonator in MIC configuration.
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The height & of the DR is then determined from (5.5.17) to (5.5.22), as follows:

y = (kor)2(e, — 1) — 5.784 = 2.707

. 2.405 y 3
K = + =3.382 x 10
r 2.405r[1 + (2.43/y) 4+ 0.291y]

oy = /k? — kZe; = 2.474 x 10°

=/k? — k2 =3.302 x 10’

B = /kie, —k?=2812x 10’

and

After substituting these numbers into (4.5.17), & is found to be

h=1 -1

tan~! % +tan' —= ) =6.683 x 107*m = 0.668 mm
B B tanh o7 B tanh oy d
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PROBLEMS

5.1. Determine the resonant frequency, bandwidth, and Q of the circuit shown
in Figure P5.1.

2nH 0015 p.LF

Vm(t)

|

Figure P5.1
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5.2. The quality factor of a 100-nH inductor is 150 at 100 MHz. It is used in a
series resonant circuit with a 50-€2 load resistor. Find the capacitor required
to resonate this circuit at 100 MHz. Find the loaded Q value of the circuit.

5.3. Find the capacitance C in the series R—L—C circuit shown in Figure P5.3
if it is resonating at 1200rad/s. Compute the output voltage v,(t) when
Vin(t) = 4 cos(wt + 0.27) V for w as 1200, 300, and 4800 rad/s.

Figure P5.3

5.4. The magnitude of input impedance in the series R—L—C circuit shown in
Figure P5.4 is found to be 3 Q at a resonant frequency of 1600 rad/s. Find
the inductance L, Q, and the bandwidth.

L 20 uF

ok Ll
-

Vin(®)

l

Figure P5.4

5.5. Determine the element values of a resonant circuit to filter all the sinusoidal
signals from 100 to 130 MHz. This filter is to be connected between a
voltage source with negligible internal impedance and a communication
system that has an input impedance of 50 2. Plot its response over the
frequency range 50 to 200 MHz.

5.6. A series resonant circuit is resonating at 10° rad/s and has a bandwidth of
100rad/s. If the resistance in the circuit is 50 €2, find its inductance and
capacitance.

5.7. For the circuit given in Figure P5.7, the poles are located as illustrated in
Figure P7.2. Find (a) the Q, (b) wy, (¢) Aw, (d) w;, and (e) w;.
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Jjo
L C

| / 98,000
T—KBA\ | \ I s *

—-98,000
Vin(t) vg(t)
l 50 Q l é
}-— -2 x 10* —»|

(@) (b)

Figure P5.7 (a) Series R—L—C circuit with input—output terminals; (b) poles of the
transfer function.

5.8. Calculate the resonant frequency, Q, and bandwidth of the parallel resonant
circuit shown in Figure P5.8.

/‘; 0.015 uF 100 kQ

Figure P5.8

5.9. Find the resonant frequency, unloaded Q, and loaded Q of the parallel
resonant circuit shown in Figure P5.9.

500 Q .
20 nH /—\ 50 pF 1 kQ
Resonator circuit Load
Figure P5.9

5.10. Theparallel R—L—C circuitshown in Figure P5.10is resonantat 20,000 rad/s.
If its admittance has a magnitude of 1 mS at the resonance, find the values of
R and L.
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/"\ 0.05 uF

R

Figure P5.10
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5.11. Consider the loaded parallel resonant circuit shown in Figure P5.11. Com-
pute the resonant frequency in radians per second, unloaded Q, and loaded

5.12

5.13

5.14

5.15

5.16

517

5.18

O of this circuit.

50 uF 20 mH

;

2kQ

N

Figure P5.11

Load

10 kQ

. Resistance R in a parallel R—L—C circuit is 200 2. The circuit has a
bandwidth of 80rad/s with a lower half-power frequency at 800 rad/s. Find

the inductance and capacitance of the circuit.

. A parallel R—L-C circuit is resonant at 2 x 10°rad/s and has a band-
width of 20,000rad/s. If its impedance at resonance is 2000 €2, find the

circuit parameters.

. A resonator is fabricated from a 2\-long transmission line that is short-

circuited at its ends. Find its Q.

. A 3-cm-long 100-Q2 air-filled coaxial line is used to fabricate a resonator.
It is short-circuited at one end while a capacitor is connected at the other

end to obtain the resonance at 6 GHz. Find the value of this capacitor.

. A 100-€2 air-filled coaxial line of length [ is used to fabricate a resonator. It
is terminated by 10 — ;5000 €2 at its ends. If the signal wavelength is 1 m,
find the required length for the first resonance and the Q of this resonator.

. Design a half-wavelength-long coaxial line resonator that is short-circuited
at its ends. Its inner conductor radius is 0.455mm and the inner radius
of the outer conductor is 1.499 mm. The conductors are made of copper.
Compare the Q value of an air-filled resonator to that of a Teflon-filled
resonator operating at 800 MHz. The dielectric constant of Teflon is 2.08

and its loss tangent is 0.0004.

. Design a half-wavelength-long microstrip resonator using a 50-2 line that
is short-circuited at its ends. The substrate thickness is 0.12cm with a
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5.19.

5.20.

5.21.

5.22.

5.23.

5.24.
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dielectric constant of 2.08 and a loss tangent of 0.0004. The conductors
are of copper. Compute the length of the line for resonance at 900 MHz
and the Q value of the resonator.

The secondary side of a tightly coupled transformer is terminated by a
2-k€2 load in parallel with capacitor C,. A current source / = 10cos(4 x
10%) mA is connected on its primary side. The inductance L; of its primary
is 0.30 wH, the mutual inductance M = 3 WH, and the unloaded Q of the
secondary coil is 70. Determine the value of C, such that this circuit
resonates at 4 x 10°rad/s. Find its input impedance and the output voltage
at the resonant frequency. What is the circuit bandwidth?

A 16-Q resistor terminates the secondary side of a tightly coupled trans-
former. A 40-pwF capacitor is connected in series with its primary coil,
which has an inductance L; at 100 mH. If the secondary coil has an
inductance L, at 400 mH, find the resonant frequency and the Q value
of the circuit.

A 16-Q resistor terminates the secondary side of a tightly coupled trans-
former. A 30-pF capacitor is connected in series with its primary coil,
which has an inductance of 25 mH. If the circuit Q value is 50, find the
inductance L, of the secondary coil.

An air-filled rectangular cavity is made from a piece of copper WR-430
waveguide. If it resonates at 2 GHz in TE;y; mode, find the required length
c and the Q of this resonator.

Design an air-filled circular cylindrical cavity that resonates at 9 GHz in
TEj;; mode. It should be made of copper, and its height should be equal
to its diameter. Find the Q value of this cavity.

Design a TEy;; mode cylindrical dielectric resonator for use at 4.267 GHz in
the microstrip circuit shown in Figure 5.24. The substrate is 0.7 mm thick
and its dielectric constant is 9.6. The dielectric constant of the material
available for the DR is 34.19. Further, the top of the DR should have a
clearance of 0.72 mm from the conducting enclosure.



IMPEDANCE-MATCHING NETWORKS

One of the most critical requirements in the design of high-frequency electronic
circuits is that the maximum possible signal energy is transferred at each point. In
other words, the signal should propagate in a forward direction with a negligible
echo (ideally, zero). Echo signal not only reduces the power available but also
deteriorates the signal quality due to the presence of multiple reflections. As
noted in Chapter 5, impedance can be transformed to a new value by adjusting
the turns ratio of a transformer that couples it with the circuit. However, it has
several limitations. In this chapter we present a few techniques to design other
impedance-transforming networks. These circuits include transmission line stubs
and resistive and reactive networks. Further, the techniques introduced are needed
in active circuit design at RF and microwave frequencies.

As shown in Figure 6.1, impedance-matching networks are employed at the
input and output of an amplifier circuit. These networks may also be needed
to perform other tasks, such as filtering the signal and blocking or passing the
dc bias voltages. This chapter begins with a section on impedance-matching
techniques that use a single reactive element or stub connected in series or in
shunt. Theoretical principles behind the technique are explained, and the graphical
procedure to design these circuits using a Smith chart is presented. Principles and
procedures of double-stub matching are discussed in the following section. The
chapter ends with sections on resistive and reactive L-section matching networks.
Both analytical and graphical procedures to design these networks using ZY-
charts are included.

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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ZT
Impedance- Transistor Impedance- || a4
transforming with dc bias transforming 7
circuit circuit circuit L

Figure 6.1 Block diagram of an amplifier circuit.

6.1 SINGLE REACTIVE ELEMENT OR STUB MATCHING
NETWORKS

When a lossless transmission line is terminated by an impedance Z;, the magni-
tude of the reflection coefficient (and hence, the VSWR) on it remains constant,
but its phase angle can be anywhere between +180° and —180°. As we have seen
in Chapter 3, it represents a circle on a Smith chart, and a point on this circle
represents the normalized load. As one moves away from the load, the impedance
(or the admittance) value changes. This movement is clockwise on the VSWR
circle. The real part of the normalized impedance (or normalized admittance)
becomes unity at certain points on the line. Addition of a single reactive element
or a transmission line stub at this point can eliminate the echo signal and reduce
the VSWR to unity beyond this point. A finite-length transmission line with its
other end an open or short circuit is called a stub and behaves like a reactive
element, as explained in Chapter 3.

In this section we discuss the procedure for determining the location on a loss-
less feeding line where a stub or a reactive element can be connected to eliminate
the echo signal. Two different possibilities, a series or a shunt element, are con-
sidered. Mathematical equations as well as graphical methods are presented to
design the circuits.

Shunt Stub or Reactive Element

Consider a lossless transmission line of characteristic impedance Z; that is

terminated by a load admittance Y;, as shown in Figure 6.2. Corresponding

normalized input admittance at a point d; away from the load can be found
from (3.2.6) as

Y, = SLtjtanpd 6.1.1)

1+ jY, tanBd;

To obtain a matched condition at dy, the real part of the input admittance must

be equal to the characteristic admittance of the line [i.e., the real part of (6.1.1)

must be unity]. This requirement is used to determine d;. The parallel sus-

ceptance B; is then connected at d; to cancel out the imaginary part of Yj,.
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Ja  [Jras

Figure 6.2 Transmission line with a shunt matching element.

Hence,

p— _2 JR—

1 B, +4yB;, —A(1-G
dS=—tan71 L \/ L ( L)
B A

(6.1.2)

where A = G, (G, — 1) +§i.
The imaginary part of the normalized input admittance at d; is found as follows:

= _ (B, + tanBd,)(1 — B, tanBd,) — G, tan pd,

in = — (6.1.3)
(G tanBdy)? + (1 — B tan Bd,)?
The other requirement to obtain a matched condition is
B, = —Bi, (6.1.4)

Hence, a shunt inductor is needed at d; if the input admittance is found capacitive
(i.e., Bj, is positive). On the other hand, it will require a capacitor if Yj, is
inductive at d;. As mentioned earlier, a lossless transmission line section can
be used in place of this inductor or capacitor. The length of this transmission
line section is determined according to the susceptance needed by (6.1.4) and
the termination (i.e., an open circuit or a short circuit) at its other end. This
transmission line section is called a stub. If [ is the stub length that has a short
circuit at its other end,

1 — 1 —
Iy = —cot™'(—=By) = = cot™! B, (6.1.5)
p p
On the other hand, if there is an open circuit at the other end of the stub,
| R p— 1, =
Iy, = Btan B, = Etan (—Bin) (6.1.6)

Series Stub or Reactive Element

If a reactive element (or stub) needs to be connected in series as shown in
Figure 6.3, the design procedure can be developed as follows. The normalized
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D 7R+ 0%,

Figure 6.3 Transmission line with a matching element connected in series.

input impedance at d; is

7' _ 2L +jtan6ds

= = (6.1.7)
"1+ jZ, tanpd,

To obtain a matched condition at dy, the real part of the input impedance must
be equal to the characteristic impedance of the line [i.e., the real part of (6.1.7)
must be unity]. This condition is used to determine d;. A reactance X is then
connected in series at d to cancel out the imaginary part of Z;,. Hence,

— — —
1 X,y X, —A,(1—-Ry)
dy = —tan”! = \/ L - =
A;

(6.1.8)

where A, = R, (R, — 1) + X,.
The imaginary part of the normalized input impedance at d; is found as follows:

v _ (Kot tanpd)(1 — X, tanpd,) — R, tanpd,

in — — 6.1.9
(Ry tanBdy)? + (1 — X tan Bd,)? ( )

To obtain a matched condition at d, the reactive part X;, must be eliminated by
adding an element of opposite nature. Hence,

X; = —Xin (6.1.10)
Therefore, a capacitor will be needed in series if the input impedance is inductive.
It will require an inductor if the input reactance is capacitive. As before, a trans-

mission line stub can be used instead of an inductor or a capacitor. The length
of this stub with an open circuit at its other end can be determined as follows:

1 — 1 —
lS = ECOt(_XS) = ECOtXin (6111)
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However, if the stub has a short circuit at its other end, its length will be a
quarter-wavelength shorter (or longer, if the resulting number becomes negative)
than this value. It can be found as

1 — 1 _
I = Etan X, = Btan(—Xin) (6.1.12)

Note that the location dy and the stub length /; are periodic in nature in both cases.
It means that the matching conditions will also be satisfied at points one-half
wavelength apart. However, the shortest possible values of d; and [ are preferred
because those provide the matched condition over a broader frequency band.

Graphical Method

These matching networks can also be designed graphically using a Smith chart.
The procedure is similar for both series- and shunt-connected elements, except
that the former is based on the normalized impedance, whereas the latter works
with normalized admittance. It can be summarized in the following steps:

1. Determine the normalized impedance of the load and locate that point on
a Smith chart.

2. Draw the constant-VSWR circle. If the stub needs to be connected in
parallel, move a quarter-wavelength away from the load impedance point.
This point is located at the other end of the diameter that connects the load
point with the center of the circle. For a series stub, stay at the normalized
impedance point.

3. From the point found in step 2, move toward the generator (i.e., clockwise)
on the VSWR circle until it intersects the unity resistance (or conductance)
circle. The distance traveled to this intersection point from the load is
equal to d;. There will be at least two such points within one-half wave-
length from the load. A matching element can be placed at either one of
these points.

4. If the admittance in step 3 is 1+ jB, a susceptance of —;jB in shunt is
needed for matching. This can be a discrete reactive element (inductor
or capacitor, depending on a negative or positive susceptance value) or a
transmission line stub.

5. In the case of a stub, the length required is determined as follows. Since its
other end will have an open or a short, the VSWR on it will be infinite. It is
represented by the outermost circle of the Smith chart. Locate the desired
susceptance point (i.e., 0 — jB) on this circle and then move toward load
(counterclockwise) until an open circuit (i.e., a zero susceptance) or a short
circuit (an infinite susceptance) is found. This distance is equal to the stub
length /;.

For a series reactive element or stub, steps 4 and 5 will be the same except
that the normalized reactance replaces the normalized susceptance.
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Example 6.1 A uniform, lossless 100-2 line is connected to a load of
50 — j75 R, as illustrated in Figure 6.4. A single stub of 100-Q2 characteristic
impedance is connected in parallel at a distance d; from the load. Find the
shortest values of d; and stub length /; for a match.

SOLUTION As mentioned in the preceding analysis, design equations (6.1.2),
(6.1.3), (6.1.5), and (6.1.6) for a shunt stub use admittance parameters. On the
other hand, the series-connected stub design uses impedance parameters in (6.1.8),
(6.1.9), (6.1.11), and (6.1.12). Therefore, d; and /; can be determined theoretically,
as follows:

— Y. Zy 100

L= —

— = —=——>--=0.6154+;0.9231
Yo ZL 50 — ]75

A=G. (G, — 1)+ B, =0.6154(0.6154 — 1) + 0.9231% = 0.6154

From (6.1.2), the two possible values of d; are

0. ~0.75)2 — 0.6154(1 — 0.
4= > an! 075+ V(=075 — 061541 = 05) _ 100,
n 0.6154

and

h =075 - J(=0.75)2 = 0.6154(1 — 0.5)
an

= — = 0.0353\
2n 0.6154

dy
At 0.1949\ from the load, the real part of the normalized admittance is unity and

its imaginary part is —1.2748. Hence, the stub should provide j1.2748 to cancel
it out. Length of a short-circuited stub, [, is calculated from (6.1.5) as

1
I, = Bcot—‘(—1.2748) =0.3941

[] Z,=50-j75Q

\l,

L

Figure 6.4 Shunt stub matching network.




SINGLE REACTIVE ELEMENT OR STUB MATCHING NETWORKS 195

On the other hand, normalized admittance is 1+ j1.2748 at 0.0353\ from the
load. To obtain a matched condition, the stub at this point must provide a nor-
malized susceptance of —;j1.2748. Hence,

1
I, = Bcot—‘(l.2748) = 0.1059

Thus, there are two possible solutions to this problem. In one case, a short-
circuited 0.3941\-long stub is needed at 0.1949\ from the load. The other design
requires a 0.1059n-long short-circuited stub at 0.0353\ from the load. It is pre-
ferred over the former design because of its shorter lengths.

The following steps are needed to solve this example graphically with a Smith
chart:

1. Determine the normalized load admittance.

_ 50— j75
7, =212

=0.5—j0.7
. 0 0.5 — j0.75

2. Locate the normalized load impedance point on the Smith chart. Draw the
VSWR circle as shown in Figure 6.5.

3. From the load impedance point, move to the diametrically opposite point
and locate the corresponding normalized load admittance. It is the point
0.62 4 j0.91 on the chart.

4. Locate the point on the VSWR circle where the real part of the admittance
is unity. There are two such points with normalized admittance values
1+ j1.3 (say, point A) and 1 — j1.3 (say, point B), respectively.

5. The distance d; of 1+ j1.3 (point A) from the load admittance can be
determined as 0.036\ (i.e., 0.170x — 0.134)\) and for point B (1 — j1.3)
as 0.195X\ (i.e., 0.329% — 0.134N).

6. If a susceptance of —j1.3 is added at point A or j1.3 at point B, the load
will be matched.

7. Locate the point —j1.3 along the lower circumference of the chart and
from there move toward the load (counterclockwise) until the short circuit
(infinity on the chart) is reached. Separation between these two points is
0.25% — 0.146\ = 0.104X. Hence a 0.104\-long transmission line with a
short circuit at its rear end will have the desired susceptance for point A.

8. For a matching stub at point B, locate the point j1.3 on the upper circum-
ference of the chart and then move toward the load up to the short circuit
(i.e., the right-hand end of the chart). Hence, the stub length /; for this case
is determined as 0.25\ + 0.146\ = 0.396)\.

Therefore, a 0.104\-long stub at 0.036\ from the load (point A) or a 0.396\.-
long stub at 0.195\ (point B) from the load will match the load. These values
are comparable to those obtained earlier.
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Figure 6.5 Graphical design of matching circuit for Example 6.1.

As mentioned earlier, point A is preferred over point B in matching the net-
work design because it is closer to the load and the stub length is shorter in
this case. To compare the frequency response of these two designs, the input
reflection coefficient is calculated for the network. Its magnitude plot is shown
in Figure 6.6. Since various lengths in the circuit are known in terms of wave-
length, it is assumed that the circuit is designed for a signal wavelength of \,.
As the signal frequency is changed, its wavelength changes to . The normalized
wavelength used for this plot is equal to A;/\. Since the wavelength is inversely
related to the propagation constant, the horizontal scale may also be interpreted
as a normalized frequency scale, with 1 being the design frequency.

Plot (a) in Figure 6.6 corresponds to design A (which requires a shorter stub
closer to the load) and plot (b) represents design B (a longer stub and away from
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Figure 6.6 Magnitude of the reflection coefficient as a function of signal frequency.

the load). At the normalized wavelength of unity, both of these curves go to
zero. As signal frequency is changed on either side (i.e., decreased or increased
from this setting), reflection coefficient increases. However, this change in plot
(a) is gradual in compared with that in plot (b). In other words, for an allowed
reflection coefficient of 0.2, the bandwidth for design A is § f>, which is much
wider than the 8 f] of design B.

Example 6.2 A lossless 100-L2 line is to be matched with a 100/(2 + j3.732)-Q
load by means of a lossless short-circuited stub, as shown in Figure 6.7. The
characteristic impedance of the stub is 200 2. Find the position closest to the load
and the length of the stub using a Smith chart.

SOLUTION

1. In this example it will be easier to determine the normalized load admittance
directly, as follows:

Vo= =2 oy j3m
L= 7L B ZL B /7
2. Locate this normalized admittance point on the Smith chart and draw the
VSWR circle. It is illustrated in Figure 6.8.

3. Move toward the generator (clockwise) on the VSWR circle until the real
part of the admittance is unity. One such point is 1 — j2.7 and the other is
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Figure 6.8 Graphical solution of Example 6.2.
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1 4 j2.7. Since the former is closer to the load, the stub must be placed at
this point. Hence,

d; = (0.3 —0.217)% = 0.083%

4. The normalized susceptance needed for matching at this point is j2.7.
However, it is normalized with 100 €2, while characteristic impedance of
the stub is 200 2. This means that the normalization must be corrected
before determining the stub length /;. It can be done as follows:

B — J2.7x200 54

JDs = 100 =79

5. Point j5.4 is located on the upper scale of the Smith chart. Moving from
this point toward the load (i.e., counterclockwise), open-circuit admittance
(zero) is found first. Moving farther in the same direction, the short-circuit
admittance point is found next. This means that the stub length will be
shorter with an open circuit at its other end. However, a short-circuited
stub is used in Figure 6.7. Hence,

Iy =0.22N 4+ 0.25X = 047\

Example 6.3 A load reflection coefficient is given as 0.4 /—30°. It is desired to
get a load with reflection coefficient at 0.2 £ 45°. Two different circuits are shown
in Figure 6.9. However, the information provided for these circuits is incom-
plete. Complete or verify the designs at 4 GHz. Assume that the characteristic
impedance is 50 €2.

SOLUTION This example can be solved using equations (3.2.4) and (3.2.6).
Alternatively, a graphical procedure can be adopted. Both of these methods
are illustrated here. From (3.2.4), the given load and the desired normalized

<+ 0.083583A ‘>| ‘4— 0.029928% —>‘
1 | : |
L= ° C —_—)
rm 0.2 245 _>/\ ’_> ZL Iﬂin =0.2 245° 7 2
Iy =04 2£-30° I,=042£-30°

(@) (b)
Figure 6.9 Circuit designs for Example 6.3.
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impedance or admittance can be calculated as follows. The normalized load
impedance is

14T, 1404 /-30°
7, =it 1+ _ = 1.7980 — j0.8562
1T, 1-047-30

The desired normalized input impedance is

— _14Tw _ 1402245

in — = o=1.27 10.37
1—T,, 1-02 745 679 + j0.3736

and the corresponding normalized input admittance is

— 1-Ty 1-0.2 /45° )
Yin= = s = 0.7257 — j0.2138
14+Ti 1402 245

From (3.2.6), the normalized input admittance at [ = 0.0836\ from the load is

- 1 14 jZ; tanBl
Vi = o = L ZetanBl s 4 06911
Zin  Zp+ jtanBl

Hence, the real part of this admittance is equal to the value desired. However,
its imaginary part is off by —;j0.9049. A negative susceptance is inductive,
while the given circuit has a capacitor that adds a positive susceptance. There-
fore, the desired reflection coefficient cannot be obtained by the circuit given in
Figure 6.9(a).

In the circuit shown in Figure 6.9(b), components are connected in series.
Therefore, it will be easier to solve this problem using impedance than by using
admittance. From (3.2.6), the normalized impedance at I, = 0.0299\ from the
load is -

Zp = ZLt Pl o9 j0.9456
1+ jZ tan Bl,

Hence, its real part is equal to the value desired. However, its imaginary part

needs modification by j1.3192 to get j0.3736. Hence, an inductor is required

at this point. The circuit given in Figure 6.9(b) has a series inductor. Therefore,

this circuit will have the desired reflection coefficient provided that its value is

1.3192 x 50

= WH =2.6245 x 107°H ~ 2.62nH
T X X

Figure 6.10 illustrates the graphical procedure for solving this example using
a Smith chart. VSWR circles are drawn for the reflection coefficient magnitudes
given. Using the phase angle of the load reflection coefficient, the normalized load
impedance point is identified as 1.8 — j0.85, which is close to the value calculated
earlier. The process is repeated for the desired input reflection coefficient, and
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Figure 6.10 Graphical solution to Example 6.3.

the corresponding input impedance point is identified as 1.27 + j0.37. For the
circuit given in Figure 6.9(a), the admittance (normalized) points are found as
0.454 j0.22 and 0.73 — j0.21, respectively. Next, move from the normalized
load admittance point toward the generator by a distance of 0.083583\ (i.e.,
0.0421 4 0.084n = 0.126\ of the scale “wavelengths toward generator”). The
normalized admittance value of this point is found to be 0.73 4 j0.69. Hence,
its real part is the same as that of the desired input admittance. However, its
susceptance is j0.69, whereas the desired value is —;0.2. Hence, an inductor
will be needed in parallel at this point. Since the given circuit has a capacitor,
this design is not possible.

For the circuit shown in Figure 6.9(b), elements are connected in series. There-
fore, normalized impedance points need to be used in this case. Move from
the load impedance (1.8 — j0.85) point toward the generator by a distance of
0.029928\ (i.e., 0.292x 4 0.03\ = 0.322) on the “wavelengths toward gener-
ator” scale). Normalized impedance value at this point is 1.27 — j0.95. Thus,
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the resistance at this point is found to be equal to the value desired. However,
its reactance is —j0.95, whereas the required value is j0.37. Therefore, a series
reactance of j1.32 is needed at this point. The given circuit has an inductor
that provides a positive reactance. Hence, this circuit will work. The required
inductance L is found as

1.32 x 50

= x4 100~ 2626nH

6.2 DOUBLE-STUB MATCHING NETWORKS

The matching technique presented in Section 5.1 requires that a reactive element
or stub be placed at a precise distance from the load. This point will shift with
load impedance. Sometimes it may not be feasible to match the load using a
single reactive element. Another possible technique to match the circuit employs
two stubs with a fixed separation between them. This device can be inserted at
a convenient point before the load. The impedance is matched by adjusting the
lengths of the two stubs. Of course, it does not provide a universal solution. As
will be seen later in this section, separation between the two stubs limits the
range of load impedance that can be matched with a given double-stub tuner.
Let /; and [, be the lengths of two stubs, as shown in Figure 6.11. The first
stub is located at a distance / from the load, Z;, = R; + j X, ohms. Separation
between the two stubs is d, and the characteristic impedance of every transmission
line is Zy. In double-stub matching, the load impedance Z; is transformed to
the normalized admittance at the location of the first stub. Since the stub is
connected in parallel, its normalized susceptance is added to that and the resulting
normalized admittance is transferred to the location of the second stub. Matching
conditions at this point require that the real part of this normalized admittance

A

L ;'\1
~, z\

Figure 6.11 Double-stub matching network.
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be equal to unity while its imaginary part is canceled by a conjugate susceptance
of the second stub. Mathematically,

Y + j (B, + tanBd)
1+ j(Y + jB))tanpd

B, =1 6.2.1)

where o .
1+ jZ tanpl Y, + jtanfl
Z,+jtanpl 1+ Y, tanpl

=G+ (6.2.2)

Y =

jBi and j B, are the susceptance of the first and second stubs, respectively, and
P is the propagation constant over the line. For

Re Y + j(B; + tanfd) _
1+ j(Y + jB))tanpd

G tan?pd — G(1 + tan>Bd) + [1 — (B + B)) tanpd]> = 0 (6.2.3)

Since conductance of the passive network must be a positive quantity, (6.2.3)
requires that a given double stub can be used for matching only if the following
condition is satisfied:

0<G < csc?pd (6.2.4)

Two possible susceptances of the first stub that can match the load are determined
by solving (6.2.3):

B = cotBd |:1 — BtanPd + \/6 sec2Bd — (G tan Bd)2j| (6.2.5)
Normalized susceptance of the second stub is determined from (6.2.1) as

_ G tanpd — (B + B, + tanpd)[1 — (B + B;) tan Bd]

2 — e (6.2.6)
(G tanBd)? + [1 — (B + B)) tan Bd]?

Once the susceptance of a stub is known, its short-circuit length can be determined
easily as follows:

I, = é cot ' (=B)) (6.2.7)

and
1 _
L, = Ecot—l(—Bz) (6.2.8)
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Graphical Method

A two-stub matching network can also be designed graphically with the help of
a Smith chart. This procedure follows the analytical concepts discussed above
and can be summarized as follows:

1. Locate the normalized load-impedance point on a Smith chart and draw the
VSWR circle. Move to the corresponding normalized admittance point. If
the load is connected right at the first stub, go to the next step; otherwise,
move toward the generator (clockwise) by 2B/ on the VSWR circle. Assume
that the normalized admittance of this point is g + jb.

2. Rotate the unity-conductance circle counterclockwise by 2fd. The conduc-
tance circle that touches this circle encloses the “forbidden region.” In other
words, this tuner can match only those Y that lie outside this circle. It is a
graphical representation of the condition expressed by (6.2.4).

3. From g + jb, move on the constant-conductance circle until it intersects
the rotated unity-conductance circle. There are at least two such points,
providing two design possibilities. Let the normalized admittance of one
of these points be g + jb;.

4. The normalized susceptance required of the first stub is j(b; — b).

5. Draw a VSWR circle through point g 4+ jb; and move toward the generator
(clockwise) by 2fd on it. This point will fall on the unity-conductance circle
of the Smith chart. Assume that this point is 1 4 jb;.

6. The susceptance required from the second stub is — jb;.

7. Once the stub susceptances are known, their lengths can be determined
following the procedure used in the technique described earlier.

Example 6.4 For the double-stub tuner shown in Figure 6.12, find the shortest
values of /; and [/, to match the load.

«— M8 »i A8
\ wzsog
Zy=50Q Zy=50Q |::| Z; =100 +j50 Q
Zy=50Q
V\
L) \ ™~ /

Figure 6.12 Two-stub matching network for Example 6.4.
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SOLUTION  Since the two stubs are separated by \/8, Bd is equal to /4 and
the condition (6.2.4) gives .
0<G<2

This means that the real part of the normalized admittance at the first stub (load-
side stub) must be less than 2; otherwise, it cannot be matched.
The graphical procedure requires the following steps to find stub settings:

— 100+ j50 ,
1. ZL=¢]=2+11

2. Locate the normalized load impedance on a Smith chart (point A in
Figure 6.13) and draw the VSWR circle. Move to the diametrically opposite
side and locate the corresponding normalized admittance point B at

0.4 — j0.2.
(\} 10 5 5 ;
oM 0.35; ,
2 = ? )
N / %
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Figure 6.13 Smith chart solution to Example 6.4.
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3. Rotate the unity-conductance circle counterclockwise by 2Bd = 1t/2 = 90°.
This shows that this tuner can only match the admittance with a real part
of less than 2 (because it touches the constant-conductance circle of 2).

4. Move clockwise from the point 0.4 — j0.2 (0.463\ on the “wavelengths
toward generator” scale) by a distance of 2/ = 7t/2 = 90° or /8 on the
VSWR circle and locate point C at 0.088\ (0.463% + 0.125\ = 0.588)\)
as the normalized admittance 0.5 — j0.5 of the load transferred to the first
stub’s location.

5. From point C, move on the constant-conductance circle until it intersects
the rotated unity-conductance circle. There are two such points, D and F.
If point D is used for the design, the susceptance of the first stub must be
equal to —j0.37 (i.e., jO.13 — j0.5). On the other hand, it will be j1.36
(i.e., j1.86 — j0.5) for point F.

6. Locate point —;j0.37 and move toward the load along the circumference
of the Smith chart until you reach the short circuit (infinite susceptance).
It gives I} = 0.194\. Similarly, /; is found to be 0.4\ for j1.36.

7. Draw the VSWR circle through point D and move on it by 0.125\ (i.e.,
point 0.154\ on the “wavelengths toward generator” scale). The real part
of the admittance at this point (point E) is unity, and its susceptance is
j0.72. Therefore, the second stub must be set for —j0.72 if the first one is
set for —j0.37. Hence, the second stub is required to be 0.15\ long (i.e.,
[, = 0.15\).

8. Draw the VSWR circle through point F and move on it by 0.125\ (0.3\ on
the “wavelengths toward generator” scale). The real part of the admittance
at this point (point G) is unity and its susceptance is —j2.7. Therefore,
the second stub must be set for j2.7 if the first one is set for j1.36.
In this case, the length of the second stub is found as 0.442\ (i.e., [, =
0.442)).

9. Hence, the length of the first stub should be equal to 0.194\ and that of
the second stub should be 0.15\. The other possible design, where the
respective lengths are found to be 0.4\ and 0.442), is not recommended.

Alternatively, the required stub susceptances, and hence lengths /; and [, can
be calculated from (6.2.2) to (6.2.8) as follows:

Y=G+jB=05+j05

B =j1.366 or — j0.366

For B, = j1.366, B, = j2.7321, and for B; = —j0.366, B, = —j0.7321. The
corresponding lengths are found to be 0.3994), 0.4442), 0.1942), and 0.1494\.
These values are fairly close to those obtained graphically from the Smith chart.
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6.3 MATCHING NETWORKS USING LUMPED ELEMENTS

The matching networks described so far may not be useful for certain applica-
tions. For example, the wavelength of a 100-MHz signal is 3m, and therefore
it may not be practical to use stub matching in this case because of its size on
a printed circuit board. In this section we present matching networks utilizing
discrete components that can be useful, especially in such cases. Two differ-
ent types of L-section matching circuits are described here. The section begins
with resistive matching circuits that can be used for broadband applications.
However, these networks dissipate signal energy and introduce thermal noise.
The section ends with a presentation of the reactive matching networks that are
almost lossless, but the design is frequency dependent.

Resistive L-Section Matching Circuits

Consider a signal generator with internal resistance R, that feeds a load resistance
Ry as illustrated in Figure 6.14. Since source resistance is different from the load,
a part of the signal is reflected back. Assume that R; is larger than R; and there
is a resistive L-section introduced between the two. Further, voltages at its input
and output ports are assumed to be Vi, and V,, respectively. If this circuit is
matched at both its ports, the following two conditions must be true:

1. With R connected, resistance looking into the input port must be R;.

2. With R, terminating the input port, resistance looking into the output port
must be R;.

From the first condition,

RRy RiRy+ RiR+ KRRy

R, =R, + = 6.3.1

T T R+ R, Ry + Ry 63-1)
N :

R R,

L

QD a o Yo <_> R

Generator Matching network Load

Figure 6.14 Resistive L-section matching circuit.
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and from the second,

R>(Ry + Ry) RiR; + RoR;
L= _

= = (6.3.2)
R, + R + R, R, + Ry + R,

Equations (6.3.1) and (6.3.2) can be solved for R, and R, as follows:
Ry =+ Rs;(R; — Ry) (6.3.3)
and

RZR,
R, = |—L°% 634
2 R R, ( )

The voltage across the load and the attenuation in the matching network are

Vi Vo R:R,
= ———————R)||[Rp = — = 6.3.5
Rt BRI = = R R T RR, + RoRs (6.3.5)
and
. RyR;
attenuation (dB) = 20 log (6.3.6)

Ri(Ry + Rr) + R2Ry,

Note that R; and R, are real only when R; is greater than R, . If this condition
is not satisfied (i.e., Ry < R;), the circuit shown in Figure 6.14 will require
modification. Flipping the L-section the other way around (i.e., R; connected in
series with R; and R, across the input) will match the circuit. Design equations
for that case can easily be obtained.

Example 6.5 Internal resistance of a signal generator is 75 Q. If it is being used
to excite a 50-2 transmission line, design a resistive network to match the two.
Calculate the attenuation in decibels that occurs in the inserted circuit.

SOLUTION  Since R; =50 and R; = 75 Q, Ry is greater than R;, and there-
fore the circuit shown in Figure 6.14 can be used.

Ry = /75(75 — 50) = 433 Q
75 x 50°
R, = |22 _g660
75— 50
86.6 x 50

43.3(86.6 + 50) + 86.6 x 50
= 2010g(0.4227) = —7.48 dB

and

attenuation (dB) = 20log

The final circuit arrangement is shown in Figure 6.15.
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R; R,

: >, Z)=50Q
GD Vin' S

Generator  : Matching network Load

Figure 6.15 Resistive matching circuit for Example 6.5.

Reactive L-Section Matching Circuits

As mentioned earlier, resistive matching circuits are frequency insensitive but
dissipate a part of the signal power that affects the signal-to-noise ratio adversely.
Here we consider an alternative design using reactive components. In this case,
power dissipation is ideally zero, but the matching is frequency dependent.

Consider the two circuits shown in Figure 6.16. In one of these circuits, resistor
R; is connected in series with a reactance X, while in the other, resistor R,
is connected in parallel with a reactance X,. If impedance of one circuit is a
complex conjugate of the other, then

JXpRp
Ry, +jX,

X, R
v¥+ﬁ=—fi7 6.3.7)
/Rp—i-Xp

The quality factor, Q, of a reactive circuit was defined in Chapter 5 as follows:

|Rs +]Xv| = ‘

or

energy stored in the network
=

average power loss

R, ix

N

Figure 6.16 Series- and parallel-connected impedance circuits.

X,
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where w is the angular frequency of the signal. For a series circuit,

X
0= 2 (6.3.8)
S
and for a parallel circuit,
0= Ry (6.3.9)
X, 3.

Assuming that the quality factors of these two circuits are equal, (6.3.7) can be
simplified as follows:

(R,/ Q)R R
VRE+ RO = —L= e o RV 4 0 = ——L—
/R + (R,/Q)? V14 Q2

Hence,

R
14+ 0°= Fp (6.3.10)

The design procedure is based on equations (6.3.8) to (6.3.10). For a resistive
load to be matched with another resistor (it may be a transmission line or gener-
ator), R, and R; are defined such that the former is greater. Q of the circuit is
then calculated from (6.3.10). Respective reactances are subsequently determined
from (6.3.8) and (6.3.9). If one reactance is selected capacitive, the other must
be inductive. X, will be connected in parallel with R, and X will be in series
with R;. The following example illustrates the procedure.

Example 6.6 Design a reactive L-section that matches a 600-2 resistive load
to a 50-Q2 transmission line. Determine the component values if the matching is
desired at 400 MHz.

SOLUTION Since R, must be larger than Ry, the 600-$2 load is selected as
R, and a 50-Q2 line as R,. Hence, from (6.3.10) we have

600

L_"_"=12 =411 =3.3166
R, 50 =0

Now, from (6.3.8) and (6.3.9),

X, = QR, =3.3166 x 50 = 165.8312 2
R, 600

X,=-L2=—"=180.9068 Q
P70 T 3.3166
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X

s
X
|
|

50 Q 50 Q X

or P
600 Q

r
(—
X,

(1) 2

Figure 6.17 Design of two reactive matching circuits for Example 6.6.

211

600 Q

Therefore, either one of the two circuits in Figure 6.17 can be used to match the

load with the line.

For circuit (1) in Figure 6.17, the component values are determined as follows:

X, =165.8312 =
wC;
Therefore,
1 12
C, = ~24x107“F=24pF
21 x 400 x 10° x 165.8312
and
X, =180.9068 = oL,
Therefore,

180.9068

p= = =71.9805 x 107 H~ 72nH
21 x 400 x 10

Similarly, the component values for circuit (2) in Figure 6.17 are

X; =165.8312 = wL;

Therefore,
165.8312
s = = 659821 x 107 H~ 66nH
21 % 400 x 10
and 1
X, =180.9068 = ——
wC)p
Therefore,

1

C,= =22x 1072 F=22pF
P = 27 x 400 x 10° x 180.9068 % P
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Example 6.7 Consider Example 6.6 again and transform a 600-Q2 resistive load
to a 173.2-Q load by adjusting the Q value of a matching circuit. Continue
the transformation process to get 502 from 173.2 Q. Compare the frequency
response (reflection coefficient versus frequency) of your circuits.

SOLUTION  For the first part of this example, R, is 600 2 and R, is 173.2 Q.
Hence, from (6.3.8) to (6.3.10),

R, 600
=2 1=,/——1=156977
Q=% 173.2 S69778

X; =QR; =271.8856 2

and

R
X, =L =3822196Q
Q

Repeating the calculations with R, =173.2Q and R, =502, for the second
part of the example we get

R, 173.2
R, 50

This value of Q is very close to that obtained earlier. This is because 173.2 is
close to the geometric mean of 600 and 50. Hence,

X, = QR, =78.4857Q
and

R
X, =—-=110.3386Q
0

Two of the possible circuits (3) and (4) are shown in Figure 6.18 along with their
component values. For these circuits, the impedance that the 50-2 transmission
line sees can be determined. The reflection coefficient is then determined for each
case. This procedure is repeated for the circuits obtained in Example 6.6 as well.
Magnitude of the reflection coefficient for each of these four cases is displayed in
Figure 6.19. Curves (a) and (b) are obtained for circuits (1) and (2) of Figure 6.17,
respectively. The frequency response of circuit (3) in Figure 6.18 is illustrated
by curve (c) of Figure 6.19, while curve (d) displays the frequency response of
circuit (4). The horizontal axis of Figure 6.19 represents the normalized frequency
(i.e., the signal frequency divided by 400 MHz).

As Figure 6.19 indicates, the reflection coefficient is zero for all four circuits
at a normalized frequency of unity. However, it increases if the signal frequency
is changed on either side. Further, the rate of increase in reflection is higher
for circuits obtained in Example 6.6. For example, if a reflection coefficient of
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31.23 nH 66 nH

5.07 pF 2.4 pF
o 0
C | T L
M
50Q |43.9 nH 72 nH 600Q 50Q| 3.61pF 22pF 600 Q
(3) @

Figure 6.18 Design of reactive matching networks for Example 6.7.

1.0
0.8
0.6
0.4

0.2

0.0 ! w M |

0.0 0.5 1.0 1.5 2.0
Normalized frequency ——————#

Figure 6.19 Reflection coefficient (magnitude) versus normalized frequency for the
matching circuits designed in Examples 6.6 and 6.7.

0.2 is acceptable, circuits (3) and (4) can provide a much wider bandwidth than
those of Example 6.6. This concept can be used to shape the reflection coefficient
characteristics over the desired frequency band.

Example 6.8 A 50-Q transmission line is to be matched with a 10 +;10-Q2
load. Design two different L-section reactive circuits and find the component
values at 500 MHz.

SOLUTION Unlike the cases considered so far, the load is complex in this
example. However, the same design procedure is still applicable. We consider
only the real part of load impedance initially and take its imaginary part into
account later in the design. Since characteristic impedance of the transmission
line is greater than the real part of the load (i.e., 50 2 > 10 ), R, is 50 2 while
R, is 10 2. Therefore,

50
Q2=E—1=4=>Q=2
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X, and X, can now be determined from (6.3.8) and (6.3.9):

X, = QR, =2 x10=20Q

and

R, 50
X,,:é’:?:ZSQ

Reactance X, is connected in parallel with the transmission line and X, is in
series with the load. These two matching circuits are shown in Figure 6.20. If X,
is a capacitive reactance of 252, X; must be inductive 20 2. The reactive part
that has not been taken into account so far needs to be included at this point in
X. Since this reactive part of the load is inductive 10 €2, another series inductor
for the remaining 10 €2 is needed, as shown in circuit (1) of Figure 6.20. Hence,

oL, =20-10
Therefore,
10 3
Li=———H=03183x107° H=3.183nH
21 x 500 x 10°
and
1
=25
oC,

Therefore,

1
C, =
P20 x 500 x 106 x 25

=0.0127324 x 107° F = 12.7324 pF

In the second case, X, is assumed inductive and therefore X needs to be capac-
itive. It is circuit (2) in Figure 6.20. Since the load has a 10-$2 inductive reactance,

CS
|
AN

50Q

(1 (@)

Figure 6.20 Reactive matching circuits for Example 6.8.
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it must be taken into account in determining the required capacitance. Therefore,

1 1
- C. = F = 10.61 pF
20+10 27 x 500 x 100 x 30 P
and
25
wL,=25=L,=—— > __H=7.9577nH

271 x 500 x 106

The matching procedure used so far is based on the transformation of series
impedance to a parallel circuit of the same quality factor. Similarly, one can use
an admittance transformation, as shown in Figure 6.21.

These design equations can be obtained easily following the procedure used
earlier:

G
= =1 2 6.3.11
G, +0 ( )
Gy
= 6.3.12
0 B, ( )
and

0= By (6.3.13)

=3, 3.

Note from (6.3.11) that G, must be greater than G, for a real Q.

Example 6.9 A load admittance, ¥, = 8 — j12 mS, is to be matched with a
50-€2 line. There are three different L-section matching networks given to you,
as shown in Figure 6.22. Complete or verify each of these circuits. Find the
element values at 1 GHz.

SOLUTION  Since the characteristic impedance of the line is 50 €2, the cor-
responding conductance will be 0.02S. The real part of the load admittance
is 0.008 S. Therefore, G, must be 0.02S in (6.3.11). However, the circuits in
Figure 6.22 have a capacitor or an inductor connected in parallel with the 50-2
line. Obviously, these design equations cannot be used here. Equations (6.3.8)

GA

GP

jB,

Figure 6.21 Series- and parallel-connected admittance circuits.
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e

Load Load

c, /M
L g D
P
50 Q 63 50 Q Y,

MO

50Q Y,

Figure 6.22 Three possible L-section matching circuits given in Example 6.9.

to (6.3.10) use the impedance values. Hence, we follow the procedure out-
lined below:

1 1
Vo= o= Z= oo Q= 384615 + j57.6023 2

Therefore,

[ 50
R, =502 and R;=138.4615Q = Q0 = 384615_120'5477

Now, from (6.3.8) and (6.3.9),

X; = OR; = 0.5477 x 38.4615 = 21.0654 Q

and
R, 50
X,=—=—-==91.2909Q
(0] 0.5477

For circuit (a) in Figure 6.22, capacitor C, can be selected, which provides 91.29-
Q reactance. It means that the inductive reactance on its right-hand side must be
21.06 Q. However, an inductive reactance of 57.69 2 is already present there,
due to load. Another series inductor will increase it further, whereas it needs to
be reduced to 21.06 2. Thus, we conclude that circuit (@) cannot be used.
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In circuit (b) in Figure 6.22, there is an inductor in parallel with the transmis-
sion line. For a match, its reactance must be 91.29 2, and overall reactance to
the right must be capacitive 21.06 2. Inductive reactance of 57.69 Q of the load
needs to be neutralized as well. Hence,

X, =57.6923 +21.0654 = 78.7577 Q

Therefore,
1
C = F =2.0208 pF
21 x 109 x 78.7577

and

91.2909

X, =912909Q = L = ——— H=14.5294nH
21 x 10°

Circuit (c¢) in Figure 6.22 has a capacitor across the transmission line terminals.
Assuming that its reactance is 91.29 2, reactance to the right must be inductive
21.06 Q2. As noted before, the reactive part of the load is an inductive 57.69 Q. It
can be reduced to the desired value by connecting a capacitor in series. Hence,
the component values for circuit (c) are calculated as follows:

X, =57.6923 — 21.0654 = 36.6269 2
Therefore, C; = 4.3453 pF and

X, =91.2909Q = C, = 1.7434pF

Example 6.10 Reconsider Example 6.9, where Y, = 8 —;j12mS is to be
matched with a 50-Q2 line. Complete or verify the L-section matching circuits
shown in Figure 6.23 at a signal frequency of 1 GHz.

LS
C.Y
O v
1 A
c, F; Load _| | Load
c
50 Q Y 50Q gl Yy
| I

(a) )

Figure 6.23 L-section matching networks given in Example 6.10.
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SOLUTION  As noted in Example 6.9, G is 0.02S and G, is 8 mS. Looking
over the given circuit configurations, it seems possible to complete or verify these
circuits through (6.3.11) to (6.1.13). Hence,

G, 0.02
0= — =)~ 1=1.2247
G, 0.008

5 — G, 0.02
Q0 1.2247

=0.0163S

and

B, = 0G, =1.2247 x 0.008 = 0.0097978 ~ 0.01 S

If By is selected as an inductive susceptance, B, must be capacitive. Since load
has an inductive susceptance of 12mS, the capacitor must neutralize that, too.
Hence, circuit (a) of Figure 6.23 will work provided that

By, =0.0163S = Ly =9.746 nH
and

B, = (0.01 +0.012)S = 0.022S = C, = 3.501 pF

In circuit (b) of Figure 6.23, a capacitor is connected in series with G. Therefore,
B, must be an inductive susceptance. Since it is 0.012S whereas only 0.01S is
required for matching, a capacitor in parallel is needed. Hence,

B, =0.0163S = C, = 2.599 pF
and

B, = (0.012 - 0.01) = 0.002 S (capacitive) = C, = 0.3183 pF

Thus, both circuits can work provided that the component values are as found
above.

Graphical Method

As described earlier, L-section reactive networks can be used for matching the
impedance. One of these reactive elements appears in series with the load or the
desired impedance, while the other one is connected in parallel. Thus, the resis-
tive part stays constant when a reactance is connected in series with impedance.
Similarly, a change in the shunt-connected susceptance does not affect the con-
ductive part of the admittance. Consider the normalized impedance point X on
the Smith chart shown in Figure 6.24. To distinguish it from others, it may be
called the Z-Smith chart. If its resistive part needs to be kept constant at 0.5,
one must stay on this constant-resistance circle. A clockwise movement from
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Inductive
reactance

Capacitive
reactance

Figure 6.24 Impedance (Z-) Smith chart.

this point increases the positive reactance. It means that the inductance increases
in series with the impedance of X. On the other hand, the positive reactance
decreases with a counterclockwise movement. A reduction in positive reactance
means a decrease in series inductance or an increase in series capacitance. Note
that this movement also represents an increase in negative reactance.

Now consider a Smith chart that is rotated by 180° from its usual position,
as shown in Figure 6.25. It may be called a Y-Smith chart because it represents
the admittance plots. In this case, addition (or subtraction) of a susceptance to
admittance does not affect its real part. Hence, it represents a movement on the
constant-conductance circle. Assume that a normalized admittance is located at
point X. The conductive part of this admittance is 0.5. If a shunt inductance is
added, it moves counterclockwise on this circle. On the other hand, a capacitive
susceptance moves this point clockwise on the constant-conductance circle.

A superposition of Z- and Y-Smith charts is shown in Figure 6.26. It is generally
referred to as a ZY -Smith chart because it includes impedance as well as admittance
plots at the same time. A short-circuit impedance is zero while the corresponding
admittance goes to infinity. A single point on the ZY-Smith chart represents it.
Similarly, it may be found that other impedance points of the Z chart coincide
with the corresponding admittance points of the Y chart as well. Hence, impedance
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Inductive
susceptance

Capacitive
susceptance

Figure 6.25 Admittance (Y-) Smith chart..

can be transformed to corresponding admittance just by switching from the Z- to
the Y-scales of a ZY-Smith chart. For example, a normalized impedance point of
0.9 — j1islocated using the Z-chart scales as A in Figure 6.26. The corresponding
admittance is read from a Y-chart as 0.5 4+ j0.55.

Reactive L-section matching circuits can be designed easily using a ZY-Smith
chart. Load and desired impedance points are identified on this chart using Z-
scales. Y-scales may be used if either one is given as admittance. Note that the
same characteristic impedance is used for normalizing these values. Now, move
from the point to be transformed toward the desired point following a constant-
resistance or constant-conductance circle. Movement on the constant-conductance
circle gives the required susceptance (i.e., a reactive element will be needed in
shunt). It is determined by subtracting initial susceptance (the starting point)
from the value reached. When moving on the conductance circle, use the Y -scale
of the chart. Similarly, moving on a constant-resistance circle will mean that a
reactance must be connected in series. It can be determined using the Z-scale of
the ZY-Smith chart.
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Figure 6.26 ZY-chart.

Note from the ZY-chart that if a normalized load value falls inside the unity
resistance circle, it can be matched with the characteristic impedance Z; only
after shunting it with an inductor or capacitor (a series-connected inductor or
capacitor at the load will not work). Similarly, a series inductor or capacitor
is required at the load if the normalized value is inside the unity conductance
circle. Outside these two unity circles, if the load point falls in the upper half,
the first component required for matching would be a capacitor that can be series
or parallel connected. On the other hand, an inductor will be needed at the load
first if the load point is located in the lower half and outside the unity circles.

Example 6.11 Use a ZY-Smith chart to design the matching circuits of
Examples 6.9 and 6.10.
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SOLUTION In this case the given load admittance can be normalized by the
characteristic admittance of the transmission line. Hence,

Y, = o Y. Zy=0.4—j0.6
Yy
This point is found on the ZY-Smith chart as A in Figure 6.27. The matching
requires that this admittance must be transformed to 1. This point can be reached
through a unity conductance or resistance circle. Hence, a matching circuit can
be designed if somehow we can reach one of these circles through constant-
resistance and constant-conductance circles only. Since constant-conductance
circles intersect constant- resistance circles, one needs to start on a constant-

Figure 6.27 Graphical solution to Example 6.11.
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resistance circle to get on the unity conductance circle, or vice versa. There are
two circles (i.e., 0.4 conductance and 0.78 resistance circles) passing through
point A. Hence, it is possible to get on to the unity resistance circle via the
0.4 conductance circle. Alternatively, one can reach on the unity conductance
circle through the 0.78 resistance circle. In either case, a circuit can be designed.
From point A, one can move on the 0.4 conductance circle (or 0.78 resistance
circle) so that the real part of the admittance (or impedance) remains constant.
If we start counterclockwise from A on the conductance circle, we end up at
infinite susceptance without intersecting the unity resistance circle. Obviously,
this does not yield a matching circuit. Similarly, a clockwise movement on the
0.78 resistance circle from A cannot produce a matching network. Hence, an
inductor in parallel or in series with the given load cannot be used for the design
of a matching circuit. This proves that the circuit shown in Figure 6.22(a) cannot
be designed.

There are four possible circuits. In one case, move from point A to B on
the conductance circle (a shunt capacitor) and then from B to O on the unity
resistance circle (a series capacitor). The second possibility is via A to C (a
shunt capacitor) and then from C to O (a series inductor). A third circuit can be
obtained following the path from A to D (a series capacitor) and then from D
to O (a shunt capacitor). The last circuit can be designed by following the path
from A to E (a series capacitor) and then from E to O (a shunt inductor). A-E
to E-O and A-D to D-O correspond to the circuits shown in Figure 6.22(b)
and (c¢), respectively. Similarly, A—C to C-O and A-B to B-O correspond
to circuits shown in Figure 6.23(a) and (b), respectively. Component values for
each of these circuits are determined following the corresponding susceptance
or reactance scales. For example, we move along a resistance circle from A to
D. That means that there will be a change in reactance. The required element
value is determined after subtracting the reactance at A from the reactance at D.
This difference is j0.42 — j1.15 = —j0.73. Negative reactance means that it is
a series capacitor. Note that —j0.73 is a normalized value. The actual reactance
is —j0.73 x 50 = —j36.5 Q. It is close to the corresponding value of 36.6269 2
obtained earlier. Other components can be determined as well.

Example 6.12 Two types of L-section matching networks are shown in
Figure 6.28. Select one that can match the load Z; =25+ j10Q to a 50-Q2
transmission line. Find the element values at 500 MHz.

SOLUTION First, let us consider circuit (a). R, must be 50 £2 because it is
required to be greater than R,. However, the reactive element is connected
in series with it. That will be possible only with R;. Hence, this circuit
cannot be designed using (6.3.8) to (6.3.10). The other set of design equations,
namely, (6.3.11) to (6.3.13), requires admittance instead of impedance. Therefore,
the given impedances are inverted to find the corresponding admittances as
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C, Ly
Va /6\
] |
Z,=50Q L, z, | w=0Q ——¢ z
N
| |

(@) b)

Figure 6.28 L-section matching circuits given for Example 6.12.

follows:
1 1 .
Y = — = ———=0.034483 — j0.01379 S
and
1 1
Zy 50

Since G, must be larger than G, this set of equations produces a matching
circuit that has a reactance in series with Y;. Thus, we conclude that the circuit
given in Figure 6.28(a) cannot be designed.

Now consider the circuit shown in Figure 6.28(b). For (6.3.8) to (6.3.10), R,
is 50 2 while R; is 25 2. Hence, one reactance of the matching circuit will be
connected across 50 Q2 and the other one will go in series with Z;. The given
circuit has this configuration. Hence, it will work. Its component values are
calculated as

Therefore,

and
X,=R,=50Q

For X, to be capacitive, we have

=50 = C, = 6.366 pF
wlp
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As 10 2 of inductive reactance is already included in the load, another inductive
15 @ will suffice. Thus,

15
wL; =25-10=15= L; = —H =4.775nH
®

This example can be solved using a ZY-Smith chart as well. To that end, the
load impedance is normalized with characteristic impedance of the line. Hence,

_ 254+ 710
7, = 2+ 10

=0.5+ ;0.2
L 50 +J

This point is located on a ZY-Smith chart as shown in Figure 6.29. It is point
A on this chart. If we move on the conductance circle from A, we never reach

Figure 6.29 Graphical solution to Example 6.12.
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the unity-resistance circle. This means that an L-section matching circuit that has
a reactance (inductor or capacitor) in parallel with the load cannot be designed.
Therefore, circuit (a) of Figure 6.28 is not possible.

Next, we try a reactance in series with the load. Moving on the constant-
resistance circle from A indicates that there are two possible circuits. Movement
from A to B on the resistance circle and then from B to O on the unity con-
ductance circle provides component values of circuit shown in Figure 6.28(b).
The normalized reactance required is found to be j0.3 (i.e., j0.5 — j0.2). It
is an inductor because of its positive value. Further, it will be connected in
series with the load because it is found by moving on a constant-resistance circle
from A.

The series inductance required is determined as

15
X, =03x50=15= L, = —H =4.775nH
w

Movement from B to O gives a normalized susceptance of j1. Positive suscep-
tance is a capacitor in parallel with a 50-Q line. Hence,

1
Cp = 55 = C, = 6366pF

These results are found to be exactly equal to those found earlier analytically.
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PROBLEMS

6.1. A 10-V (rms) voltage source in series with a 50-Q2 resistance represents a
signal generator. It is to be matched with a 100-Q2 load. Design a matching
circuit that provides perfect matching over the frequency band 1kHz to
1 GHz. Determine the power delivered to the load.
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A 1000-€2 load is to be matched with a signal generator that can be repre-
sented by a 1-A (rms) current source in parallel with a 100-$2 resistance.
Design a resistive circuit to match it. Determine the power dissipated in
the matching network.

Design a single-stub network to match a 800 —;j300-2 load to a 400-2
lossless line. The stub should be located as close to the load as possible
and it is to be connected in parallel with the transmission line.

A 140 —;70-Q2 load is terminating a 70-Q2 transmission line, as shown
in Figure P6.4. Find the location and length of a short-circuited stub of a
40-Q2 characteristic impedance that will match the load with the line.

70 Q
70 Q

140 — j70 Q

40 Q

S.C.

Figure P6.4

An antenna has impedance of 40 4730 2 at its input. Match it with a 50-
Q line using short-circuited shunt stubs. Determine (a) the required stub
admittance, (b) the distance between the stub and the antenna, (¢) the stub
length, and (d) the VSWR on each section of the circuit.

A lossless 100-Q2 transmission line is to be matched with a 100 + ;100-
Q2 load using a double-stub tuner (Figure P6.6). Separation between the
two stubs is A/8 and the characteristic impedance is 100 2. A load is
connected right at the location of the first stub. Determine the shortest
possible lengths of the two stubs to obtain the matched condition, and find
the VSWR between the two stubs.
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100 + /100 Q

100

}47%/8—}

Figure P6.6

6.7. A lossless 75-Q2 transmission line is to be matched with a 150 +;15-Q
load using a shunt-connected double-stub tuner. Separation between the
two stubs is /8 and the characteristic impedance is 75 €2. The stub closest
to the load (first stub) is \/2 away from it. Determine the shortest possible
lengths of the two stubs to obtain the matched condition, and find the
VSWR between the two stubs.

6.8. A lossless 50-2 transmission line is to be matched with a 25 + j50-2 load
using a double-stub tuner. Separation between the two stubs is 3)\/8 and the
characteristic impedance is 50 2. A load is connected at 0.2\ from the first
stub, as shown in Figure P6.8. Determine the shortest possible lengths of
the two stubs to obtain the matched condition, and find the VSWR between
the two stubs.

E<_3M84,l<70.27\. 4"
\ wﬂ) Q

Zo:SOQ; Zy=50Q |: |::|ZL=25+jSOQ

Figure P6.8
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6.9. Complete or verify the two interstage designs of 1 GHz shown as (a) and

(b) in Figure P6.9.

Iy, =029 £40° —p Matching
network
| I';=0.58 £20°
0.C.
|<— ~0.174% —>| }47 ~0-0867~4’{
(a) (b)
Figure P6.9

6.10. Determine the shortest length d in the two networks in Figure P6.10 to
match the load to a 50-2 lossless line. Also find the stub length [ for
circuit (a) and the required inductance L for circuit ().

0.C. stub |}<—| d ——
g

;=03 £45°

(@)

«—— d—>»)

12

T, =0.3 £45°

Figure P6.10

(b)
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6.11. Determine the shortest length d in the two networks in Figure P6.11 to
match a 100 —j50-$2 load to a 50-€2 lossless line. Also find the required
capacitance C for circuit (a) and the stub length [ for circuit (b).

}4_61—» l—— d —p
[
||
c

500 Dz 500 | D z,

(@) )
Figure P6.11

6.12. Complete or verify the two interstage designs of 1 GHz shown as (a) and
(b) in Figure P6.12. Assume that the characteristic impedance is 50 €2.

Matching

I, =1/3 £-120° network

I, =2/3 £50°
O.C.
|

Series stub

|<— d —>| |<— ~0.1A —>|

(@) (b)
Figure P6.12

6.13. Complete or verify the interstage designs at f = 4 GHz, shown as (a) and
(b) in Figure P6.13.
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_ Matchin,;
I =03 £45° ——» g — >
n network Load

I, =03 Z-90°
}4_ 4 —»] «— 4 —>
|

|

I, =03 £45° |

I
r,=03z45 C |::| 7 |::| Z
L

(@) )

Figure P6.13

6.14. Complete or verify the interstage designs at f = 4 GHz shown as (a) and
(b) in Figure P6.14. The characteristic impedance is 50 2.

T, = 3/7 £80°
—>

I'y =5/9£-150°

1. 0.126) L ~0.385L

]
S —
L

Iy, =3/7 £80° [] z, Tin=3/7480° [] z

M
L]

(a) (®)
Figure P6.14

6.15. Two types of L-section matching networks are shown in Figure P6.15.
Select one that can match the load Z; = 20 — ;100 Q2 to a 50-2 transmis-
sion line. Find the element values at 500 MHz.
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]

o Tl wn ]l o
50Q pD L 50 Q L

(@) ®
Figure P6.15

6.16. Two types of L-section matching networks are shown in Figure P6.16.
Select one that can match a 30 +;50-2 load to a 50-2 line at 1 GHz.

| |
| ol
c
50 Q L |::| 2L 50Q p— |::| Z,
G

(@) ®
Figure P6.16

6.17. Design a matching network (Figure P6.17) that will transform a 50 — j50-2
load to the input impedance of 25 + ;25 .

Zpn=25+4j25Q ——» Matching Z;=50-;50Q
network

Figure P6.17

6.18. Match the load in Figure P6.18 to a 50-2 generator using lumped elements.
Assume that the signal frequency as 4 GHz.

Matchin,
r.=0—» g > il
n network Load

T, =05 £45°

Figure P6.18



PROBLEMS 233

6.19. Two types of L-section matching networks are shown in Figure P6.19.
Select one that can match the load Z; = 60 —j20 2 to a 50-2 transmission
line. Find the element values at 500 MHz.

LS
50Q o 7, 50Q [ﬁ c, |j z
(®)

(@)

Figure P6.19

6.20. Design a lumped-element network that will provide a load Z; = 30 450 Q2
for the amplifier shown in Figure P6.20 operating at 2 GHz.

. Lumped
Amplifier |‘> elements }50 Q

Z

Figure P6.20

6.21. Design a lumped-element network that will provide a load Z; = 30 + ;50 Q2
for the amplifier shown in Figure P6.21, and stop the biasing voltage from
appearing across 50 2. The amplifier is operating at 500 MHz.

Amplifi Lumped
mplifier I‘P
elements 50Q

7

Figure P6.21

6.22. A 200-Q2 load is to be matched with a 50-Q2 line. Design (a) a resistive

network and (b) a reactive network to match the load. (¢) Compare the
performance of the two designs.
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In Chapter 6, several techniques were considered to match a given load impedance
at a fixed frequency. These techniques included transmission line stubs as well
as lumped elements. Note that lumped-element circuits may not be practical
at higher frequencies. Further, it may be necessary in certain cases to keep the
reflection coefficient below a specified value over a given frequency band. In this
chapter we present transmission line impedance transformers that can meet such
requirements. The chapter begins with a single-section impedance transformer
that provides perfect matching at a single frequency. A matching bandwidth can
be increased at the cost of a higher reflection coefficient. This concept is used to
design multisection transformers. The characteristic impedance of each section
is controlled to obtain the desired passband response.

Multisection binomial transformers exhibit an almost flat reflection coefficient
about the center frequency and increase gradually on either side. A wider band-
width is achieved with an increased number of quarter-wave sections. Chebyshev
transformers can provide even wider bandwidth with the same number of sections,
but the reflection coefficient exhibits ripples in its passband. The chapter includes
a procedure to design these multisection transformers as well as transmission line
tapers. The chapter concludes with a brief discussion on the Bode—Fano con-
straints, which provide an insight into the trade-off between the bandwidth and
the allowed reflection coefficient.

7.1 SINGLE-SECTION QUARTER-WAVE TRANSFORMERS

We considered a single-section quarter-wavelength transformer design problem
in Example 3.5. In this section we present a detailed analysis of such circuits.

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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|A l '

—

Figure 7.1 Single-section quarter-wave transformer.

Consider the load resistance R, that is to be matched with a transmission line of
characteristic impedance Zy. Assume that a transmission line of length / and char-
acteristic impedance Z; is connected between the two, as shown in Figure 7.1.
Its input impedance Z;, is found as follows:

R, + jZ, tan Bl

Zin= 124 -
Zy+ jRy tan Bl

(7.1.1)

For Bl = 90° (i.e., I = M4) and Z, = /Zo Ry, Zi, is equal to Zy; hence, there is
no reflected wave beyond this point toward the generator. However, it reappears
at other frequencies when Bl # 90°. The corresponding reflection coefficient Ty,
can be determined as follows:

Zin—2o  Zi[(RL + jZ tanBl)/(Z, + jR, tan )] — Zo

T, = = : .
" Zin+Zy Zi(RL+jZitanBl)/(Z) + jR, tan )] + Zo
R, — Zy (o)
= = 1 X

R, + Zo + j2</ZoRy, tanpl Pin EXPLI

Therefore,
B R, — Zo
Pin = TR + Zo)2 + 4Zo Ry, tan? Bl]'/2
1

(7.1.2)

" {1+ [2VZoR./ (R, — Zo) secBIP}I/2

Variation in pjy, with frequency is illustrated in Figure 7.2. For B near 90°, it can
be approximated as follows:

o0 |IRL —Zol _ |RL — Zol
" 2JZoR tanBl  2JZyR;

cos Bl (7.1.3)
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035~
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pl——>

Figure 7.2 Reflection coefficient characteristics of a single-section impedance trans-
former used to match a 100-€2 load to a 50-$2 line.

If pys is the maximum allowable reflection coefficient at the input, then

20m~ZoR
cos6; = Py Zolte 0 < X (7.1.4)

(R, — Zo)J1 — 2, 2

In the case of a TEM wave propagating on the transmission line, B/ = (1t/2)
(f/fo), where fj is the frequency at which B/ = w/2. In this case, the bandwidth

f> — fi = Af is given by
2fo
Af=(a—fiy=2(fo— fiy=2 fo—761 (7.1.5)
and the fractional bandwidth is

A 4 20mvZoR
A 5 A st Py 201 (7.1.6)

Jo T (Ry — Zo) /1 — p2,

Example 7.1 Design a single-section quarter-wave impedance transformer to
match a 100-Q2 load to a 50-€2 air-filled coaxial line at 900 MHz (Figure 7.3).
Determine the range of frequencies over which the reflection coefficient remains
below 0.05.
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Z Z Ry

Figure 7.3 Setup for Example 7.1.

SOLUTION For R;, =100 and Zy = 50 €2,
Z; = +/100 x 50 = 70.7106781 2

and
A 3 x 108

l:—zi
4 4x900 x 100

m = 8.33cm

The magnitude of the reflection coefficient increases as p/ changes from 7/2
(i.e., the signal frequency changes from 900 MHz). If the maximum allowed p is
pu = 0.05 (VSWR = 1.1053), the fractional bandwidth is found to be

A 4 20m~/ZoR
LU S . PUNVZORL | — (.180897
fo T (R — Zo)/1 — 02,

Therefore, 818.5964 MHz < f < 981.4037MHz or 1.4287 < Bl < 1.7129.

7.2 MULTISECTION QUARTER-WAVE TRANSFORMERS

Consider an N-section impedance transformer connected between a transmission
line of characteristic impedance of Z, and load R;, as shown in Figure 7.4. As
indicated, the length of every section is the same, although their characteristic
impedances are different. Impedance at the input of Nth section can be found
as follows:

. r i
N — 7y XPUPD + T exp(=/PD (7.2.1)
exp(jpl) — I'y exp(—jpl)
where R 7
L — &N
My = ——~ 7.2.2
N Rp 4+ Zy ¢ )

The reflection coefficient seen by the (N — 1)st section is

, ZhN —Zyoy Zn(e® +Tye Py — Zy_(e/? — Tye /)

r = = - - - -
N ZN L Zn oy Zn(e® + Tye B + Zy_ (e — Tye=if)
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[

ZN—l ZN RL
ZZ

Zl
Z()
Figure 7.4 N-section impedance transformer.
or
- (Zy = Zy-1)e!® + TN (Zy + Zy_1)e ¥
N (Zy + Zy-)e® + T (Zy — Zy—1)e il
Therefore, -
Iy_1+Tye™’
ry, , =-———L1 N (7.2.3)
1+ FNFN_]e_JZBl
where 7 7
Ty = N 2Nl (7.2.4)
Zn + Zn-1

If Zy is close to R; and Zy_; is close to Zy, then I'y and I'y_; are small
quantities, and a first-order approximation can be assumed. Hence,

Ty, ~y_y+ Tye (7.2.5)
Similarly,
Ty s ATy +The P =Ty y+ Ty e/ 4 Tye
Therefore, by induction, the reflection coefficient seen by the feeding line is

I'=Ty+ Fleijzﬁl + F2€7j4ﬁl + .-+ erleijz(Nil)B[ + FNeijZNﬁl (726)

or N
I = Z [,e /2 (71.2.7)
n=0
where 7 7
r,==—1_n (7.2.8)

Zn+1 + Zn



TRANSFORMER WITH EQUAL SECTION REFLECTION COEFFICIENTS 239

Thus, we need a procedure to select I, so that I" is minimized over the desired
frequency range. To this end, we recast equation (7.2.6) as follows:

N
F=F0+F1w+F2w2+---+FNwN=FN1_[(w—w,,) (7.2.9)
n=1
where
¢ = —2Bl (7.2.10)
and
w=e'*® (7.2.11)

Note that for B/ = 0 (i.e., A — 00), individual transformer sections in effect have
no electrical length and the load R; appears to be connected directly to the main
line. Therefore,
N
R, —Zy
= r,=—— cw=1 7.2.12
> Rz ) (7.2.12)

and only N of the (N + 1)-section reflection coefficients can be selected inde-
pendently.

7.3 TRANSFORMER WITH UNIFORMLY DISTRIBUTED SECTION
REFLECTION COEFFICIENTS

If all of the section reflection coefficients are equal, (7.2.9) can be simplified
as follows:

I 2 3 N-1 vy _ w1
= ltwtwrtwi+tw 4w =—— (731
FN w—1
or
T e/ (N+De _ | _ giNep2 sin{[(N + 1)/2]¢}
Ty el — 1 sin(¢@/2)
Hence,

sin{[(N + 1)/2]¢}
sin(¢/2)

sin{[(N + 1)/2]¢}
N+ 1D sin((p/Z()7

IT'| = p(@) = pn

‘=(N+1)PN

3.2)
and from (7.2.12),
R, —Zy

N
Ir,=W-+1 = 7.3.3
g ( oy = T (7.3.3)
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Therefore, equation (7.3.2) can be written as follows:

Ry — Z,
Ry + 2,

p(B) = ‘ (7.3.4)

sin[(N + 1)pl] ‘
(N + 1) sinpl

This can be viewed as an equation that describes magnitude p of the reflection
coefficient as a function of frequency. As (7.3.4) indicates, a pattern of p(Bl)
repeats periodically with an interval of m. It peaks at nm, where n is an integer
including zero. Further, there are N — 1 minor lobes between two consecutive
main peaks. The number of zeros between the two main peaks of p(p/) is equal
to the number of quarter-wave sections, N.

Consider that there are three quarter-wave sections connected between a 100-2
load and a 50-Q2 line. Its reflection coefficient characteristics can be found
from (7.3.4), as illustrated in Figure 7.5. There are three zeros in it, one at
Bl = w/2 and the other two located symmetrically around this point. In other
words, zeros occur at B/ = w/4, w/2, and 3w/4. When the number of quarter-
wave sections is increased from three to six, the p(Bl/) plot changes as illustrated
in Figure 7.6.

For a six-section transformer, Figure 7.6 shows five minor lobes between two
main peaks of p(B/). One of these minor lobes has its maximum value (peak)
at p/ = w/2. Six zeros of this plot are located symmetrically: Bl = nn/7, n =
1,2, ..., 6. Thus, characteristics of p(B/) can be summarized as follows:

e The pattern of p(Bl) repeats with an interval of .

e There are N nulls and N— | minor peaks in an interval.
035~
0.30
0.25
0.20

0.15

p(BH

0.10

0.05

0.00
0.0

Figure 7.5 Reflection coefficient versus P/ of a three-section transformer with equal
section reflection coefficients for R; = 1002 and Z, = 50 Q.
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035
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0.05
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Figure 7.6 Reflection coefficient versus B/ for a six-section transformer with equal
section-reflection coefficients (Ry = 100 Q2 and Z, = 50 €2).

e When N is odd, one of the nulls occurs at l = 7/2 (i.e., [ = \/4).

o If py is specified as an upper bound on p to define the frequency band,
points P; and P, bound the acceptable range of p/. This range becomes
larger as N increases.

Since

N
wV =1 =TT w —w,) (7.3.5)
n=0

where
w, = e/ (N+D] n=12,...,N (7.3.6)

(7.3.1) may be written as follows:

N N
r .
= | | (w—w,) = | | (w — e/PPm/(N+DIy (7.3.7)
N
n=1

n=1

This equation is of the form of (7.2.9). It indicates that when section reflection
coefficients are the same, roots are equispaced around the unit circle on the
complex w-plane with the root at w = 1 deleted. This is illustrated in Figure 7.7
for N = 3. It follows that

N N
L [T (w— 2/ &0 Z T I — e/m/ @401y, (13.8)
PN

n=1 n=I
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Imaginary w

= Real w

Figure 7.7 Location of zeros on a unit circle on the complex w-plane for N = 3.

w3

wy

Wi

Figure 7.8 Graphical representation of (7.3.9) for N = 3 and ¢ = 0.

Since w = ¢/¢ is constrained to lie on the unit circle, the distance between w
and w, is given by
dn((p) = |ej‘P _ ej[zn”/(NJrl)]l (739)

For the case of N = 3, d, (¢ = 0) is illustrated in Figure 7.8. From (7.3.3), (7.3.8),
and (7.3.9), we get

1

PO =57 ‘RL 7 ]_[d (¢) (7.3.10)

Thus, as ¢ = —2pI varies from 0 to 27, w = e/¢ makes one complete traverse of
the unit circle, and distances d;, da, . .., dy vary with ¢. If w coincides with the
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root w,, the distance d, is zero. Consequently, the product of the distances is zero.
Since the product of these distances is proportional to the reflection coefficient,
p(¢p,) goes to zero. It attains a local maximum whenever w is approximately
halfway between successive roots.

Example 7.2 Design a four-section quarter-wavelength impedance transformer
with uniform distribution of reflection coefficient to match a 100-Q2 load to a
50-2 air-filled coaxial line at 900 MHz. Determine the range of frequencies over
which the reflection coefficient remains below 0.1. Compare this bandwidth with
that obtained for a single-section impedance transformer.

SOLUTION From (7.3.3) with N = 4, we have

1100 — 50 1

4T 5100+50 15

and from (7.2.2),
1 100 —Z4

15 100+ Z,

or
1004 Z4 = 1500 — 15Z4 = 16Z4 = 1400 = Z4 = 87.5Q

The characteristic impedance of other sections can be determined from (7.2.8)
as follows:

L Za= 2 st 70 15875~ 1523 = Z3 = 76.5625 2
—_— = . = X D — = .
15 Zi+ 75 3 3T
Zyi— 7 14 x 76.5625
S BT g, TP 699200~ 679
15 23+ 7, 16
and
1 Zz — Zl 14 x 67
1 -7 = = 58.625Q
15 Z,+ 7, ! 16

The frequency range over which reflection coefficient remains below 0.1 is deter-
mined from (7.3.4) as follows:

| sin 56,,
0.1 = |- x —
3  S5sinf,

sin 56,

sin 6,

=1.5

where 6,, represents the value of B/ at which magnitude of reflection coefficient
is equal to 0.1. This is a transcendental equation that can be solved graphically.
To that end, one needs to plot |sin 56,,| and 1.5 |sin6,,| versus 6,, on the same
graph and look for the intersection of two curves. Alternatively, a numerical
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Figure 7.9 Reflection coefficient versus B/ for a four-section (N =4) and a single
section (N = 1) of impedance transformer.

method can be employed to determine 6,,. Two solutions to this equation are
found to be 0.476 and 2.665, respectively. Hence,

0.476 < Bl <2.665 or 2727 7MHz < f < 1.5269 GHz
Corresponding bandwidth with a single section can be evaluated as follows:
1.2841 <Pl < 1.8575 or 735.74MHz < f < 1.0643 GHz

Reflection coefficient characteristics for two cases are displayed in Figure 7.9.
Clearly, it has a much wider bandwidth, with four sections in comparison with
that of a single section.

7.4 BINOMIAL TRANSFORMERS

As shown in Figures 7.5 and 7.6, there are peaks and nulls in the passband of
a multisection quarter-wavelength transformer with uniform section reflection
coefficients. This characteristic can be traced to equispaced roots on the unit
circle. One way to avoid this behavior is to place all the roots at a common
point w equal to —1. With this setting, distances d,, are the same for all cases
and ]_[flvzl(w — w,) goes to zero only once. It occurs for ¢ equal to —m (i.e.,
at Bl = w/2). Thus, p is zero only for the frequency at which each section of
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the transformer is A4 long. With w, = —1 for all n, equation (7.2.9) may be
written as

r

N N NI
N : m
a=]‘[(w—w,1)=(w+1) =m§mw (7.4.1)

n=1

The following binomial expansion is used in writing (7.4.1):
N m!

(=3

! 'x
= n!(m —n)!

A comparison of equation (7.4.1) with (7.2.7) indicates that
n=0,1,2,...,N (7.4.2)

and therefore the section reflection coefficients, normalized to I"y, are binomially
distributed.
From equation (7.4.1),
F=Tyw+ DY =TE)=TnE 7 + )Y =Tp2Ne 7V (cos 1Y

or
p(B) = pn2V | cos Bl (7.4.3)

For Bl = 0, load R, is effectively connected to the input line. Therefore,

R; — 7,
0) = pp2N = |——= 7.4.4
p(0) = pn ‘RL 7 ( )
and
RL - ZO N
[) = |——| x | cosPl 7.4.5
p(BD) ’RL 7 | cos Bl| ( )

Reflection coefficient characteristics of multisection binomial transformers versus
Bl (in degrees) are illustrated in Figure 7.10. The reflection coefficient scale is
normalized with the load reflection coefficient py. Unlike the preceding case of
uniformly distributed section reflection coefficients, it shows a smooth character-
istic without lobes.

Example 7.3 Design a four-section quarter-wavelength binomial impedance
transformer to match a 100-2 load to a 50-€2 air-filled coaxial line at 900 MHz.
Determine the range of frequencies over which the reflection coefficient remains
below 0.1. Compare this result with that obtained in Example 7.2.
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Figure 7.10

SOLUTION

and

From (7.4.4),

p(0) = py2" =

and from (7.2.8),

r, =

Therefore,

Alternatively,

0 (deg)

Reflection coefficient versus f/ for a multisection binomial transformer.

With N =4 and n =0, 1, and 2 in (7.4.2), we get

Lo_ 4 _ Lo |
ry, 04 1,  ° ¢
Do_ 4Dy
r, 13! T,  '—3 77
F_ 4 =6=T,=6I
r, 2121 2T
RL—Z, 1]100-50] 1
SLTA0) = [ 22T L 0.020833
R+ Zo 24 |100 + 50| — 48
Zosi — Z
Z, =P, (7.4.6)
= X Z, 4.
T+p,
1+ p,
Zoi1 = ¥ 7, (7.4.7)

l_pn
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Characteristic impedance of each section can be determined from (7.4.6), as
follows:

1—1/48

Zy=———— x 100 =95.9184 Q
14 1/48
1—4/48

Z3 = —— x 959184 =81.1617Q
1+4/48
1 —6/48

Z, = ——— x 81.1617 = 63.1258 Q
1+6/48

and

1 —4/48

Z1 = ——— x63.1258 =53.4141 Q
14+4/48

If we continue with this formula, we find that

11748

=10 « 534141 =51.2339Q
1+ 1/48

0

This is different from the given value of 50 2. It happened because of the approx-
imation involved in the formula. Error keeps building up if the characteristic
impedances are determined proceeding in just one way. To minimize it, common
practice is to determine the characteristic impedances up to halfway proceeding
from the load side and then the remaining half from the input side. Thus, Z; and
Z, should be determined from (7.4.7) as follows:

C1+1/48

=11« 50=52.1277Q
1— 1/48

1

and
_1+4/48

= 7 %50 = 61.6054 Q2
1 —4/48

2

The frequency range over which the reflection coefficient remains below 0.1 can
be determined from (7.4.5) as follows:

0.1 = 5| cos(¥y)[* = ¥y = 0.7376
Therefore,
0.7376 < Bl <2.404 or 422.61MHz < f < 1.3774GHz

Clearly, it has a larger frequency bandwidth than that of a single section. How-
ever, it is less than the bandwidth obtained with uniformly distributed section
reflection coefficients. Reflection coefficient as a function of B/ is illustrated in
Figure 7.11.
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Figure 7.11 Reflection coefficient of a four-section binomial transformer versus p/.

7.5 CHEBYSHEV TRANSFORMERS

Consider again the case of a uniform three-section impedance transformer that
is connected between a 50-2 line and 100-2 load. Distribution of zeros around
the unit circle is shown in Figure 7.12 with solid points. Its frequency response
is illustrated in Figure 7.13 as curve (a). Now, let us move two of these zeros to
+120° while keeping the remaining one fixed at 180°, as illustrated by unfilled

Imaginary w

» Real w

Figure 7.12 Distribution of zeros for a uniform three-section impedance transformer
(solid), with two of those zeros moved to £120° (unfilled) or to +60° (hatched).
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ple) —

Q—>

Figure 7.13 Reflection coefficient versus ¢ for (a) a uniform three-section transformer,
(b) two zeros moved to £120°, and (c¢) two zeros moved to £60°.

points in Figure 7.12. With this change in the distribution of zeros on the complex
w-plane, p(Bl) versus Pl varies as shown by curve (b) in Figure 7.13. It shows
relatively much lower peaks of intervening lobes, while the widths and heights
of the two main lobes increase. On the other hand, if we move the two zeros to
+60°, the main peaks go down while intervening lobes rise. This is illustrated
by hatched points in Figure 7.12 and by curve (c) in Figure 7.13. In this case,
minor lobes increase while the main lobes are reduced in size. Note that zeros in
this case are uniformly distributed around the unit circle, and therefore its p(f/)
characteristic has identical lobes.

Thus, the heights of intervening lobes decrease at the cost of the main lobe
when zeros are moved closer together. On the other hand, moving the zeros farther
apart raises the level of intervening lobes but reduces the main lobe. However, we
need a systematic method to determine the location of each zero for a maximum
permissible reflection coefficient, pys, and the number of quarter-wave sections,
N. An optimal distribution of zeros around the unit circle will keep the peaks of
all passband lobes at the same height of p,,.

In order to have the magnitudes of all minor lobes in the passband equal,
section reflection coefficients are determined by the characteristics of Chebyshev
functions, named after the Russian mathematician who first studied them. These
functions satisfy the following differential equation:

T, T,
ITyx) AT

1_2
(1 =x3 dx? o dx

m?T,,(x) =0 (7.5.1)

Chebyshev functions of degree m, represented by 7,,(x), are mth-degree poly-
nomials that satisfy (7.5.1). The first four of these and a recurrence relation for
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higher-order Chebyshev polynomials are given as follows:
Ti(x) =x
Tr(x) =2x>—1
T5(x) = 4x> — 3x
Tu(x) = 8x* —8x2 + 1

Ty (x) = 2xT1(x) — Tp—2(x)
Alternatively,

cos(mecos™'x) —1<x<l1
T,,(x) = { cosh(mcosh™' x) x>1 (7.5.2)
(—=1)" cosh(mcosh™' |x|) x < —1

Note that for x = cos 0,
T,,(cos ) = cosmb (7.5.3)

Figure 7.14 depicts Chebyshev polynomials of degrees 1 through 4. The fol-
lowing characteristics can be noted:

o The magnitudes of these polynomials oscillate between +1 for —1 < x < 1.
e For |x| > 1, |T,,(x)| increases at a faster rate with x as m increases.

6.0
5.0
4.0
3.0

2.0

o Xo

_ 1 P 1 | 1 I 1 I 1 L 1 |
3.91.5 -1.0 —0.5 0.0 0.5 1.0 1.5

Figure 7.14 Chebyshev polynomials for m = 1, 2, 3, 4.
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e The numbers of zeros are equal to the order of the polynomials. Zeros of
an even-order polynomial are located symmetrically about the origin, with
one of the minor lobes’ peak at x = 0.

¢ Polynomials of odd orders have one zero at x = 0 while the remaining zeros
are located symmetrically.

These characteristics of Chebyshev polynomials are utilized to design an
impedance transformer that has ripples of equal magnitude in its passband. The
number of quarter-wave sections determines the order of Chebyshev polynomials
and the distribution of zeros on the complex w-plane is selected according to that.
With x, properly selected, |7,,(x)| corresponds precisely to p(Bl). This is done
by linking B/ to x of Chebyshev polynomial as follows:

X = xgcospl (7.5.4)

Consider the design of a three-section equal-ripple impedance transformer.
A Chebyshev polynomial of order 3 is appropriate for this case. Figure 7.15
illustrates 7T5(x) together with (7.5.4). It is to be noted that Chebyshev variable x
and angle ¢ on the complex w-plane are related through (7.5.4) because ¢ is equal
to —2PI. As ¢ varies from 0 to —2m, x changes as illustrated in Figure 7.15(b)
and the corresponding 73(x) in Figure 7.15(a). Figure 7.16 shows |T3(¢)|, which
can represent the desired p(¢) provided that

(RL — Zy)
I3e=0) T3(x0) |(RL+ Zo)
1 S oM

(7.5.5)

where py is the maximum allowed reflection coefficient in the passband.
For an m-section impedance transformer, (7.5.5) can be written as

T (o) = | R =20 L (7.5.6)
Xg) = |—| — 5.
o R+ Zo| oy
Location xg can now be determined from (7.5.2) as follows:
1 -1
Xo = cosh | — x cosh™" T,,(xgp) (7.5.7)
m

With xy determined from (7.5.7), |T,,(x)| represents the p(p/) desired. Hence,
zeros of the reflection coefficient are the same as those of 7, (x). Since Chebyshev
polynomials have zeros in the range —1 < x < 1, zeros of p(¢) can be determined
from (7.5.2). Therefore,

T, (x,) = 0 = cos(m x cos~' x,) = 0 = % cos [(211 — 1)%] n=1,2,...
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2.0 @ /

- /
-/ >4

2.0
| ® 0 X cos Bl
/ ‘/
L /
- "
-1.5 ' -1.0 -0.5 0.0 0.5 1.0 1.5

Figure 7.15 Third-order Chebyshev polynomial (a) and its variable, x versus Bl (b).

2.5

R, —Zy| 2.0 N T5(xp)

R, +7Z,

py 1.0

Jo /

1 1
-7.0 -6.0 =5.0 -4.0 -3.0 -2.0 -1.0 0.0

Figure 7.16 |T5(x)| versus ¢ and its relationship with the desired p(¢).

where x, is the location of the nth zero. Hence,
b
Xp = % cos [(2;1 - 1)—] (7.5.8)
2m

and the corresponding ¢, can be evaluated from (7.5.4) as follows:

on = 2cos™! 2 (7.5.9)
X0
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The zeros of p(¢), w,, on the complex w-plane are now known because
w, = e'%. Equation (7.2.9) can be used to determine the section reflection coef-
ficient, I',,. Z, is, in turn, determined from equation (7.2.8). The bandwidth of
the impedance transformer extends from x = —1 to x = +1. With Bl = 6,, at
x =1, (7.5.4) gives

cosOy = —
X0

Therefore, bandwidth of a Chebyshev transformer can be expressed as follows:

1 1
cos ' — <Pl <m—cos! — (7.5.10)

X0 X0

Example 7.4 Reconsider the matching of a 100-2 load to a 50-$2 line. Design
an equal-ripple four-section quarter-wavelength impedance transformer and com-
pare its bandwidth with those obtained earlier for py = 0.1.

SOLUTION  From (7.5.6),

100 — 50
100 + 50

1
X — = — = 3.3333

T4(xo)=‘ 01= 03

Therefore, xy can now be determined from (7.5.7) as follows:
xo = cosh [ cosh™'(3.3333)]

In case inverse hyperbolic functions are not available on a calculator, the follow-
ing procedure can be used to evaluate xj. Assume that y = cosh™!(3.3333) =
3.3333 =coshy = (7 +e77)/2.
Hence,
e’ +e 7 =2 x3.3333 = 6.6666

or

6.6666 + /(6.6666)2 — 4
2

e? —6.6666x e’ +1=0=¢ = = 6.5131
and
0.1535y = In(6.5131) = 1.8738

Therefore, | L8738

—cosh™!(3.3333) = —— = 0.4684

4 4
and 60.4684 + 6—0.4684

xo =cosh(0.4684) = ——— — = 1.1117

2
Note that the other solution of e produces y = —1.874 and x¢o = 1.1117.
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From (7.5.8) and (7.5.9), we get

x, = £0.9239, £0.3827

and
¢, = —67.61°, —139.71°, —220.29°, —292.39°
Therefore,
w; = 0.381 — j0.925
wy, = —0.763 — j0.647
w3 = —0.763 + j0.647
and

wy = 0.381 + j0.925
Now, from equation (7.2.9) we get
I = T4(1 +0.764w + 0.837w? + 0.764w’ + w*)
Therefore,
[y=T04,I'1 =03=0.764'y and I, =0.837T4

From equation (7.2.12), we have

N
R.—Z R.—Z
F=YT,=_"—""=4365[y = "
- R, + Z R, + Z
1 100 — 50
T, — 0.076

= 4365 100+ 50

Hence,
F() = F4 = 0076, Fl = F3 = 0058, and Fz = 0.064

Now, the characteristic impedance of each section can be determined from
(7.2.8) as follows:

r4=u:> )= 1_F4ZL=85.87§2
Zi + 74 14Ty

Py 2472 L=l 76460
Zy+ 73 1413

r2=Z3_ZZ:>ZQ= l_FZZ3=67.26Q
Z3+ 7, 14+T
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and
_a-n o, 170, s9s00
T o+ 7, T i, T

I

To minimize the accumulating error in Z,, it is advisable to calculate half of
the impedance values from the load side and the other half from the input side.
In other words, Z; and Z, should be determined as follows:

14T
Z = 10 _sgmsi@
1-T,
and
14T
Zy = + L7, = 653951 Q
1-T,

The bandwidth is determined from (7.5.10) as follows:

1
cospl = — = 0.899 = Bl = 0.452
X0

Therefore,
0.452 < Bl < 2.6896

Thus, the bandwidth is greater than what was achieved from either a uniform or
a binomial distribution of I',, coefficients.

7.6 EXACT FORMULATION AND DESIGN OF MULTISECTION
IMPEDANCE TRANSFORMERS

The analysis and design presented so far is based on the assumption that the
section reflection coefficients are small, as implied by (7.2.5). If this is not the
case, an exact expression for the reflection coefficient must be used. Alternatively,
there are design tables available in the literature (e.g., Matthaei et al., 1980) that
can be used to synthesize an impedance transformer. In case of a two- or three-
section Chebyshev transformer, the design procedure summarized below may be
used as well.

Exact formulation of the multisection impedance transformer is conveniently
developed via the power loss ratio, PR, defined as follows:

incident power

Prr = -
power delivered to the load

If Py, represents the incident power and pj, is the input reflection coefficient, then

P, 1 N Pr—1
A—p2 )Py 1—p2 " Prr

(7.6.1)

Pr =
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For any transformer, p;, can be determined from its input impedance Z;,. The
power loss ratio P g can subsequently be evaluated from (7.6.1). This P g can
be expressed in terms of Q,y(cos6), an even polynomial of degree 2N in cos
0. Hence,

Pir = 14 Qsn(cosb) (7.6.2)

Coefficients of Q,y(cos6) are functions of various impedances Z,. For an equal-
ripple characteristic in the passband, a Chebyshev polynomial can be used to
specify Prgr as follows:

Pir = 1 + k*T? (sec 6y cos 6) (7.6.3)

where k? is determined from the maximum value of Py in the passband. 6y
represents the value of P/ that corresponds to the maximum allowed reflection
coefficient py,. Since TAZ, (sec 0y cos 0) has a maximum value of unity in the pass-
band, the extreme value of P g will be 1 + k2. Various characteristic impedances
are determined by equating (7.6.2) and (7.6.3). Further, (7.6.1) produces a rela-
tion between py and k2, as follows:

k2
bm = 112 (7.6.4)

For the two-section impedance transformer shown in Figure 7.17, reflection coef-
ficient characteristics as a function of 6 are illustrated in Figure 7.18. The power
loss ratio for this transformer is found to be

(Z1 — Zo)? (sec? 0, cos?H — 1)?
4717, tan* 0,

Pr=1+ (7.6.5)

where 6, is the value of 6 at the lower zero (i.e., 6, < m/2), as shown in
Figure 7.18.
The maximum power loss ratio, PLgrmax, 1S found to be

(ZL = Zo)*
PR max =1+ TLZO cot* 0, (7.6.6)

___J_____J______

Figure 7.17 Two-section impedance transformer.
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T

in|

Pm

0, 0, /2 T — 0y

Figure 7.18 Reflection coefficient characteristics of a two-section Chebyshev trans-
former.

Hence,
_(Z — Zp)

k> = 7.2, cot* 0, (7.6.7)

Required values of characteristic impedances, Z; and Z,, are determined from
the equations

o o[-z 27" (2202
V=20 | 12 4g T 7 T htan20. (7.6.8)
4Z5tan* 6,  Zy 2tan“ 6,
and 7
L
Z, = —Z 7.6.9
2= 7 %0 ( )
The passband edge, 6, is given by
Oy = cos™' (v/2cos,) (7.6.10)

Hence, the bandwidth of this transformer is found as

Oy <0=Bl<m—06y (7.6.11a)
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For a TEM wave,
Af 5 40
fo Bl
If the bandwidth is specified in a design problem along with Z; and Z,
then 0, is known. Therefore, 6, can be determined from (7.6.10). Impedances
Z; and Z, are determined subsequently from (7.6.8) and (7.6.9), respectively.
The corresponding maximum reflection coefficient py, can easily be evaluated
following k* from (7.6.7). On the other hand, if py; is specified instead of 0, then
k?* is determined from (7.6.4). 6., in turn, is calculated from (7.6.7). Now, Z,,
Z,, and 6y, can be determined from (7.6.8), (7.6.9), and (7.6.10), respectively.
In the limit 8, — /2, two zeros of p in Figure 7.18 come together to give a
maximally flat transformer. In that case, (7.6.8) and (7.6.9) are simplified to give

(7.6.11b)

zZi =2 xz)"* (7.6.12)

Z, =27 x z* (7.6.13)
and

0y = cos™ ! (cot 6,) (7.6.14)

Example 7.5 Use the exact theory to design a two-section Chebyshev trans-
former to match a 500-€2 load to a 100-£2 line. The required fractional bandwidth
is 0.6. What is the resulting value of py?

SOLUTION From (7.6.10) and (7.6.11),

Af 4 !
— =2- ;cos (ﬁcosez) = cos0, = ﬁcos(

2— Af/fo)
Jo
1 (2—0.6)
= — COoS =0.321
2 4/m

4/

Therefore, 6, = 1.244rad and

Oy = cos ' (v/2cos0,) = cos ' (v/2 x 0.321) = 1.1

From (7.6.7),

Z1 — Zp)? Z,—1)?
K = Zr=Zo) cot'f, = Q cot* 6. = 0.0106
4Z1Zy AZ;

Therefore, from (7.6.4),

Py = S =0.1022

14+k
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Now, from (7.6.8),

1/2
p_ oG-z 2" -z
! 4Z%tan*0,  Z

=7Z
0 2 tan? 0, !

_ 12—

(Z,-1*  — Zp—1

==t 47| + — 2.4776
|: 4tan* 0, L 2tan? 0,

Therefore, -
Z1=~247716 =1.57T= Z, =157.41Q

and from (7.6.9),

_ZL

Zy) = —=—27Zp=317.65Q
2= b

Check: For 6 = 7/2,

Zin = 2?7 = 1'57412(5)— 1.2277
T2 T 36
_ 7in -

1
= — =0.1022 =
Zin +1 o

Let us consider the design of a three-section impedance transformer. Figure 7.19
shows a three-section impedance transformer connected between the load Z,
and a transmission line of characteristic impedance Z;. The reflection coefficient
characteristic of such a Chebyshev transformer is illustrated in Figure 7.20. The
power loss ratio, Pg, of a three-section Chebyshev transformer is found to be

(Z; — Zy)? (sec? 6, cos?H — 1)? cos® 6
4Z; Z, tan* 0,

Pr=1+ (7.6.15)

Figure 7.19 Three-section impedance transformer.
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|Fin|

Pm

0y 6,

Figure 7.20 Reflection coefficient characteristics of a three-section Chebyshev trans-
former.

It attains the maximum allowed value at 6 = 6,,, where

2
0y = cos™! (% cos ez) (7.6.16)

Since the maximum power loss ratio must be equal to 1 + k2,

_ 2 2
_(ZL—Zy) ( 2cos 0, ) (7.6.17)

k=
4717, 3v/3tan2 6,

Characteristic impedance Z; is obtained by solving the equation

ZL—Zy Z} z\'"? Z.7; ZN\"? o,
ZL20 2L o (2L) gz, - —2(ZE) z7'z2 (7.6.18
tan2 6, Zo Zo ! z? Zy VA )

The other two characteristic impedances, Z, and Zj, are then determined as
follows:

Zy =727 (7.6.19)

and

VAY/
Zy = L0 (7.6.20)
Z
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The range of the passband (bandwidth) is still given by (7.6.11) provided that
0y is now computed from (7.6.16).

Example 7.6 Design a three-section Chebyshev transformer (exact theory) to
match a 500-2 load to a 100-$2 line. The required fractional bandwidth is 0.6.
Compute py; and compare it with that obtained in Example 7.5.

SOLUTION  From (7.6.16) and (7.6.11),

(2 Af (/2) — Ou
Oy = " —=cos® d —=06= ————
M = COS <\/§ cos Z) an I = /2

— 03> 0y = g(l —03)=1.1

Therefore,

3
cos 6, = % cosfy =0.3932 = 0, = 1.17rad

Now, from (7.6.17),

e G -7) ( 2cos 6, )2 @ - 1? ( 2cos,
2 3/3an20,) 47 3+/3tan? 6,

k2
=, —— =0.0247
=N TR

which is approximately one-fourth of the previous (two-section transformer) case.
Z, is obtained by solving equation (7.6.18) as follows:

7, —Zy 72 Z\ 2 7,72 Z\?
oL 1+2<—L> Z — L0—2<—L> 77\ 2

2
) =6.125 x 107*

and from (7.6.4),

tan20,  Z, Zo z: Zo
or
7L - 1 =2 = 11 — 7L — ——1 4
=Z,+2Z)"* 7, - = -22Z)'*Z, = =0.7314
tan2 0, 1+ 2(Z0) ! 7? (Z1) ! tan2 0,
Therefore,
_ — 5 24/5
7+ 25 7, —_—z—l—f =0.7314
A Z
or

Z +2V5Z — 07314 Z, —2V5Z, - 5=0
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Therefore,
Z, = —4.4679, (—0.6392 — j0.6854), (—0.6392 + j0.6854), and 1.2741

Thus, only one of these solutions can be physically realized because the others
have a negative real part. After selecting Z; = 127.42 2, (7.6.19) and (7.6.20)
give

VAWA

Zs = = 392.4277 2
Z

and

Zy) =+ Z1Zy=223.6068 Q2

If we use the approximate formulation, then following the procedure of Example
7.4, we find from (7.5.6) that

500 — 100 1

X = 26.9458
500+ 100  0.02474

T3(xp) =

Now, from (7.5.7),
xo = cosh[4 cosh™'(26.9458)] = 2.0208
and from (7.5.8),
X, = & cos [(2n - 1)%] — 40.866, 0
Using (7.5.9) we get
@n = 2.2558, 3.1416, and 4.0274

Since w, = /%, we find that

wy = —0.6327 + j0.7744
wy = —0.6327 — j0.7744

w3=—1

and from (7.2.9),

r
== (w—w))(w —wy)(w — w3) = w + 2.2654w? + 2.2654w + 1
3

Hence,
'y =143
' =T, =2.2654T";
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Now, from (7.2.12),

500 — 100

To+T +Ty4T5=65307T = —
ot litiat+ls 37500 4+ 100

Therefore,
'y =0.1021 =Ty

I =1I,=0.2313

Corresponding impedances are now determined from (7.2.8) as follows:

- 1+ T
Z) = 1+r0 =1.2274
| I‘O calculated from the input side
Zo= 7, —04034
|
and
— 1-Ti= .
Z3 = .y Z; =4.0737 calculated from the load side
3

A comparison of these values with those obtained earlier using the exact for-
mulation shows that the two sets are within 10% of deviation for this example.
Note that for the fractional bandwidth of 0.6 with a single section, reflection
coefficient py, increases to 0.3762.

7.7 TAPERED TRANSMISSION LINES

Consider that the multisection impedance transformer of Figure 7.4 is replaced by
a tapered transition of length L, as illustrated in Figure 7.21. The characteristic
impedance of this transition is a continuous smooth function of distance, with
its values at the two ends as Zy and R;. An approximate theory of such a
matching section can easily be developed on the basis of the analysis presented
in Section 7.2.

The continuously tapered line can be modeled by a large number of incremental
sections of length 8z. One of these sections, connected at z, has a characteristic
impedance of Z 4 38Z, and the one before it has a characteristic impedance of Z,
as shown in Figure 7.21. These impedance values are conveniently normalized
by Z, before obtaining the incremental reflection coefficient at distance z. Hence,

74577 o7

°TZ1572+2Z 2 7.7.1)
As 3z — 0, it can be written as
dZ 1d(nZ
ary = 22 _1dn2) (1.7.2)
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Zy —M > 2

Figure 7.21 Tapered transition connected between load R; and transmission line of
characteristic impedance Zj.

The corresponding incremental reflection coefficient dI'j, at the input can be
written as follows:

. ‘ 1\ d  —
ATy, ~ e /4Ty = e (2 ) £ (nZ) dz
2/ dz

The total reflection coefficient, I';,, at the input of the tapered section can be
determined by summing up these incremental reflections with their appropriate
phase angles. Hence,

L 1 L . d _
Tip = / dli, = = / e/ (InZ)dz (7.7.3)
0 2 Jo dz

Therefore, I'j, can be determined from (7.7.3) provided that Z(z) is  given. How-
ever, the synthesis problem is a bit complex because in that case, Z(z) is to be

determined for a specified I'iy. Let us first consider a few examples of evaluating
Iy, for the given distributions of d(In Z)/dz.

d —
Case 1 7 (In Z) is constant over the entire length of the taper. Suppose that
z

d _
—1InZ(z) =C; 0<z=<L
dz

where C; is a constant. On integrating this equation, we get
InZiz) =Ciz+ C,

With Z(z = 0) = 1 and Z(z = L) = R, constants C; and C, can be determined.
Hence,

InZ = % R, = Z = @Dk (7.7.4)
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Thus, the impedance is changing exponentially with distance. Therefore, this

kind of taper is called an exponential taper. From (7.7.3), the total reflection
coefficient is found as

1 (L . d _ R, L . InR, e /%"
Fin = —/ 6712&1— <£ ln RL) dZ — n R / 671232 dZ = nxL e
0 0

2 dz \L oL 2L 2B,
or
o= InR, e‘f'ﬁL. —1_ InR, bl sinpL _ 2@1 _ sinBL 775)
2L —j2p 2 BL R,  BL

where py, = || It is assumed in this evaluation that § = 27/\ is not changing
with distance z. The right-hand side of (7.7.5) is displayed in Figure 7.22 as a
function of BL. Since L is fixed for a given taper and f is related directly to
signal frequency, this plot also represents the frequency response of an exponen-
tial taper.

d - d =
Case 2 e (In Z) is a triangular function. If d—(ln Z) is a triangular function,
Z
defined as

4z  — L
— — InR, 0<z<—
dinZ) | L? 2 176
dz 4 I_z InR L. <L -
L 12)" "t 2 ==

1.0

0.8

0.6

0.4

0.2

0.0 I I I I I I I
0.0000 3.1416 6.2832 9.4248 12.5664  15.7080  18.8496  21.9912

BL—— »

Figure 7.22 Frequency response of an exponential taper.
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then 4 I
[ ZlR dz 0<z<3
InZ = L
4(——-=|InR. d —<z<L
fL/z (L L2>n L az 5 ==
or
22lR + 0<z L
— 2
InZ = L 5 2
4 < ‘ InR; + L< <L
R n J—
L 2r2) T 2 ==

Integration constants ¢; and ¢, are determined from the given conditions Z(z =
0) =1and Z(z = L) = R.. Hence,

ZZZIF 0< <L
X —1n —
. P72 L Sz=3
7 = (7.7.7)
47 277 D in® L< <L
ex ——— = n —
PI\T 12 L 2 =°=

and therefore total reflection coefficient is found from (7.7.3) as

1 L/2 - 47 . L 28 4 .
J— —J2pz —J4bz —
FIH_E[\/O e EIHRL dZ“l“/li e F(L Z)IIIRL dZ}

/2
or
2InR Lz L .
P =~ [ f ze W dz 4 | (L —)e dz}
0 L2
Since
/‘Ze—jzﬁz dZ _ Ze_J2ﬁz _ e_jZBZ
—j28  (—j2B)?
and

I';, can be found as follows:

. 2
r, = %eﬂ“ nR, [M} (1.7.8)

BL/2

Figure 7.23 shows normalized magnitude of I'j, as a function of BL. As before,
it also represents the frequency response of this taper of length L. When we
compare it with that of Figure 7.22 for an exponential taper, we find that the
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Figure 7.23 Frequency response of a taper with triangular distribution.

magnitude of minor lobes is reduced now, but the main lobe has become relatively
wider. It affects the cutoff frequency of a given taper. For example, if the maxi-
mum allowed normalized reflection coefficient is 0.2, an exponential taper has a
lower value of BL than that of a taper with triangular distribution. However, it is
the other way around for a normalized reflection coefficient of 0.05. For a fixed
length L, BL is proportional to frequency, and hence the lower value of BL has
a lower cutoff frequency than in the other case.

Figure 7.24 depicts variation in normalized characteristic impedance along the
length of two tapers. A coaxial line operating in the TEM mode can be used to
design these tapers by varying the diameter of its inner conductor. Similarly, the
narrow sidewall width of a TE;p-mode rectangular waveguide can be modified
to get the desired taper while keeping its wide side constant.

d _
Case 3 e (In Z) is a Gaussian distribution. Assume that
z

d = — :
2 In2) = Kie @@t/ (7.7.9)

This distribution is centered around the midpoint of the tapered section. Its fall-off
rate is governed by the coefficient a. Integrating it over distance z, we find that

Z
InZ = K, / e LD g (7.7.10)
0
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2.0

| J
0.6 0.8 1.0

Figure 7.24 Distribution of normalized characteristic impedance along a tapered line
terminated by R; = 2Z, for (a) case 1 and (b) case 2.
Since Z(z = L) = R,

InR
Ky=—— "t (71.7.11)

/ efot(z’fL/Z)2 d7
0

Therefore,
z
/ efoc(z’fL/l)2 d7
InZ =InR, =% (7.7.12)
e—ot(z’—L/Z)2 dz
0
and
1 L . 2
I, = EKl f e /WL gy (7.7.13)
0

With the following substitution of variable and associated limits of integration
in (7.7.11) and (7.7.13),
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and
L L
7= — X = —
2
we get
1 L2 , 1 _ - ,
Cin = —K1/ e IBEHL/D pmax® gy — —KleffﬁL/ e Mo gy
2 —L)2 2 —L)2
or
L/2 L/2
—j2px —ax? —ax?
| e /e dx 1 cos2Bx e dx
— o Jn - .
Fin:zlnRLejﬁl /L/2 : =§lnRLe”3’ 0 ) -
/ e ™ dx / e ™ dx
—L/2 0
(7.7.14)

It can be arranged after substituting /o x with y, and /a(L/2) with £ as follows:

E 2
fo cos[(BL/E)yle™ dy

£
/ e dy
0

Figure 7.25 shows the normalized magnitude of the reflection coefficient versus
BL for two different values of &. It indicates that the main lobe becomes wider,
and the level of minor lobes goes down as £ is increased.

(7.7.15)

1 —
T, = ElnRL e ¥

Figure 7.25 Frequency response of a tapered line with a normal distribution of normal-
ized characteristic impedance for (a) &€ = 0.3 and (b) £ = 3.
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7.8 SYNTHESIS OF TRANSMISSION LINE TAPERS

The frequency response of a transmission line taper can be determined easily
from (7.7.3). However, the inverse problem of determining its impedance vari-
ation that provides the desired frequency response needs further consideration.
To this end, assume that F'(a) is the Fourier transform of a function f(x). In
other words,

F(o) = /oo f(x)e ™ dx (7.8.1)

and | ~
fx) = —/ F(0)e’™ da (7.8.2)

27 J_wo

For convenience, we rewrite (7.7.3) as follows:
Lrid = — .
[in(2B) = ~—(InZ)| e d
m( B) /0 |:2dz(n ):|€ Z
If % d(ln?)/dz =0 for —oo <z < 0 and for z > L, it may be written as

©°1ld = _ B

Fin(2p) = ——(nZ)e /" dz (7.8.3)
o0 2dz

A comparison of (7.8.3) with (7.8.1) indicates that I'i,(28) represents the Fourier

transform of % d[In Z(z)]/dz. Hence, from (7.8.2),

ld(ln?)_i * 2bx
oA [ TR dep) (7.8.4)

This equation can be used to design a taper that will have the desired reflec-
tion coefficient characteristics. However, only those I'j,(2f) that have an inverse
Fourier transform limited to 0 < z < L (zero outside this range) can be realized.
At this point, we can conveniently introduce the following normalized variables:

—(L/2
PR S ) (7.8.5)
L
and
BL 2L
U=—=— (7.8.6)
b N
Therefore,
L (p+m)
= — B4
. 27 P
and
dz = Ld
= 27 p
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New integration limits are found as —m < p < m. Hence,

[ _. d — dp L
[in(2B) = = —j2B(L/2+Lp/2m) InZ d
@) ane dp(n )d22np

or
b

Cn(2B) = % e Pl /

-7

.d _
e /" — (InZ)dp (7.8.7)
dp

Now, if we define g(p) =d(InZ)/dp and F(u) = [" e~ /"Pg(p)dp, (1.8.7)
can be expressed as follows:

Tin(2B) = Le /P F(u)
or

pin(2B) = 3| F (w)|

Further, -
Fu=0)=InZ; (7.8.8)

Thus, F(u) and g(p) form the Fourier transform pair. Therefore,

nonzero for |p| < m

_ ! ooa'“"F du = 7.8.9

To satisfy the conditions embedded in writing (7.8.3), only those F(u) that
produce g(p) as zero for |p| > m can be synthesized. Suitable restrictions on
F (1) can be derived after expanding g(p) in a complex Fourier series as follows:

o
E a,e” —m<p<m

g(p) =1 = (7.8.10)
0 Ipl > =

Since g(p) is a real function, constants a, = a*,. Therefore,

T [e¢] o] T oo —/(u—n)p ks

. . . e

Fa= [ e 3 admap= 3 a [ T ap= 3 0, Lo

- n=-—00 n=-—00 - n=-—00 _J(u —n) -7
or

0 —ju—n)n _ jlu—n)w e : _
Fay =Y a° ¢ o Y g, ST = 1) (7.8.11)

—Jju—n) n(u —n)

n=—0o0
For u = m (an integer),

sint(m — n) _{1 form=n

n(m —n) —]0 form;én
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Therefore,
F(n)
F(n) =2na, = a, =
27
and
Fay= Y o i ) (7.8.12)

= m(u —n)
This is the well-known sampling theorem used in communication theory. It states
that F(u) is uniquely reconstructed from a knowledge of sample values of F'(u)
at u = n, where n is an integer (positive or negative) including zero (i.e., u =
n=0,%1,£2,£3,...).
To have greater flexibility in selecting F (u), let us assume that a, = 0 for all

|n| > N. Therefore,
N

g(p) =Y ane™ (7.8.13)

n=—N
and from (7.8.11),

N . . N
Fuy =21 3 ap(—1)' — 2 — x0T ™ g 1y

u
t(u —n) Tu u—n
n=—N n=—N

This series can be recognized as the partial-fraction expansion of a function, and
therefore F(u) can be expressed as follows:

sin TTu Ou)

Hﬁ:l(uz —n?)

F(u) =2m (7.8.14)

where Q(u) is an arbitrary polynomial of degree 2N in u subject to the restriction
Q(—u) = Q*(u), so that a, = a*, . Further, it contains an arbitrary constant mul-
tiplier. In (7.8.14), sin mu has zeros at u = +n. However, the first 2N of these
zeros are canceled by (u? — n?). These can be replaced by 2N new arbitrarily
located zeros by proper choice of Q(u).

Example 7.7 Design a transmission line taper to match a 100-2 load to a 50-
Q line. The desired frequency response has a triple zero at fL = £2m. Plot its
frequency response and normalized characteristic impedance distribution.

SOLUTION The desired characteristic can be accomplished by moving zeros
at =1 and +£3 into the points u = £2. Due to this triple zero, the reflection
coefficient will remain small over a relatively wide range of BL around £2m.
Therefore,

Q) = Cu? —4)°
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and
sin TTu W? — 4)3

= e W - D x @ =4 x 2= 9)

Since u = BL /7, F(u) versus u represents the frequency response of this taper.
Further, it can be normalized with F(0) as follows:

9 (sin nu) W? — 4)3
16\ mu ) W=D —4w? -9

‘ Fu)
F(0)

A plot of this equation is illustrated in Figure 7.26. It shows that the normalized
magnitude is very small around u = 2.

Since F(0) is given by (7.8.8), multiplying constant C in F'(u) can be deter-
mined easily. Hence,

F(0) =27C x 1 x & 1 x 0 7 =C 2wz
= T = T _— = =
(=D (=4)(-9) 9 L 2n O F
Further,
2nC (sinmu (1—-4)3 9
F(l)="+- Xx— 2 = Cn=
x \u2—1/)|_, " (1-4H1-9) 8

9 — 9 _
=—1InZ; n—-=0.3164InZ,
32n 8
F2) =0
2 i —4)3 2
3t \u?-9/|,s O-1DO-4 72
= 25n x 0 InZ;, =0.097661n Z
72 B2 LT g
and F(n) = 0 for n > 3.
Therefore,
1
a=—F0)=—1InZ,
27
1 03164 —
a=a-1 = — (1)= IHZL
27
a) =dad_p =0
1 0.09766 = —
a3=a_3=—F(3)=— anL
27
and

a,=a_, =0 forn >3
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Figure 7.26 Normalized frequency response of the taper in Example 7.7.

Hence,
d(nZ) InZ
g(p) = (nZ) = L (ao + 2a; cos p + 2az cos 3p)
dp 2n
InZ
el (14 0.6328 x cos p — 0.1953 x cos3p)
b
and .
— In ZL . .
InZ = (p +0.6328 x sin p — 0.0651 x sin3p) + ¢,

bl

The integration constant ¢; can be evaluated as follows:

IhZ=0atp=—-7 or WZ=InZ, atp=mn

Therefore,
c;=05InZ,
and -
— InZ
InZ = n2 L (p + 7+ 0.6328 sin p — 0.0651 sin 3 p)
T
where

_211 L
P=7\*"2

Normalized impedance (Z) versus the length of the taper (z/L) is illustrated in
Figure 7.27.
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Figure 7.27 Normalized characteristic impedance variation along the length of the taper

in Example 7.7.

Example 7.8 Design a taper to match a 100-£2 load to a 50-2 transmission line.
Its reflection coefficient has double zeros at L = 27 and £3mw. Plot its fre-
quency response and normalized characteristic impedance versus the normalized

length of the taper.

SOLUTION This design can be achieved by moving the zeros at u = £ 1 and

=+ 4 into the points &= 2 and + 3, respectively. Hence,
Q) = C? = 22 (* = 3°)* = C® — 4*(u* - 9)

and
sin TTu W? — 4)*w?* —9)?

(U2 — D)(u? — 4)(u? — 9)(u? — 16)

F(u) =

Therefore, F(0) = 2.25C, F(1) = 0.8C, F(2) =0, F(3) =0, F(4) =

and F(n) = 0 for n > 4. From (7.8.8),

(7/140)C,

FO)=InZ, = C InZ,
= In =
L 2.25
and
d(ln Z) Zinp _ F(n)
8(p) = =S ae a= -
n=—0oo
or
2.25C 0.8C 7C . .
_ o T P 4 _ " ()P —Jj4p
g(p) o + ( +e )+(40)(2n)(e +e77F)
anL

(140.7111cos p 4+ 0.1556 cos 4 p)
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Figure 7.28 Frequency response of the taper in Example 7.8.

Therefore,

11’17L
21

InZ = (p +0.7111sin p + 0.0389sin4p) + ¢,

Since, InZ| = = 0,¢; =InZ, /2 and

1I'IZL
21

InZ =

(p+ 7w+ 0.7111sin p + 0.0389 sin 4 p)

_27[ L
P=7\*"2

Frequency response and normalized characteristic impedance distribution are
shown in Figures 7.28 and 7.29, respectively.

where

Klopfenstein Taper

The preceding procedure indicates infinite possibilities of synthesizing a trans-
mission line taper. A designer naturally looks for the best design. In other words,
which design gives the shortest taper for a given py,? The answer to this question
is the Klopfenstein taper, which is derived from a stepped Chebyshev transformer.
The design procedure is summarized here without its derivation.

The characteristic impedance variation of this taper versus distance z is given by

Z(2) =/ ZoRpe" (7.8.15)
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Figure 7.29 Normalized characteristic impedance variation of the taper in Example 7.8.

where
K = Cﬁ:}fi\f<%— I,A) 0<z<L (7.8.16)
f& A) = /z @dy lx] <1 (7.8.17)
o AYT—y?
o = % (7.8.18)

Since the cutoff value of BL is equal to A, we have
A =BoL (7.8.19)
For a maximum ripple py in its passband, it can be determined as

-1 |F0|
A =cosh™ — (7.8.20)
Pm
I, (x) is the modified Bessel function of the first kind. f (¢, A) needs to be eval-
uated numerically except for the following special cases:

£(0,A) =0
fe0)=3
F(1LA) = coshA — 1

A2
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The resulting input reflection coefficient as a function of BL (and hence, fre-
quency) is given by

o ibL cosh /A% — (BL)?

Fin(BL) =T cosh A

(7.8.21)

Note that the hyperbolic cosine becomes the cosine function for an imagi-
nary argument.

Example 7.9 Design a Klopfenstein taper to match a 100-2 load to a 50-Q
transmission line. The maximum allowed reflection coefficient in its passband is
0.1. Plot the characteristic impedance variation along its normalized length and
the input reflection coefficient versus BL.

SOLUTION From (7.8.18),

b_Ri—2zy _100-50 1
TR, +Z, 100+50 3

TABLE 7.1 Characteristic Impedance of the
Klopfenstein Taper (in Example 7.9) as a Function of
Its Normalized Length

Z/L Impedance (£2)
0 56.000896
0.05 57.030043
0.1 58.169255
0.15 59.412337
0.2 60.757724
0.25 62.202518
0.3 63.74238
0.35 65.371433
0.4 67.082194
0.45 68.865533
0.5 70.710678
0.55 72.605261
0.6 74.535428
0.65 76.486009
0.7 78.440749
0.75 80.382597
0.8 82.294063
0.85 84.157604
0.9 85.95606
0.95 87.673089

1 89.29361
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Figure 7.30 Characteristic impedance distribution along the normalized length of the
Klopfenstein taper in Example 7.9.
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Figure 7.31 Reflection coefficient versus BL of the Klopfenstein taper in Example 7.9.

From (7.8.20),

r 1
A = cosh—! PO cosh—t 2 — 1.87382
oM 0.1

Equation (7.8.15) is used to evaluate Z(z) numerically. These results are shown in
Table 7.1. These data are also displayed in Figure 7.30. The reflection coefficient
of this taper is depicted in Figure 7.31.
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7.9 BODE-FANO CONSTRAINTS FOR LOSSLESS MATCHING
NETWORKS

Various matching circuits described in this and Chapter 6 indicate that zero reflec-
tion is possible only at selected discrete frequencies. Examples 6.6 and 6.7 show
that the bandwidth over which the reflection coefficient remains below a specified
value is increased with the number of components. A circuit designer would like
to know whether a lossless passive network could be designed for perfect match-
ing. Further, it will be helpful if associated constraints and design trade-offs are
known. Bode—Fano constraints provide such means to the designer. Bode—Fano
criteria provide optimum results under ideal conditions. These results may require
approximation to implement the circuit. Table 7.2 summarizes these constraints
for selected R—C and R—L loads. The detailed formulations are beyond the
scope of this book.

As an example, if it is desired to design a reactive matching network at the
output of a transistor amplifier, the situation is similar to that depicted in the top
row of the table. Further, consider the case in which magnitude p of the reflection

TABLE 7.2 Bode-Fano Constraints to Match Certain Loads Using Passive
Lossless Network

Circuit Arrangement Constraint Relation
I 1 T
T=ps6 —» Matching C In—-dow < —
network 0 P RC
R
. © 1 winL
F=ps6 —» Matching In-do < =
network R 0 P - R

(where wy is the center frequency)

4

. |
r=ps6 —» Matehing | € / In—dw < wynRC
networ R 0 P

(where wy is the center frequency)

TR

. > 1
I=ps6 —» Matching R In-do < —
network 0 [ L




PROBLEMS 281

coefficient remains constant at p,, (p,, < 1) over the frequency band from w; to
wy, whereas it stays at unity outside this band. The constraint for this circuit is
found to be

* ] 1 e 1 T
In-dw =1In— do=(w;—w))In — < — (7.9.1)
0 P Pm Jw, Pm RC

This condition shows the trade-off associated with the bandwidth and the reflec-
tion coefficient. If R and C are given, the right-hand side of (7.9.1) is fixed. In
this situation, a wider bandwidth (w; — w) is possible only at the cost of a
higher reflection coefficient p,,. Further, p,, cannot go to zero unless the band-
width w, — w; is zero. In other words, a perfect matching condition is achievable
only at discrete frequencies.
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PROBLEMS

7.1. The output impedance of a microwave receiver is 50 2. Find the required
length and characteristic impedance of a transmission line that will match a
100-£2 load to the receiver. Signal frequency and phase velocity are 10 GHz
and 2.4 x 108 m/s, respectively. What is the frequency band over which
the reflection coefficient remains below 0.1?

7.2. A quarter-wave impedance-matching transformer is used to match a micro-
wave source with internal impedance 10 2 to a 50-2 transmission line. If
the source frequency is 3 GHz and the phase velocity on the line is equal to
the speed of light in free space, find (a) the required length and character-
istic impedance of the matching section and (b) the reflection coefficients
at two ends of the matching section.

7.3. A 0.7-m-long transmission line short-circuited at one end has an input
impedance of —;j68.8 2. The signal frequency and phase velocity are
100MHz and 2 x 10® m/s, respectively.
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74.

7.5.

7.6.

7.1.

7.8.

7.9.

7.10.

7.11.

7.12.

IMPEDANCE TRANSFORMERS

(a) What is the characteristic impedance of the transmission line?

(b) If a 200-2 load is connected to the end of this line, what is the new
input impedance?

(¢) A quarter-wave matching transformer is to be used to match a 200-2
load with the line. What will be the required length and characteristic
impedance of the matching transformer?

Design a two-section binomial transformer to match a 100-$2 load to a 75-
Q line. What is the frequency band over which the reflection coefficient
remains below 0.1?

Design a three-section binomial transformer to match a 75-Q2 load to a
50-Q2 transmission line. What is the fractional bandwidth for a VSWR less
than 1.1?

Using the approximate theory, design a two-section Chebyshev transformer
to match a 100-Q2 load to a 75-Q2 line. What is the frequency band over
which the reflection coefficient remains below 0.1? Compare the results
with those obtained in Problem 7.4.

Design a four-section Chebyshev transformer to match a network with
input impedance 60 €2 to a transmission line of characteristic impedance
40 2. Find the bandwidth if the maximum VSWR allowed in its passband
is 1.2.

Using the exact theory, design a two-section Chebyshev transformer to
match a 10-Q2 load to a 75-2 line. Find the bandwidth over which the
reflection coefficient remains below 0.05.

Using the exact theory, design a three-section Chebyshev transformer to
match a 10-Q2 load to a 75-€2 line. Find the bandwidth over which the
reflection coefficient remains below 0.05. Compare the results with those
obtained in Problem 7.8.

Design a transmission line taper to match a 75-Q load to a 50-€2 line.
The desired frequency response has a double zero at L = £2m. Plot its
frequency response and normalized characteristic impedance distribution.

Design a transmission line taper to match a 40-2 load to a 75-Q2 line.
Its reflection coefficient has triple zeros at L = +2m. Plot its frequency
response and normalized characteristic impedance distribution versus the
normalized length of the taper.

Design a Klopfenstein taper to match a 40-Q2 load to a 75-Q line. The
maximum allowed reflection coefficient in its passband is 0.1. Plot the
characteristic impedance variation along its normalized length and the input
reflection coefficient versus fL. Compare the results with those obtained
in Problem 7.11.



TWO-PORT NETWORKS

Electronic circuits are frequently needed for processing a given electrical signal
to extract the desired information or characteristics. This includes boosting the
strength of a weak signal or filtering out certain frequency bands, and so on. Most
of these circuits can be modeled as a black box that contains a linear network
comprising resistors, inductors, capacitors, and dependent sources. Thus, it may
include electronic devices but not the independent sources. Further, it has four
terminals, two for input and the other two for output of the signal. There may be
a few more terminals to supply the bias voltage for electronic devices. However,
these bias conditions are embedded in equivalent dependent sources. Hence, a
large class of electronic circuits can be modeled as two-port networks. Parameters
of the two-port completely describe its behavior in terms of voltage and current
at each port. These parameters simplify the description of its operation when the
two-port network is connected into a larger system.

Figure 8.1 shows a two-port network along with appropriate voltages and cur-
rents at its terminals. Sometimes, port 1 is called the input port and port 2, the out-
put port. The upper terminal is customarily assumed to be positive with respect to
the lower one on either side. Further, currents enter the positive terminals at each
port. Since the linear network does not contain independent sources, the same cur-
rents leave respective negative terminals. There are several ways to characterize
this network. Some of these parameters and relations among them are presented
in this chapter, including impedance parameters, admittance parameters, hybrid

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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I > < I
+ +
Port 1 i Port 2
v, Linear network v,

Figure 8.1 Two-port network.

parameters, and transmission parameters. Scattering parameters are introduced
later in the chapter to characterize the high-frequency and microwave circuits.

8.1 IMPEDANCE PARAMETERS

Consider the two-port network shown in Figure 8.1. Since the network is linear,
the superposition principle can be applied. Assuming that it contains no inde-
pendent sources, voltage V) at port 1 can be expressed in terms of two currents
as follows:

Vi=Zuh+Zplh (8.1.1)

Since Vj is in volts and /; and I, are in amperes, parameters Z;; and Z;, must
be in ohms. Therefore, these are called the impedance parameters. Similarly, we
can write V, in terms of I; and I, as follows:

Vo =2yl +2Znh (8.1.2)

Using the matrix representation, we can write
Vi Zn Zip || L
= 8.1.3
|:V2] [ZZI Zzzi||:12i| ( )

V1= [Z]l1] (8.1.4)

or

where [Z] is called the impedance matrix of the two-port network.
If port 2 of this network is left open, I, will be zero. In this condi-
tion, (8.1.1) and (8.1.2) give

v,
7y = - (8.1.5)
I L=0
and v
Zy = -2 (8.1.6)
I |0

Similarly, with a source connected at port 2 while port 1 is open circuit, we
find that

Zip= — (8.1.7)
I =0
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and

Zy = — (8.1.8)
I 1=0

Equations (8.1.5) through (8.1.8) define the impedance parameters of a two-
port network.

Example 8.1 Find the impedance parameters for the two-port network shown
in Figure 8.2.

SOLUTION If I, is zero, V| and V, can be found from Ohm’s law as 61;.
Hence, from (8.1.5) and (8.1.6),

V 61
z= V| 8 _gg

L, 1§

and v 61
Zn=-—2 =-"1=6Q

L,y 1§

Similarly, when a source is connected at port 2 and port 1 has an open circuit,
we find that

Vo, =V, =61,
Hence, from (8.1.7) and (8.1.8),
V 61
Zp=— =-2=6Q
L, L
and V. 61
Zpy = — 2 _6Q
Ly DI
Therefore,
Z11 VAT _ 6 6
Z5 Zp| |6 6
L — -
+ +
v, 6Q v,

Figure 8.2 Two-port network for Example 8.1.
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. -
+ +
Vi 12Q Va
3Q

Figure 8.3 Two-port network for Example 8.2.

I

Example 8.2 Find the impedance parameters of the two-port network shown in
Figure 8.3.

SOLUTION As before, assume that a source is connected at port 1 while port 2
is open. In this condition, V| = 121} and V, = 0. Therefore,

V 121
Zn=— =ZL_-1ng
{0 I
and y
2
ZZI - ]_ =0
L 1n=0

Similarly, when a source connected at port 2 and port 1 has an open circuit, we
find that
V2 = 312 and V] =0

Hence, from (8.1.7) and (8.1.8),

Vi
le - I_ - 0
21n=0
and y 3l
Ty = — 22 _3Q
12 ;=0 12
Therefore,

Z 11 Z 12| _ 12 0
Example 8.3 Find the impedance parameters for the two-port network shown

in Figure 8.4.

SOLUTION Assuming that the source is connected at port 1 while port 2 is
open, we find that

Vi =(2+6); =18, and V,=6I,
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12Q

3Q

I —» - D

+ +
Vi % Va

Figure 8.4 Two-port network for Example 8.3.

Note that there is no current flowing through a 3-Q resistor because port 2

is open.
Therefore,
Vi 181;
Zy1 = — =— =18Q
I | 1,— I
and y 61
Zy= | =-—1=6Q
L,y 1§

Similarly, with a source at port 2 and port 1 open circuit,
Vz = (6 + 3)12 = 912 and V] = 612

This time, there is no current flowing through a 12-2 resistor because port 1 is
open. Hence, from (8.1.7) and (8.1.8),

V 61
Zn=— =-2=6Q
L, L
and V. 91
Zyy = — 22 -9Q
12 ;=0 12
Therefore,

Zy Zip| |18 6

25y Zp| |6 9
An analysis of results obtained in Examples 8.1 to 8.3 indicates that Zi;
and Z,; are equal for all three circuits. In fact, it is an inherent characteris-
tic of these networks. It will hold for any reciprocal circuit. If a given circuit
is symmetrical, Z;; will be equal to Z,, as well. Further, impedance parame-
ters obtained in Example 8.3 are equal to the sum of the corresponding results
found in Examples 8.1 and 8.2. This happens because if the circuits of these two

examples are connected in series, we end up with the circuit of Example 8.3,
shown in Figure 8.5.
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v, 6Q v,

Figure 8.5 Circuit for Example 8.3.

Example 8.4 Find the impedance parameters for a transmission line network
shown in Figure 8.6.

SOLUTION This circuit is symmetrical because interchanging port 1 and port 2
does not affect it. Therefore, Z,, must be equal to Z;;. Further, if current I at
port 1 produces an open-circuit voltage V at port 2, current / injected at port 2
will produce V at port 1. Hence, it is a reciprocal circuit. Therefore, Z;, will be
equal to Z,;. Assume that the source is connected at port 1 while the other port
is open. If Vi, is incident voltage at port 1, Vi,e™" is the voltage at port 2. Since
the reflection coefficient of an open circuit is +1, the reflected voltage at this port
is equal to the incident voltage. Therefore, the reflected voltage reaching port 1
is Vine 2!, Hence,

Vi = Vip + Vipe ™!

Vy = 2Vipe™!
Vi
I =" (1—e
Zy
I: l >
I, —» | - ],

+
+

Vi Zo, Y Va

Figure 8.6 Transmission line network for Example 8.4.
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and
L=0

Therefore,
sV Vel et Z

T s (V/Zo) (I —e) T et — e T tanhyl
and

Z V2 _ 2‘/11167}/[ _ Z 2 .
T L=0 (Vi Zo)(1 — e~y Ootvl — vl — sinh yl

For a lossless line, y = jB, and therefore,

Zy
Z) = = —jZycotpl
11 Jtan pl J£0 p
and
R L)
27 Tsingl . sinpl

8.2 ADMITTANCE PARAMETERS

289

= Zycothyl

Consider again the two-port network shown in Figure 8.1. Since the network is
linear, the superposition principle can be applied. Assuming that it contains no
independent sources, current /; at port 1 can be expressed in terms of two vol-

tages:
L=YuVi+YnV,

(8.2.1)

Since I is in amperes and V| and V, are in volts, parameters Y;; and Y|, must
be in siemens. Therefore, these are called the admittance parameters. Similarly,

we can write I in terms of V; and V; as follows:
L =Y,V +YnrV,

Using the matrix representation, we can write
Li|_|Yn YoV
L Yor Yo || V2

[/]1=I[Y][V]

or

where [Y] is called the admittance matrix of the two-port network.

(8.2.2)

(8.2.3)

(8.2.4)
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If port 2 of this network has a short circuit, V, will be zero. In this condi-
tion, (8.2.1) and (8.2.2) give

I
Y= — (8.2.5)
Vilv,=o
and
I
Y= —= (8.2.6)
|4 V=0
Similarly, with a source connected at port 2 and a short circuit at port 1,
I
Yp=— (8.2.7)
Va V=0
and
14)
Yy = = (8.2.8)
Va V=0

Equations (8.2.5) through (8.2.8) define the admittance parameters of a two-
port network.

Example 8.5 Find the admittance parameters of the circuit shown in Figure 8.7.

SOLUTION If V; is zero, I; is equal to 0.05V; and I, is —0.05 V;. Hence,
from (8.2.5) and (8.2.6),

1 0.05V,
Y = — - L —0.05S
Vilv,—o Vi
and
I —0.05 v
Yy = 2 :71=—0.OSS
Vilv,—o Vi

Similarly, with a source connected at port 2 and port 1 having a short circuit,

L=—-1=005V,

0.05S

Figure 8.7 Circuit for Example 8.5.
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Hence, from (8.2.7) and (8.2.8),

I —0.05V,
Yo= — =——=-0.05S
Valv,—o Va
and
I 0.05 V.
Yy = = = 2 -0.05S
Valy—o A
Therefore,

Y Yn]_[ 005 —005
Yo Y| | =005 0.05

Again we find that Y7; is equal to Y;;, because this circuit is symmetrical. Simi-
larly, Yy, is equal to Y,; because it is reciprocal.

Example 8.6 Find the admittance parameters for the two-port network shown
in Figure 8.8.

SOLUTION Assuming that a source is connected at port 1 and port 2 has a
short circuit, we find that

0.1(0.2 4 0.025) 0.0225
1= V1 = V1 A
0.14+0.2+0.025 0.325
and if voltage across 0.2 S is Vy, then
I 0.0225 Vi

V = = = V
N 0240025 0225%x0325 ' 3.5
Therefore,
L= —02Vy=—22vy A
2T SN T s
0.1S 0.2S

Figure 8.8 Two-port network for Example 8.6.
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Hence, from (8.2.5) and (8.2.6),

I 0.0225
Y = — - —0.0692S
Vilyoo 0325
and
I 0.2
5, = — =———=-0.0615S
Vi v,z 3.25

Similarly, with a source at port 2 and port 1 having a short circuit,

_0.2(0.1 +0.025) Vi — 0.025

1 V)

2

T 02+0.140.025 " 0.325
and if voltage across 0.1 S is V), then
I 0.025 2V,
VM = = 2 = V
0.1 +0.025 0.125 x 0.325 3.25
Therefore,
I, =—-0.1Vy = 0.2 V.
R L
Hence, from (8.2.7) and (8.2.8),
I 0.2
Y= —| =-——=-006I5S
Valy, o 3.25
and
5 0.025
Yo = — =——=0.0769S
Valy—o 0.325
Therefore,

Yiu Y| 0.0692 —-0.0615

Y51 Y | | —0.0615 0.0769
As expected, Y1, = Y1 but Yi; # Y2,. This is because the given circuit is recip-
rocal but is not symmetrical.

Example 8.7 Find the admittance parameters of the two-port network shown in
Figure 8.9.

SOLUTION Assuming that a source is connected at port 1 and port 2 has a
short circuit, we find that

0.1(0.2 + 0.025)
0.1+ 0.2+ 0.025

I = [0.05+ ] Vi =0.1192V, A
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\%4 2 V.
! 0.025S 2

Figure 8.9 Two-port network for Example 8.7.

and if current through 0.05S is Iy, then

0.05

Iy =
N7 0.05410.1002 + 0.025)/(0.1 4+ 0.2 + 0.025)]

I, =0.05V, A

Current through 0.1S is I} — Iy = 0.0692 V;. Using the current-division rule,
current /), through 0.2S is found as follows:

0.2

= ———0.0692V; =0.0615V, A
0.2 +0.025

Iy

Hence, I, = —(Iy + Iyy) = —0.1115 V; A.
Now, from (8.2.5) and (8.2.6),

I
Y = — =0.1192S
Vily,=o
and
I
Yoy = — = —0.1115S
Vi V=0

Similarly, with a source at port 2 and port 1 having a short circuit, current /, at
port 2 is

0.2(0.1 + 0.025)
0.2+0.1+0.025

L = [0.05 + i| Vo, =0.1269 V, A

and current /y through 0.05S can be found as follows:

0.05
~0.05 4 [0.2(0.1 4 0.025)/(0.2 + 0.1 + 0.025)]

In I,=0.05V, A
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0.05S
+ +
Vi Va

I —» _ _
- 12
+
+
Vi
Va
_ 0.1S 02S
+ +
Vi Va
0.025 S

Figure 8.10 Circuit for Example 8.7.

Current through 0.2 S is I, — Iy = 0.0769 V,. Using the current-division rule one
more time, the current /), through 0.1 S is found as follows:

0.1

= ———0.0769 V, = 0.0615V, A
0.1 +0.025

Iy

Hence, I} = —(Iy + I);) = —0.1115 V, A. Therefore, from (8.2.7) and (8.2.8),

I
Y = — — —0.1115S
Va V=0
and
I
Yy = —= —0.1269S
V2 Vi=0
Therefore,

Yiu Yo | 0.1192 —-0.1115
Y1 Yn| | —0.1115 0.1269

As expected, Y1, = Y1 but Yi; # Y2,. This is because the given circuit is recip-
rocal but is not symmetrical. Further, we find that the admittance parameters
obtained in Example 8.7 are equal to the sum of the corresponding impedance
parameters of Examples 8.5 and 8.6. This is because when the circuits of these
two examples are connected in parallel, we end up with the circuit of Example 8.7,
shown in Figure 8.10.

Example 8.8 Find the admittance parameters of a transmission line of length /,
shown in Figure 8.11.
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i
v

+
+

Figure 8.11 Setup for Example 8.8.

SOLUTION This circuit is symmetrical because interchanging port 1 and port 2
does not affect it. Therefore, Y,, must be equal Y;;. Further, if voltage V at port 1
produces a short-circuit current I at port 2, voltage V at port 2 will produce
current / at port 1. Hence, it is a reciprocal circuit. Therefore, Y, will be equal
to Yp;. Assume that a source is connected at port 1 when the other port has a
short circuit. If Vj, is the incident voltage at port 1, it will appear as Vi,e™" at
port 2. Since the reflection coefficient of a short circuit is equal to —1, reflected
voltage at this port is 180° out of phase with incident voltage. Therefore, the
reflected voltage reaching at port 1 is —Vi,e™2. Hence,

Vi = Vip — Vipe ™

Va=0
Vi
L=—(+e?
1 Zo( +e )
and
L= _ﬁ vl
Zy
Therefore,
Yoo = Iy _ (Va/Zo)(A e et e 1
T Vil Ve —e) T Zg(eM —e7¥)  Zgtanhyl
and
po_B|_—@Va/Zge 2 1
T Vilyoo V(I —e ) T Zg(et —e¥) —  Zgsinhyl

For a lossless line, y = jf and therefore

1
Yn=——""F
JjZytan Bl

and
1 1

Y, = — =7
2T Tz sinpl ! Zysinpl
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8.3 HYBRID PARAMETERS

Reconsider the two-port network of Figure 8.1. Since the network is linear, the
superposition principle can be applied. Assuming that it contains no independent
sources, voltage V| at port 1 can be expressed in terms of current /; at port 1
and voltage V, at port 2:

Vi=huli+hiaVs (8.3.1)

Similarly, we can write /5 in terms of /; and V;:
L =hy L1 +hnV, (8.3.2)

Since V; and V, are in volts while /1 and I, are in amperes, parameter /;; must
be in ohms, 4, and h,; must be dimensionless, and /), must be in siemens.
Therefore, these are called the hybrid parameters.

Using the matrix representation, we can write

Vi hiy hip || 4
= 8.3.3
|: 18] :| [hzl hy | [ V2 (8-33)
Hybrid parameters are especially important in transistor circuit analysis. These

parameters are determined as follows. If port 2 has a short circuit, V, will be
zero. In this condition, (8.3.1) and (8.3.2) give

V
hy = — (8.3.4)
1 V2=0
and
15
hy = = (8.3.5)
I V,=0
Similarly, with a source connected at port 2 while port 1 is open,
V
p—— (8.3.6)
Valn=0
and
I4)
hypy = — (8.3.7)
Vs =0

Thus, parameters h;; and h;; represent the input impedance and the forward
current gain, respectively, when a short circuit is at port 2. Similarly, &, and k5,
represent the reverse voltage gain and the output admittance, respectively, when
port 1 has an open circuit. Because of this mix, these are called hybrid parame-
ters. In transistor circuit analysis, these are generally denoted by h;, h, h,, and
hy, respectively.
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12Q

3Q

I —» - D

+ +
Vi % Va

Figure 8.12 Two-port network for Example 8.9..

Example 8.9 Find the hybrid parameters of the two-port network shown in
Figure 8.12.

SOLUTION  With a short circuit at port 2,

6x3
Vi=L[12 = 141
1 1( +6+3) 1

and using the current-divider rule, we find that

2= 6+31_ 3
Therefore, from (8.3.4) and (8.3.5),
Vi
hiyy = — =14Q
I V=0
and
I 2
hy = — =—=
I {y,—o 3

Similarly, with a source connected at port 2 while port 1 has an open circuit,

Vo=03B+6)1,=91,
and

Vi =61,

because there is no current flowing through a 12-2 resistor. Hence, from (8.3.6)
and (8.3.7),

h Vi 61, 2
2= = =— =
Valieo 9L 3
and
I 1
hy = — ==
Valio 9
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hi hi | _ 14
ha1 hop _2

3

Thus,

Ol—= W
|92}
| IS

8.4 TRANSMISSION PARAMETERS

Reconsider the two-port network of Figure 8.1. Since the network is linear, the
superposition principle can be applied. Assuming that it contains no independent
sources, voltage V| and current /; at port 1 can be expressed in terms of current
I, and voltage V, at port 2 as follows:

Vi=AV, — B, 8.4.1
Similarly, we can write /; in terms of /; and V, as follows:
I =CV,— DI, (8.4.2)

Since V| and V, are in volts while /; and I, are in amperes, parameters A and
D must be dimensionless, B must be in ohms, and C must be in siemens.
Using the matrix representation, (8.4.2) can be written as follows:

[‘ﬂz[é gH_V;J (8.4.3)

Transmission parameters (also known as elements of chain matrix) are especially
important for analysis of circuits connected in cascade. These parameters are
determined as follows. If port 2 has a short circuit, V, will be zero. Under this
condition, (8.4.1) and (8.4.2) give

V
B=—L (8.4.4)
—I Va=0
and
1
D= L (8.4.5)
—Iy,—

Similarly, with a source connected at the port 1 while port 2 is open, we find that

1%
A= L (8.4.6)
Va L=0
and
I
c=1L (8.4.7)
Va L=0
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1Q

Figure 8.13 Network for Example 8.10.

Example 8.10 Determine the transmission parameters of the network shown in
Figure 8.13.

SOLUTION With a source connected at port 1 while port 2 has a short circuit
(so that V, is zero),
122—11 and V1=11V

Therefore, from (8.4.4) and (8.4.5),

Vi
B=— =1Q
- V,=0
and
L
D= — =1
—I V2=0

Similarly, with a source connected at port 1 while port 2 is open (so that I,
is zero),
Vz = V1 and [ 1= 0

Now, from (8.4.6) and (8.4.7),

V
A= =1
Valn=o
and
L
C=— =0
Va L=0

Hence, the transmission matrix of this network is

A B| (1 1

C D| |0 1
Example 8.11 Determine the transmission parameters of the network shown in
Figure 8.14.

SOLUTION With a source connected at port 1 while port 2 has a short circuit
(so that V, is zero),
12 = —Il and V1 =0V
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I —» -1
+ +

— joS
Vi v,

Figure 8.14 Network for Example 8.11.

Therefore, from (8.4.4) and (8.4.5),

Vi
B=— =0Q
—1I V2=0
and
I
D= — =1
—1I V2=0

Similarly, with a source connected at port 1 while port 2 is open (so that I,
18 zero),
V2=V1 and 11=j(1)V1 A

Now, from (8.4.6) and (8.4.7),

Vi
A= — =1
Va L=0
and
I .
C=— =jw S
V2 L=0

Hence, transmission matrix of this network is

A Bl |1 0

C D| | jo 1
Example 8.12 Determine the transmission parameters of the network shown in
Figure 8.15.

h— @
.

Vi vy

Figure 8.15 Network for Example 8.12.
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SOLUTION With a source connected at port 1 while port 2 has a short circuit
(so that V, is zero), we find that

1 24
V1=<1+ )Il— tie,

l+jo) 1+ jo
and
1
jo 1
hL=——F——H=- —1I
1/jw+1 1+ jo

Therefore, from (8.4.4) and (8.4.5),

V
B=—1| =2+4+jo Q
-1 Va=0
and
1
D=—"| =1+4jo
—I V=0

Similarly, with a source connected at port 1 while port 2 is open (so that I,
is zero),

jo
and
1
Vo =—1
jw
Now, from (8.4.6) and (8.4.7),
Vi .
A= — =1l+4+jo
Va L=0
and
I .
C=— =jo S
Valn=o
Hence,

A B| |1+jw 2+ jo
C D | Jjw 1+ jo
Example 8.13 Find the transmission parameters of the transmission line shown

in Fig. 8.16.

SOLUTION Assume that a source is connected at port 1 while the other port
has a short circuit. If V4, is incident voltage at port 1, it will be Vi,e™"" at port 2.
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+
+

Vi Zy, Y Va

Figure 8.16 Transmission line for Example 8.13.

Since the reflection coefficient of the short circuit is —1, the reflected voltage at
this port is 180° out of phase with the incident voltage. Therefore, the reflected
voltage reaching at port 1 is —Vi,e2Y'. Hence,

Vi = Vip — Vipe ™!
V, =0

Vin —oyl
I = (1 ¥
1 Zo( +e

and
L= ——2Vine_yl
Zy
Therefore, from (8.4.4) and (8.4.5),
1% Z vl eV
B= —; =3 _"yl(l—e*”):zo% Q=Zysinhyl
—12]y,=0 e
and
I 1 =2\ vl -l
D e —II = ;_i)\.l = ¢ —;e = COShyl
—12]y,=0 €

Now assume that port 2 has an open circuit while the source is still connected
at port 1. If Vi, is incident voltage at port 1, Vi,e™ is at port 2. Since the
reflection coefficient of an open circuit is +1, the reflected voltage at this port is
equal to the incident voltage. Therefore, the reflected voltage reaching at port 1
is Vine 2!, Hence,

Vi = Vip + Vipe ™!
Vo = 2Vipe ™

V;
I =—(1—e
Zy

and

Il
o

L
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Now, from (8.4.6) and (8.4.7),

Vv 1 —2yl
A= L = fhe ™ = cosh vyl
Vs L=0 2e~Y!
and
I 1 —e .
C = — =7I=—smhyl
Vs =0 2Zpe™Y Zy

Hence, the transmission matrix of a finite-length transmission line is
coshyl Zy sinh yl

[A B}_ )
c D — sinhy/ coshyl
Zy

For a lossless line, y = jP, and therefore it simplifies to
cos Bl | Z sin Bl
[ A B } - 1 p JZosinf
¢ D Jj—sinfl cos pl
Zy

An analysis of results obtained in Examples 8.10 to 8.13 indicates that the fol-
lowing condition holds for all four circuits:

AD — BC =1 (8.4.8)

This is because these circuits are reciprocal. In other words, if a given circuit
is known to be reciprocal, (8.4.8) must be satisfied. Further, we find that trans-
mission parameter A is equal to D in all four cases. This always happens when
a given circuit is reciprocal.

In Example 8.11, A and D are real, B is zero, and C is imaginary. For a lossless
line in Example 8.13, A and D simplify to real numbers while C and D become
purely imaginary. This characteristic of the transmission parameters is associated
with any lossless circuit. A comparison of the circuits in Examples 8.10 to 8.12
reveals that the two-port network of Example 8.12 can be obtained by cascading
that of Example 8.10 on the two sides of Example 8.11, as shown in Figure 8.17.

1Q
I} —» - ]
+ +

Vi vy
jo S

«—g811—>
8.10—» <«—— 8.10

Figure 8.17 Two-port network for Example 8.12.
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Therefore, the chain (or transmission) matrix for the network shown in Example
8.12 can be obtained after multiplying three chain matrices as follows:

1 L1 0] |1 Il |1 L1 1
0 1 jo 1 0 11710 1 jow jo+1
T+ jo 2+ jo
- jo 14+ jo
This shows that chain matrices are convenient in the analysis and design of
networks connected in cascade.

8.5 CONVERSION OF IMPEDANCE, ADMITTANCE, CHAIN, AND
HYBRID PARAMETERS

One type of network parameter can be converted into another via the respective
defining equations. For example, the admittance parameters of a network can
be found from its impedance parameters as follows. From (8.2.3) and (8.1.3),
we find that

—1
Li| _ | Yn Yo [[Vi|_|Zn VAP Vi
I Y Yo || V2 Zy; Zyn V)

Hence,
-1
Yy Yio | _ | Zn VAP _ 1 Z —Zp
Y21 Y22 Z21 ZZZ 211222 — 212221 _Z21 le
Similarly, (8.3.3) can be rearranged as follows:
D AD — BC
L|_| B B Vi
I, o 1 A V2
B B
Hence,
D AD — BC
Yi Yn|_| B B
Y5 Y 1 A
B B

Relations between other parameters can be found following a similar procedure.
These relations are given in Table 8.1.

8.6 SCATTERING PARAMETERS

As illustrated in preceding sections, Z-parameters are useful in analyzing series
circuits while Y -parameters simplify the analysis of parallel (shunt) connected cir-
cuits. Similarly, transmission parameters are useful for chain or cascade circuits.
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TABLE 8.1 Conversions Among the Impedance, Admittance, Chain, and Hybrid

Parameters
Y2 hitha — hizhag
n=g—V—— vV le=é In=——
Y11Y2 — Y2 Yo C hay
-Y AD — BC h
Zp=—— 12 Zp= —— Zpp =2
Yi1Yn — Yi2Yo C ha
—Y21 1 _h21
Iy = ——— Zy = = Zy =
Yi1Yn —YiYa c hay
Iy =—— Zyn=— Zoy = —
Yi1Yn — YioYo C ha
Z» 1
YW= 55— Y|1=2 Yii=—
Z\Zop — Z12Zy B hi
-7 —(AD — BC —h
Y= o Yi, = (4D - B6) Yip= —0
Z\Zy — Z12Zy B hi
—7Z -1 h
V= oo o1 = — Yo = =
Z11Zy — Z12Zy B hiy
Z A hi1hy — hish
Yy — 1 Yy = 2 Yy = 22 12h2
Z\Zy — Z1nZy B hiy
Z -Y —(h11hyy — hioh
4o Zn P 4 (h11h22 12h21)
Zy Y hay
Z\Zyn — Z1nZ —1 —h
g ZuZn 12221 gt g —hu
Z) Y2 ha
1 — (Y11 Y2 — Y1nY- —h
c— L c— (Y11 Y — Y12Y21) co
Z7 Yo ha
V4 -Y —1
p=2%2 p=—" D=—
Zz] Y2| h2|
2\ Zyn — Z1nZ 1
By = 20 222 12251 By = - s B
22 11 D
Z Y2 _
hip=— hiy = h _AD—-BC
Zn Y1 12 D
-7 )% _
ha = : hy = = hy = —!
Zy Yi D
1 Yi1Yn — YoV C
hy = — hy = ————F— hy = —
Zn Yi 27D
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However, the characterization procedure of these parameters requires an open or
short circuit at the other port. This extreme reflection makes it very difficult (and
in certain cases, impossible) to determine the parameters of a network at radio
and microwave frequencies. Therefore, a new representation based on traveling
waves is defined. This is known as the scattering matrix of the network. Elements
of this matrix are known as scattering parameters.

Figure 8.18 shows a network along with incident and reflected waves at its
two ports. We adopt a convention of representing the incident wave by a; and
the reflected wave by b; at the ith port. Hence, a; is an incident wave, while b;
is a reflected wave at port 1. Similarly, a, and b, represent incident and reflected
waves at port 2, respectively. Assume that a source is connected at port 1 that
produces the incident wave a;. A part of this wave is reflected back at the input
(due to impedance mismatch), while the remaining signal is transmitted through
the network. It may change in magnitude as well as in phase before emerging at
port 2. Depending on the termination at this port, part of the signal is reflected
back as input to port 2. Hence, reflected wave b; depends on incident signals a;
and a, at the two ports. Similarly, emerging wave b, also depends on a; and a,.
Mathematically,

by = Snia; + Spay (8.6.1)
by = Sna1 + Spaz (8.6.2)

Using the matrix notation, we can write
b Sit Sz || ar
= 8.6.3
[ by } [ S S || @ (86.3)

[b] = [S][a] (8.6.4)

or

where [S] is called the scattering matrix of the two-port network; S;; are known
as the scattering parameters of this network, and a; represents the incident wave
at the ith port and b; represents the reflected wave at the ith port.

If port 2 is matched terminated while a; is incident at port 1, a, is zero. In
this condition, (8.6.1) and (8.6.2) give

b
Si=— (8.6.5)
a a,=0
a4 ——> — b,
Two-port network Port 2
Port1 , u
] -+——— - 2

Figure 8.18 Two-port network with associated incident and reflected waves.
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and

(8.6.6)

Similarly, with a source connected at port 2 while port 1 is terminated by a
matched load, we find that

b
Spp = (8.6.7)
az |4 -
and
b
Sy = 2 (8.6.8)
a2 611:0

Hence, S;; is the reflection coefficient I'; at the ith port when the other port is
matched terminated. S;; is the forward transmission coefficient of the jth port if
i is greater than j, whereas it represents the reverse transmission coefficient if i
is less than j with the other port terminated by a matched load.

We have not yet defined a; and b; in terms of voltage, current, or power. To
that end, we write steady-state total voltage and current at the ith port as follows:

Vi — Viin 4 Viref (869)
and
1 . .
= = Ve (8.6.10)
i

where superscripts “in” and “ref” represent the incident and reflected voltages,
respectively. Z; is the characteristic impedance at the ith port. Equations (8.6.9)
and (8.6.10) can be solved to find incident and reflected voltages in terms of total
voltage and current at the ith port. Hence,

Vit = L(Vi + Zy I)) (8.6.11)

and
Viref — %(Vz — Zoi 1) (8.6.12)

Assuming both of the ports to be lossless so that Z; is a real quantity, the average
power incident at the ith port is

. o 1 o (VMY |
P" = 5Re [vi*u™*] = 5Re [V;“ (Z;) } =57 124k (8.6.13)
0i 0i

and average power reflected from the ith port is

1 1 Vi 1
Piref — ERe [Viref(liref)*] — ERe |:V[ref (Zz_) :| — f|Viref|2 (8614)
0i 0i
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The a; and b; are defined in such a way that the squares of their magnitudes
represent the power flowing in respective directions. Hence,

Vi + ZOiIi) 1 ( Vi )
- Zol | (8.6.15)
( V22 272 \VZy;i o

N.
q |
S

N =

and

b; = —1<V"_ZO"1'>— ! ( Vi Z 1> (8.6.16)
" V2Ze 2\ V2Zy 22 \VZa o o

Therefore, units of a; and b; are

volt
Vwatt = = ampere - v ohm
+/ohm

Power available from the source, P,s, at port 1 is
Py = |ay|”
power reflected from port 1, Py, is
Pret = b1
and power delivered to the port (and hence to the network), Py, is
Py = Pos = Pt = |ar |* — |01

Consider the circuit arrangement shown in Figure 8.19. There is a voltage
source Vg connected at port 1 while port 2 is terminated by load impedance
Z;. The source impedance is Zg. Various voltages, currents, and waves are as
depicted at the two ports of this network. Further, it is assumed that the char-
acteristic impedances at port 1 and port 2 are Zy; and Z,, respectively. Input
impedance Z; at port 1 of the network is defined as the impedance across its ter-
minals when port 2 is terminated by load Z; while source Vs, along with Zg are
disconnected. Similarly, output impedance Z, at port 2 of the network is defined
as the impedance across its terminals with load Z; disconnected and voltage
source Vy; replaced by a short circuit. Hence, source impedance Zg terminates

V4
pfp— —> b,
Vsi Port 1 Vi Two-port network V, Port 2
° — — ® z,

Figure 8.19 Two-port network with a voltage source connected at port 1 and port 2 is
terminated.
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port 1 of the network in this case. Input impedance Z; and output impedance Z;
are responsible for input reflection coefficient I'; and output reflection coefficient
I',, respectively. Hence, the ratio of b; to a; represents I'; while that of b, to a;
is I',. For the two-port network, we can write

by = Sna; + Spax (8.6.17)
and

by = Sr1a1 + Snaz (8.6.18)

The load reflection coefficient I'y, is

2L —Zp @

r,=2t—%e_o
Zr+Zy b

(8.6.19)
Note that b, leaves port 2, and therefore it is incident on the load Z;. Similarly,

the wave reflected back from the load enters port 2 as a,. The source reflection
coefficient I'g is found as

_Zs—Zo _a

= = 8.6.20
Zs+Zn b ( )

Is

Since b; leaves port 1 of the network, it is the incident wave on Zg, while a; is
the reflected wave.
The input and output reflection coefficients are

_Zi=Zn _ b

I = = 8.6.21
T2+ Zo a ( )
and
Zr — 7, b
r=22"202_2 (8.6.22)
I+ Zyp @
Dividing (8.6.17) by a; and then using (8.6.21), we find that
by Zy — Zo a
DL _p bt g @2 8.6.23
a =2 nt S ( )
Now, dividing (8.6.18) by a, and then combining with (8.6.19), we get
by a 1 a1 —=5»I';
2 g s, L 1T (8.6.24)
a 2TRL T @ Sl
From (8.6.23) and (8.6.24),
S128, T
Ty =8+t (8.6.25)

1 — S»nIg
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If a matched load is terminating port 2, then I'y = 0 and (7.6.25) simplifies to
Similarly, from (8.6.18) and (8.6.22),

bz 1
— = = — " =85n+ 51— 8.6.26
o 2= T 7 2+ Su ( )

From (8.6.17) and (8.6.20), we have

b az 1 a 1-581Tg
— =S+ Sp—=—= "=—"° (8.6.27)
ap ! Pa T Ty a S12Ts

Substituting (8.6.27) into (8.6.26), we get

S$21812Ts
=35 —_ 8.6.28
2 2+ STy ( )

If Zg is equal to Z;, port 1 is matched and I'g = 0. Therefore, (8.6.28) simpli-
fies to
I =5»

Hence, S;; and S5, can be found by evaluating the reflection coefficients at
respective ports while the other port is matched terminated.

Let us determine the other two parameters, S;; and Si,, of the two-port net-
work. Starting with (8.6.6) for S,;, we have

(8.6.6)

Now, a; is found from (8.6.15) with i as 2 and forcing it to zero, we get

1/ Vo+ 20212>
G==z|—7——)=0=>V, = —Zpl 8.6.29
2=3 ( o ) 0l ( )
Substituting (8.6.29) in the expression for b, that is obtained from (8.6.16) with

i as 2, we find that

1 (Vs — Zol Z
by— (ﬁ) Sy (8.6.30)
2\ V270 2

An expression for a; is obtained from (8.6.15) with i = 1. It simplifies for Zg
equal to Zy; as follows:

u _1<V1+Zo111>_ Vs 8.631)
T2\ 2z 23270, o
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S, is obtained by substituting (8.6.30) and (8.6.31) into (8.6.6) as follows:

by —VZphL/N2  2Vy [Zy
Sy = — =——" = —= [ — (8.6.32)
aily,—0  Vs1/24/2Z0 Vsi\ Zoo

Following a similar procedure, S;, may be found as

W, [z
— -l (8.6.33)
a=0  Vs2\ Zoi

An analysis of S-parameters indicates that

Spp= —
ar

by P, — P,
s = 12 1|2 = (8.6.34)
|a1| Pavs

a2=0

where P, is power available from the source and P; is power delivered to
port 1. These two powers will be equal if the source impedance is conjugate of
Zy; that is, the source is matched with port 1. Similarly, from (8.6.32),

1S 12 = Zon(L/N2)? _ Zoa(I/N2)?  Pan

AZo(Vs1/V22  M(1/2Z0)(Vsi/V2)2] Pass

(8.6.35)

where Payn is power available at port 2 of the network. It will be equal to power
delivered to a load that is matched to the port. This power ratio of (8.6.35) may
be called the transducer power gain.

Following a similar procedure, it may be found that |S,|* represents the ratio
of power reflected from port 2 to power available from the source at port 2,
while port 1 is terminated by a matched load Zgs and |S»|? represents a reverse
transducer power gain.

Shifting the Reference Planes

Consider the two-port network shown in Figure 8.20. Assume that a; and b; are
incident and reflected waves, respectively, at unprimed reference planes of the ith

A
A’ B
B’

— X X

Q@ —» — b,

Two-port network Port 2
Port 1

b —— -— a
-~ — -—,——»
A A B B’

Figure 8.20 Two-port network with two reference planes on each side.
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port. We use unprimed S-parameters for this case. Next, consider that plane A—A
is shifted by a distance /; to A'—A’. At this plane, a| and b| represent inward- and
outward-traveling waves, respectively. Similarly, a} and b) represent inward- and
outward-traveling waves, respectively, at plane B'—~B’. We denote the scattering
parameters at primed planes by a prime on each as well. Hence,

b Sit Sz || ar
= 8.6.36
|:b2:| [521 522]|:az:| ( )

[l’ﬁ}:[sg‘ Siz][“i] (8.6.37)
b Sy Sylla

Wave b, is delayed in phase by f/; as it travels from A to A’. This means that
b; is ahead in phase with respect to b|. Hence,

and

by = bje’?h (8.6.38)

Wave a; comes from A’ to plane A. Therefore, it has a phase delay of Bl; with
respect to aj. Mathematically,

ay = aje P (8.6.39)
On the basis of similar considerations at port 2, we can write

by = bhelt (8.6.40)
and

ay = abe P2 (8.6.41)

Substituting for by, aj, by, and a; from (8.6.38) to (8.6.41) into (8.6.36), we get

bre | |:511 512:| aje /P (8.6.42)
b/zejﬁlz S S» Elée_jﬁlz o
We can rearrange this equation as follows:
b, B Sy e J2Bh SypeBlith) d 0.6.43
by | T | e bt g emioth o (8.6.43)

Now, on comparing (8.6.43) with (8.6.37), we find that

|:S{1 S;2:| I:Slle—jzﬂll Slze—j6(11+lz):|

T | Sy e Bl 5, il

8.6.44
S S (8644



SCATTERING PARAMETERS 313

I I
_> 4_
Two-port
Vv V.
! network 2

Figure 8.21 Network for Example 8.14.

Following a similar procedure, one can find the other relation as follows:

Sno Sl S} ei2h S}, eiBlith) 5.6.45)
Sor S | T S Bt 5 pi2h o

Example 8.14 The total voltages and currents at two ports of a network are
found as follows: V; =10 Z0°V, I, =0.1 /40°A,V, =12 /30°V, and I, =
0.15 Z100°A. Determine the incident and reflected voltages, assuming that the
characteristic impedance is 50 €2 at both its ports (see Figure 8.21).

SOLUTION From (8.6.11) and (8.6.12) with i = 1, we find that

Vf“ = %(1010° +50 x 0.1£40°) = 6.915+ j1.607 V
and

Vel = %(1010o —50 x 0.1£/40°) = 3.085 — j1.607 V
Similarly, with i = 2, incident and reflected voltages at port 2 are found to be

V2in = %(12130O +50 x 0.15£100°) = 4.545 + j6.695 V
and

Vet = %(121300 —50 x 0.15/100°) = 5.845 — j0.691 V

Example 8.15 Find the S-parameters of a series impedance Z connected bet-
ween the two ports, as shown in Figure 8.22.

Figure 8.22 Setup for Example 8.15.
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SOLUTION  From (8.6.25), with I', = 0 (i.e., port 2 is terminated by a matched
load), we find that

(Z+Zo)—Zo z
Z+Zy)+2y Z+27Z

St =Ttlg,=0 =

Similarly, from (8.6.28), with ' = 0 (i.e., port 1 is terminated by a matched

load),
(Z+2Zy) — 2y Z

(Z+Z0)+2Z0  Z+2Z

S =Tlg=0 =

S>1 and S), are determined from (8.6.32) and (8.6.33), respectively. For evaluat-
ing Sy1, we connect a voltage source Vg; at port 1 while port 2 is terminated by
Zy, as shown in Figure 8.23. The source impedance is Zj.

Using the voltage-divider formula, we can write

o2y
2= 7127 S1
Hence, from (8.6.32),
o 2V 2% _2%+Z-Z _ z
TV T 722y Z42Z0 Z 127

For evaluating S, we connect a voltage source Vs, at port 2 while port 1 is
terminated by Z, as shown in Figure 8.24. The source impedance is Zj. Using
the voltage-divider rule again, we find that

Zy
Vi=—=Vs
Z +22Z,
Z T z T—l
Vsi 4 v, )

Z v, v,
| | |

Figure 8.24 Setup to determine S, for Example 8.15.
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Now, from (8.6.33),

o M 22 2%+Z-Z _ z
TV, Z+42Zy  Z+2Zy  Z+27Z,
Therefore,
Su S |_| I 1-T
St S» 1-T Iy
where
V4
rM=—>_
7+ 27,

An analysis of the S-parameters indicates that S;; is equal to S,,. This is because
the given two-port network is symmetrical. Further, its S, is equal to S; as well.
This happens because this network is reciprocal.

Consider a special case where the series impedance Z is a purely reactive
element, which means that Z is equal to jX. In that case, I'; can be written as

X
I =-—-—5
jX +2Z,
Therefore,
. 2 . 2
JX JX
1Sul? + 152017 = | -
. X2 (220>
X2+ (2Z9)? X2+ (2Zy)?
Similarly,

112> + [Snl* =1

On the other hand,

ix 22, 2% —ix 0
X X =
X427y —jX+2Z0 " jX 4220 —jX+227,

S]]STZ + Sz]S;z =

and

270 —jX X 270 0
X X =
X +27Z0  —jX+2Zy  jX 4270  —jX +2Z,

S128%; + SnSi, =

These characteristics of the scattering matrix can be summarized as follows:

1 if j =k
Z 8ijSi jk { 0 otherwise
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I
Figure 8.25 Network for Example 8.16.

When the elements of a matrix satisfy this condition, it is called a unitary matrix.
Hence, the scattering matrix of a reactance circuit is unitary.

Example 8.16 Find the S-parameters of a shunt admittance Y connected bet-
ween two ports, as shown in Figure 8.25.

SOLUTION From (8.6.25),

Zi —Zo _ 1/Y1 —=1/Y

Zi+Zy 1/ +1/Y

Yo-¥ Y- (Y+Y)  —Y
Yo+YV1 Yo+ +Yy) 2Y+Y

Sit =T1lr,=0 =

Similarly, from (8.6.28),

L= Zp 1/Hh—-1/Y
L+ Zp 1/Y+1/Y

Y- Yy-F+Y) Y
Yo+ Y, Yo+ (Y +Yy) 2YVg+7Y

82 = INalrg=0

For evaluating S, voltage source Vg is connected at port 1, and port 2 is ter-
minated by a matched load, as shown in Figure 8.26.
Using the voltage-divider rule,

1/(Y + Yy) 1 Yo

2T 2ot +Y) T 2o Y +1 S Ty ror,
Now, from (8.6.32),
2V. 2Y Y
S= 2 = > - =141,
Vsilr_o Y +2Y, Y + 2%,
' t
z !
Vg, 14 Y V‘z Zy

I
Figure 8.26 Setup to determine S,; for Example 8.16.
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Similarly, when Vs, in series with Z; is connected at port 2 while port 1 is
match-terminated, S, can be found from (8.6.33) as follows:

Y
Sp= L =20 4T
27 Vel Y2 Y +2Y, !

where

As expected, Si; = Sy and Sy» = S35, because this circuit is symmetrical as well
as reciprocal. Further, for Y = j B, the network becomes lossless. In that case,

B2 (2Yy)?

Sul>+18Su)? = =1
[S11]” =+ [S21] B2 + (2Y,)? + B? 4+ (2Yy)?

and
—jB 2Y, 2Y, jB

SuSh 4SS5, = X X =0
11591 + 52195, jB +2Y, —jB +2Y, +]B + 2Y), —jB +2Y)

Hence, with Y as jB, the scattering matrix is unitary. In fact, it can easily be
proved that the scattering matrix of any lossless two-port network is unitary.

Example 8.17 An ideal transformer is designed to operate at 500 MHz. It has
1000 turns on its primary side and 100 turns on its secondary side. Assuming that
it has a 50-€2 connector on each side, determine its S-parameters (see Figure 8.27).

SOLUTION For an ideal transformer,
Vi(=h) _ WL _Z 2

Vi -1
— =—>=pn and = = =n
Vs I Vo I Vo/(=h) Z

Now, following the procedure used in preceding examples, we find that

bl Zol’l2 - Z() I’l2 —1 99
Si=— =Tila=0 = 5— = =
at |g,—0 Zon* + Zy n*+1 101
- n:l
I
+
“ )
Port 1 v, +
V2 Port 2
1000 : 100

Figure 8.27 Transformer for Example 8.17.
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and voltage V| on the primary side of the transformer due to a voltage source
Vg1 with its internal impedance Z, can be determined by the voltage-divider rule
as follows:

Z0n2 Vi n? nV,
Zon* + Zy Vs n*+1 Vsi
Hence,
2V, 2n 20
521 = — = 2— = —
Vs wm=0 N°+ 1 101

Similarly, Sy, and S}, are determined after connecting a voltage source Vg, with
its internal impedance Z, at port 2. Port 1 is terminated by a matched load this
time. Therefore,

by (Zo/n?) —Zo 1 —n? 99
Sp = — = Iolg=0 = 5 = 5 =—1
5 P (Zo/n*)+2Zy 14n 101
and
b Zyn v, Un® 1 Vi/n
2T Zon)+ 2y T Ve (Un)+ 1 142 Vs
Hence,
2V, 2n 20
512 = — = 2— = —
Vsylgy—o n2+1 101
Thus,

99 20
|:511 512:| _ |:W 101 j|
S S»n || 20 _99
e 101 101
This time, Sj; is different from S, because the network is not symmetrical.

However, S|, is equal to S; because it is reciprocal. Further, an ideal transformer
is lossless. Hence, its scattering matrix must be unitary. Let us verify if that is

the case.
Sul sl = (22) 4 (20) 2 o0,
1 2=\ 101 101) = 10,201
20 \2 99 \* 10,201
2 2 ’
— - _—— = =1
[S12]° + |S2| (101) +( 101) 10,201
SuSh 4+ $8h = o x 2 L2 (L)
2129202 = 01 7 01 T 101 101/
and

st 4 spsr = 2099 (99 20 _,
= — X — _ X — =
1221079225921 = 01 7 01 101 101

Hence, the scattering matrix is indeed unitary.
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I » -],
a + +

b
Zo, Y :

V. >

Vi 2

b, a

- D E—

Figure 8.28 Transmission line network for Example 8.18.

Example 8.18 Find the scattering parameters of the transmission line network
shown in Figure 8.28.

SOLUTION With port 2 match-terminated, wave a; entering port 1 emerges
as aje™"" at port 2. This wave is absorbed by the termination, making a, zero.
Further, b; is zero as well because Z; is equal to Zj in this case. Hence,

b2 = alefyl

Similarly, when a source is connected at port 2 while port 1 is match-terminated,
we find that a; and b, are zero and

bl = azefyl
Hence,
St Si2 _ 0 eV
So1 Sao - eiyl 0
As expected, S;; = S2 and S, = S5, because this circuit is symmetrical as well

as reciprocal. Further, for y = jf, the network becomes lossless. In that case,

S S _ 0 e B
Say S| e 0

Obviously, it is a unitary matrix now.

Example 8.19 Find the scattering parameters of the two-port network shown in
Figure 8.29.

SOLUTION  With port 2 matched-terminated by a 50-2 load, impedance Z; at
port 1 is
50(—j25)

Zy=j50+ =" = j50+ 10 — j20 = 10 + j30 R
1= 730+ s = 730+ 10— +J



320 TWO-PORT NETWORKS

Y

Port 1 poQ Port 2
ZO] :SOQ :: —j25 Q 202:500
Figure 8.29 Two-port network for Example 8.19.
Therefore,
Z,—Z 10+ j30 — 50 o
St =Tloo = —— 2% = tJ = 0.74536 £116.565

Zi+Zy 104 j30+50

Similarly, output impedance Z, at port 2 when port 1 is match-terminated by a

50-2 load is (50 + 150)(— j25)
y= ISy 3
50 4 j50 — j25

and from (8.6.32),

Z,—Zp 10— j30—50

= - = 0.74536 / — 116.565°
Z1+ Zy 10 — j30+ 50

S =Tlg=0 =

Now, let us connect a voltage source Vg; with its impedance at 50 2 at port 1
while port 2 is matched, as shown in Figure 8.30. Using the voltage-divider rule,
we find that

. 10 — j20

"~ 50+ 50+ 10 — j20

V, Vsi

Therefore,
2V 10 — j20 .
Sy = 2| =21 0.66666 £ — 90
Vi1 ar=0 60 + ]30

Vs

Port 2

— —jZSQ 202: 50 Q |::| 50 Q

Figure 8.30 Setup to determine S,; for Example 8.19.
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v, / NV \ Vv, 50 Q

750 Q e

|::| Z51=50Q —— 50 Zy,=50 L
Port 2 C) $2

Port 1

Figure 8.31 Setup to determine S, for Example 8.19.

Now connect the voltage source at port 2 while port 1 is match-terminated as
shown in Figure 8.31.
Using the voltage-divider rule again, we find that

10 — j30

= Iy, =04714 £ -45°V
50+ 10— j30 *

|2)

Using it one more time, V; is found as follows:

50

= : 0.4714 £ —45° = 0.33333 £ —90° V
50 + j50

Vi Vo

T 141

and now from (8.6.33), we get

S = Ver =2 x 0.33333 £ —90° = 0.66666 / —90°
52

ap =0
Hence,

S Sz | [0.74536 £116.565° 0.66666 £ —90°
So1 Sx» | | 0.66666 £ —90° 0.74536 £ — 116.565°

In this case, Si; is different from S, because the network is not symmetrical.
However, S, is equal to S,; because the network is reciprocal. Further, this
network is lossless. Hence, its scattering matrix must be unitary. It can be verified
as follows:

1S111% + 152117 = (0.74536)* + (0.66666)> = 0.99999 = |

11212 + [S221* = (0.66666)* + (0.74536) = 0.99999 = 1

S1187y + 82153, = (0.74536 £116.565°) x (0.66666 £90°)
+ (0.66666 £ —90°) x (0.74536 £116.565°) = 0
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and
S1287; + 82285, = (0.66666 £ —90°) x (0.74536 £ — 116.565°)
+ (0.74536 /£ — 116.565°) x (0.66666 /90°)
=0
Hence, this scattering matrix is indeed unitary.
Table 8.2 summarizes the characteristics of parameter matrices of reciprocal

and symmetrical two-port networks. The properties of scattering parameters of
lossless junctions are listed in Table 8.3.

TABLE 8.2 Properties of Parameters of
Reciprocal and Symmetrical Two-Port

Networks

Parameter Matrix Properties
[Zn Zn Z1p = Zy

_Zz] Z» Zyn=2Zn

[ Y1 Yi Yio =Y

| Ya1 Yo Yin="Yn

(A B AD - BC =1
|C D A=D
_S1| S12 SI2= SZI

_Sz] S Sii=58»

TABLE 8.3 Properties of Scattering Matrix of Lossless Junctions

Properties Explanation

Matrix [S] is symmetrical. [S]" = [S], where [S]’ is the transpose matrix of [S].
Consequently,

Sij = Sji

Matrix [S] is unitary. [S1¢ = [S*]" = [S]!, where [S]“ is the adjoint matrix of
[S], [S*]* is the conjugate of [S]’, and [S]™! is the
inverse matrix of [S]. Consequently,

ul " 1 for j =k
I; 8ijSike = 8 = { 0 otherwise

Therefore,

N N

38;SE =Y 1817 =1, j=123...,N
JMij J

i=l

i=l




CONVERSION TO AND FROM SCATTERING PARAMETERS

8.7 CONVERSION FROM IMPEDANCE, ADMITTANCE, CHAIN,
AND HYBRID PARAMETERS TO SCATTERING PARAMETERS,
OR VICE VERSA

From (8.1.3) we can write

2

o= e o th =Y 2 B
= iklk =
2Zy; 2Zy; Zo;

k=1

Zo;
2

Zik

Il
B

I where i = 1,2

»
Il

1

Therefore, from (8.6.15) and (8.6.16), we have
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1< —
=52 Zix+dw) (8.7.1)
k=1
and
1 —
=5 2 Zu—dw)| Tl (8.7.2)
k=1
where
5. — 1 fori=k
ik { 0 otherwise
Equations (8.7.1) and (8.7.2) can be written in matrix form as follows:
la] = 3{[Z]1+ [UDII] (8.7.3)
[b] = 3{[Z] = [UDIT] (8.7.4)
where
Te=/ Zoi
k=5
and [U] is the unit matrix.
From (8.7.3) and (8.7.4), we have
[b] = {[Z] — [UIH[Z] + [U]} " '[a] (8.7.5)

Hence,

[S1={[Z] - [UIZ] + (U]} (8.7.6)
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TABLE 8.4 Conversion from (to) Impedance, Admittance, Chain, or Hybrid to
(from) Scattering Parameters

_ Zn = Z5)Zn+ Zy) — ZinZy

_ (Zg + S Zo)(1 = S) + S1$aZn

Sn = Zy =
T Z0+ Zo)(Zn + Zo) — Z1Zn ! (I = S11)(1 — S822) — S12821
s 2Z12+/Roi Rz z 28124/ Ro1 Rz
2= 2=
(Zu+ Zo)(Zan + Zop) — Z12Z2 (I =S = S$22) — S128n
S5\ = 2Z515/Ro1 R 2 = 28514/ Ro1 Rz
1= 1=
(Zu + Zo)(Za2 + Zop) — Z12Zn (1= S11)(1 = S22) — S1282
s (Zi+ Zo)(Zna — Zy) — Z1nZn Z (Zg, + 8$22Zo2)(1 — S11) + S12821 Zo2
n = ) =
(Zi+ Zo)(Zn + Znp) — Z12Zn (I =S811)(1 = 82) — Si28xn
P A =YnZi) A+ YnZp) + Yo Yo Zi Zpo Y = (I =S$1)(Zg, + $22Zp2) + S128521 202
= (1 +Y1]Z()1)(1+Y22202)—Y12Y21201202 (Zz;] +SllZOI)(Z$2+SZZZOZ)7S]2S2IZOIZ()2
s —2Y157/Ro1 Roz Y —2S8124/Ro1 Rop
= 2=
12 (1 +Y1|Zo|)(l+Y22202)—Y12Y21201202 (Z(’;] +SIIZOI)(232+SZZZOZ)7S]2S2IZOIZOZ
S —2Y51+/Ro1 Roz Y. =281+ Ro1 R
21 = 21 =
T +Y1uZo)(A +YnZyp) — Y2 Y1 Zo1 Zoo (Z§ + SnZo)(ZE, + $22Zo2) — S128521 Zo1 Zon
Sy = (I +YuZo)(1 = YnZg) + YiuYauZo Zg, Vo — (Z5, + S Zo)(1 = S») + 12821 Zo
(I + Y11 Zo)( + Y2 Ze) — Y12 Ya1 Zo1 Zoo 2T Z + SnZo)(Zy + SnZa) — S12Sa1 Zo1 Zo
S = AZyp+ B —CZ§Zy, — DZ, Ao (Zy; + SuZo)(1 = S22) + 812821 Zon
"7 AZoy + B+ CZoi Zos + DZoy 2821+/Ro1 Roa
S = 2(AD — BC)(v/Ro1 Ro2) B (Zg + S Zo)(Zg, + S22 Z02) — S12821 Z01 Zo2
T AZp+ B+ CZuZon + DZnn 2821+/Ro1 Roa
2/Ro1 Roz (1= S811)(1 — 822) — 8128
S = C=
AZy + B+ CZyZy + DZo 28214/ Ro1 Roz
Spy = —AZy + B —CZouZs, + DZo) D= (1 = S$1)(Zg, + S0 Zp) + S12821 Zon
AZp+ B+ CZyZy + DZy 28514/ Ro1 Rz
= (hi — Z3) (A + hnZo) — hioho Zoo hyy = (Z51 + S1Zo)(Zgp + 522202) + $12521Z01 Zoo
T Zoy + hi) A+ hZoy) — hizhn Zo (= S)(Z5, + S2Zp) + S12521 Zon
s 2h124/ Ro1 Ro2 hs — 28124/ Ro1 Rop
_ 2=
27 Zo + i) + hnZey) — hizha1 Zoa (1= S1)(Zg, + $22Z02) + S12821 Zo2
S = —2h21+/Ro1 Rz ot — =251+ Roi Rpx
) = =
1T o+ i) (0 + hnZg) — hinha Zoo T a- SI(ZE + $22Zo2) + S12821 Zoz
L = (Zot + hi)(1 — hpnZy) + hizhy 2, s — (1 =811 = S») — S128
(Zor + hi)(A + hnZy) — hizha1 Zop 2T 0= SINZE + S0 Zw) + S1281 Zox
or
2 —1
[Z] = {lU] + [SIH[U] - [S1} (8.7.7)

Similarly, other conversion relations can be developed. Table 8.4 lists these
equations when the two ports have different complex characteristic impedan-
ces. Characteristic impedance at port 1 is assumed Z;, with its real part as Ry;.
Similarly, characteristic impedance at port 2 is Z(,, with its real part as Rp;.
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TABLE 8.5 Conversion Between Scattering and
Chain Scattering Parameters

T 1
Su=— Ty =—
Tll = Sz]
S, — T\ Ty — TinTyy Ty = —S»
2= T]l SZ]
1 S
Sop = — T = —
2 T SZ]
-T — (811822 — S12821)
522 = 12 T22 =

T $21

8.8 CHAIN SCATTERING PARAMETERS

Chain scattering parameters, also known as scattering transfer parameters or T -
parameters, are useful for networks in cascade. These are defined on the basis of
waves a; and b; at port 1 as dependent variables and waves a, and b, at port 2
as independent variables. Hence,

a|_|Tu To||b

b Ty T ||a
Conversion relations of chain scattering parameters with others can easily be
developed. Conversions between S- and T-parameters are listed in Table 8.5.
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PROBLEMS

8.1. Determine the Z and Y matrixes for the two-port network shown in Figure
P8.1. The signal frequency is 500 MHz.

h—» || «—05h
||
T 4 pF T
Vi v,
| |
Figure P8.1

8.2. Determine the Z-parameters of the two-port network shown in Figure P8.2.

20 Q

10 Q 10Q

1Q

Figure P8.2

8.3. Determine the Z-parameters of the two-port network shown in Figure P8.3
operating at 800 MHz.

50 Q 50Q

— 1

Port 1 ——10pF Port 2

Figure P8.3
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8.4. Determine the Z-matrix for the two-port network shown in Figure P8.4.

2a 30

jaQ

Figure P8.4

8.5. The two-port network shown in Figure P8.5 represents a high-frequency
equivalent model of the transistor. If the transistor is operating at 108 rad/s,
find its Z-parameters.

1 pF

| |
I I !
Vi 100 kQ P okQ "2
¢ [ I

Figure P8.5

8.6. Determine the Y-parameters of the two-port network shown in Figure P8.6.

50 Q

Zy=500Q Zy=50Q
500

Figure P8.6

8.7. Find the Y-parameters of the two-port network shown in Figure PS8.7.

/\/39 WQ A 2Q
Port 1 %Q %Q Port 2

Figure P8.7
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8.8. Measurements are performed with a two-port network as shown in Figure
P8.8. The voltages and currents observed are tabulated in Table P8.8. How-
ever, there are a few blank entries in this table. Fill in those blanks and
find the Y and Z parameters of this two-port network.

L —» <+«— b
4 v, ©
Figure P8.8
TABLE P8.8

Experiment V; (V) W, (V) I, (A) L (A

1 20 0 4 -8
2 50 100 -20 =5
3 5 0
4 100 50

5 5 15

8.9. The Y-matrix of a two-port network is given as

10 -5
[Y]:[so 20} mS

It is connected in a circuit as shown in Figure P8.9. Find the voltages V;

and V,.
100V £0° 1% vi= 10 5| g 100 Q
! [ 50 20 V;
Figure P8.9

8.10. Determine the transmission and hybrid parameters for the networks shown
in Figure P8.10.
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20 Q

200 Q 200 Q

(@)

10 Q 10 Q

20048 Q

(®
Figure P8.10

8.11. Determine the transmission parameters (ABCD) of the circuit shown in
Figure P8.11 operating at o = 10° rad/s.

1 uH 1 uF
I )
T —»
Vll 10 lV2

Figure P8.11

8.12. Find the transmission matrix of the two-port network shown in Figure P8.12.

Jj50Q

50 Q 50Q

Figure P8.12
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8.13. Find the transmission matrix (ABCD parameters) of the circuit shown in
Figure P8.13 at 4 GHz.

0.159 pF
| |
[l

220 Q f 100 Q %2209

Figure P8.13

8.14. Find the transmission matrix of the two-port network shown in Figure P8.14.

—j50 Q 50Q

| 3

Jj50Q

Port 1 Port 2

Figure P8.14

8.15. Determine the S-parameters for the network shown in Figure PS§.15.

—i50 Q +50 Q

Zy=50Q 50 Q Zy=50Q

Figure P8.15

8.16. Calculate the Z and S parameters for the circuit shown in Figure P8.16 at
4 GHz. Both ports of the network have characteristic impedance of 50 2.

0.5 pF
| |
il

292 Q f 17.6Q %2929

Figure P8.16
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8.17. Determine the S-parameters of the two-port T-network shown in Figure
P8.17.

10Q 20 Q

_| |7

Zy=50Q 30 Q Zy=50Q

Figure P8.17

8.18. Determine the S-parameters of the two-port network shown in Figure P8.18.

Z,=50Q Zy=50Q

10Q

Figure P8.18

8.19. Determine the S-parameters of the two-port network shown in Figure P8.19.

50 Q

Zy=50Q Zy=50Q
50Q

Figure P8.19

8.20. Determine the S-parameters of the two-port m-network shown in Figure
P8.20.

200 Q

Z,=50Q Z,=50Q

200 Q 200 Q

Figure P8.20
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8.21.

8.22.

8.23.

8.24.

8.25.

TWO-PORT NETWORKS

Scattering variables measured at a port are found as follows: a = 8 — j5
and b = 2 + j5. Normalizing impedance is Zo = 50 Q. Calculate the cor-
responding voltage and current.

Scattering variables measured at a port are a = 0.85 /45° and b = 0.25
£65°. The normalizing impedance is Zy = 50 2. Calculate the correspond-
ing voltage and current.

Calculate the power flow into a port in each case for the following sets of
scattering variables at the port:

(@ a=3+j5b=02-j0.1

(b) a =40—j30,b =5—j5

Calculate the power flow into a port in each case for the following sets of
scattering variables at the port:

@ a=51/.60°,b=2 /—45°

(b) a =50 £0°, b =10 £0°

Calculate the scattering variables a and b in each of the following cases:
(@ V=4-j3V,1=03+;04 A

(b) V=10/,-30°V, I =0.7 /70° A

Assume that characteristic impedance at the port is 100 2.

8.26.

8.27.

Find the reflection coefficient for each of the following sets of scatter-
ing variables:

(@ a=03+;04,b=01-0.2

(b) a=-05+;02,b6=0- 0.1

(¢) a=0.5/-70°,b=0.3 £20°

(d) a=5£0°b=0.3 /90°

The scattering parameters of a two-port network are given as follows:
S =0.687 /107°, Sy =1.72 /—59°, §;, =0.114 /—81°, and S =
0.381 /153°. A source of 3mV with an internal resistance of 50 Q2 is
connected at port 1. Assuming the characteristic impedance at its ports as
50 €2, determine the scattering variables a;, by, a,, and b, for the following
load conditions: (a) 50 2 and (b) 100 2.



FILTER DESIGN

A circuit designer frequently requires filters to extract the desired frequency
spectrum from a wide variety of electrical signals. If a circuit passes all signals
from dc through a frequency w, but stops the rest of the spectrum, it is known as
a low-pass filter. The frequency w, is called its cutoff frequency. Conversely, a
high-pass filter stops all signals up to w. and passes those at higher frequencies.
If a circuit passes only a finite frequency band that does not include zero (dc) and
infinite frequency, it is called a bandpass filter. Similarly, a bandstop filter passes
all signals except a finite band. Thus, bandpass and bandstop filters are specified
by two cutoff frequencies to set the frequency band. If a filter is designed to
block a single frequency, it is called a notch filter.

The ratio of the power delivered by a source to a load with and without a
two-port network inserted in between is known as the insertion loss of that two-
port. It is generally expressed in decibels. The fraction of the input power that
is lost due to reflection at its input port is called the return loss. The ratio of the
power delivered to a matched load to that supplied to it by a matched source is
called the attenuation of that two-port network. Filters have been designed using
active devices such as transistors and operational amplifiers, as well as with only
passive devices (inductors and capacitors only). Therefore, these circuits may
be classified as active or passive filters. Unlike passive filters, active filters can
amplify the signal besides blocking the undesired frequencies. However, passive
filters are economical and easy to design. Further, passive filters perform fairly
well at higher frequencies. In this chapter we present the design procedure of
these passive circuits.

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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There are two methods available to synthesize passive filters. One of them
is known as the image parameter method and the other as the insertion-loss
method. The former provides a design that can pass or stop a certain frequency
band, but its frequency response cannot be shaped. The insertion-loss method is
more powerful in the sense that it provides a specified response of the filter. Both
of these techniques are described in this chapter. The chapter concludes with a
design overview of microwave filters.

9.1 IMAGE PARAMETER METHOD

Consider the two-port network shown in Figure 9.1. V| and V, represent voltages
at its ports. Currents I} and I, are assumed as indicated in the figure. Note that I,
is entering port 1 while I, is leaving port 2. Further, Z;, is the input impedance
at port 1 when Z;, terminates at port 2. Similarly, Z, is the output impedance
with Z;; connected at port 1. Z;; and Z;, are known as the image impedance of
the network. Following the transmission parameter description of the two-port,
we can write

Vi=AV,+ B, O9.1.1)
and

I, =CV,+ DI, 9.1.2)
Therefore, the impedance Z;, at its input can be found as

Vi  AVo+BL AZn+B
7z, = _ AVt BL _ AZp 9.1.3)
I,  CV,+DL CZo+D

Alternatively, (9.1.1) and (9.1.2) can be rearranged as follows after noting that
AD —BC must be unity for a reciprocal network. Hence,

V, =DV, — BI, 9.1.4)
and
I, =-CV,+ Al 9.1.5)
— —» 5
Zy ‘I Zin —p [2 Z| <« 2, Va | z,

Figure 9.1 Two-port network with terminations.
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Therefore, the output impedance Z is found to be

V. DV, — BI DZ;+ B
Zo= -2 PViZBh_ DZnt 9.1.6)
12 —CVI +A11 CZil +A
Note that
7 -
il — I]
For Zi, = Z;; and Zy = Z;,, equations (9.1.3) and (9.1.6) give
Zi\(CZin+ D)=AZ»+ B 9.1.7)
and
Zip(CZyy+A)=DZ) +B (9.1.8)
Subtracting equation (9.1.8) from (9.1.7), we find that
D
Zin = ZZ“ 9.1.9)
Now, substituting (9.1.9) into (9.1.7), we have
Zy = AB (9.1.10)
il = CD .

Similarly, substituting (9.1.10) into (9.1.9) yields

BD
Zon =22 .1.11)
AC

The transfer characteristics of the network can be formulated as follows.
From (9.1.1),

V I B
Lo A+BI=A+
Va V, Zis

or

n_ \/Z(x/AD ++/BC)
v, D

For a reciprocal two-port network, AD — BC is unity. Therefore,

\%} D AD-BC | D
—=,/——— =,/ —(WAD — ~/BC 9.1.12
Vi A AD + +/BC A( ) ( )
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Similarly, from (9.1.2),

% - \/%(«/—AD — VBC) 9.1.13)
1

Note that equation (9.1.12) is similar to (9.1.13) except that the multiplying coef-
ficient in one is the reciprocal of the other. This coefficient may be interpreted

as the transformer turns ratio. It is unity for symmetrical T and m networks. The
propagation factor y (equal to o + jp, as usual) of the network can be defined as

eV =~AD — ~BC
Since AD — BC = 1, we find that
coshy =+ AD 9.1.14)

The characteristic parameters of m and T networks are summarized in Table 9.1;
the corresponding low-pass and high-pass circuits are given in Table 9.2.

TABLE 9.1 Parameters of T and n Networks

m-Network T-Network
Z | _| Z,12 }_‘_{ 7,12 |—
222 ZZZ ZZ
z Zi
ABCD parameters A=1+2L A=1+ 27,
27, 2
ZZ
B =27 B=27 +—L
4z,
c=l 5 1
T 7, 472 C=—
2 2 Zz
Z
D=1+— Z
D=14+—
27, + A
. Z] Zz Z| Zz Z|
Image impedance Zin = = Zivr= |2\ 2o\ 1 + —
L+ Z,/4Z, Zit 4z,
Propagation constant, y  coshy =1+ all coshy =1+ Nall

222 222
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TABLE 9.2 Constant-k Filter Sections

Filter Type T-Section m-Section

Low-pass L2 L2 L

SO0 0
T T 7

2C
|
AN

High-pass

2C C
| |
AN I
5T S

For a low-pass T-section as illustrated in Table 9.2,

Zy = joL (9.1.15)
and

Z, = ! (9.1.16)

2= 0l 1.

Therefore, its image impedance can be found from Table 9.1 as follows:

Zo— B (1 _@LC 9.1.17)
iT — C 4 .

In the case of a dc signal, the second term inside the parentheses will be zero
and the resulting image impedance is generally known as the nominal impedance,
Zy. Hence,

Zo =

af

Note that the image impedance goes to zero if ®?LC/4 = 1. The frequency that
satisfies this condition is known as the cutoff frequency, w.. Hence,

2
W, = —F— (9.1.18)

VvLC
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Similarly, for a high-pass T-section,

1
7 = —— 9.1.19
1 IYe ( )
and
Z>, = joL (9.1.20)

Therefore, its image impedance is found to be

zo= |5 (1 ! 9.1.21)
Ty 40?LC o

The cutoff frequency of this circuit will be given as

1
W, =
2VLC

9.1.22)

Example 9.1 Design a low-pass constant-k T-section that has a nominal imped-
ance of 75 Q2 and a cutoff frequency of 2 MHz. Plot its frequency response in the
frequency band 100kHz to 10 MHz.

SOLUTION  Since the nominal impedance Z; must be 75 €2,

| L
Z()=75= E

The cutoff frequency w. of a low-pass T-section is given by (9.1.18). Therefore,

2
wC=2rtx2xlO6:—
LC

These two equations can be solved for the inductance L and capacitance C,
as follows:

L =11.9366 u.H
and

C =2.122nF

This circuit is illustrated in Figure 9.2. Note that inductance L calculated here is
twice the value needed for a T-section. Propagation constant y of this circuit is



-10

Magnitude (dB)
Lok
S S

A
S

) |
Wi
S B

|
N
W

-100

Phase (deg)

—-125

-150

-175

Figure 9.3 Frequency response of the T-section shown in Figure 9.2.
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g e

5.9683 uH 5.9683 uH

T~ 2.122 nF

Figure 9.2 Low-pass constant-k T-section.

0.1 0.2 0.5 1 2 10
C N |1
L] N
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Frequency (MHz)
0.1 0.2 0.5 1 2 10
T :
E N 3
o N ]
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0.1 0.2 0.5 1 2 10

Frequency (MHz)
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determined from the formula listed in Table 8.1. The transfer characteristics are

then found as e™".

The frequency response of the designed circuit is shown in Figure 9.3.
The magnitude of the transfer function (ratio of the output to input voltages)
remains constant at 0dB for frequencies lower than 2 MHz. Therefore, the
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output magnitude will be equal to the input in this range. It falls by 3dB if
the signal frequency approaches 2 MHz. It falls continuously as the frequency
increases further. Note that the phase angle of the transfer function remains
constant at —180° beyond 2 MHz. However, it shows a nonlinear characteristic
in the passband.

The image impedance Z;r of this T-section can be found from (9.1.17). Its
characteristics (magnitude and phase angle) with frequency are displayed in
Figure 9.4. The magnitude of Z;1 reduces continuously as frequency is increased
and becomes zero at the cutoff. The phase angle of Z;t is zero in passband, and
it changes to 90° in the stopband. Thus, image impedance is a variable resistance
in the passband, whereas it switches to an inductive reactance in the stopband.

The frequency characteristics illustrated in Figures 9.3 and 9.4 are representa-
tive of any constant-k filter. There are two major drawbacks to this type of filter:

1. The signal attenuation rate after the cutoff point is not very sharp,

2. The image impedance is not constant with frequency. From a design point
of view, it is important that it stay constant, at least in its passband.

350
300
250
200
150
100

50

Magnitude (€2)

2 4 6 8 10
Frequency (MHz)

80

60

40

20

2 4 6 8 10
Frequency (MHz)

Figure 9.4 Image impedance of the constant-k filter of Figure 9.2 as a function of
frequency.
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These problems can be remedied using the techniques described in the follow-
ing section.

m-Derived Filter Sections

Consider the two T-sections shown in Figure 9.5. The first network represents
the constant-k filter considered in the preceding section, and the second is a
new m-derived section. It is assumed that the two networks have the same
image impedance. From Table 9.1 we can write

7 = Zip = Z’Z’(l—i—Z;)— Zz(1+Z‘>
iT T ST T 2172 47] 12 47,

It can be solved for Z) as follows:

7= (2,2 +212_Z/12 (9.1.23)
Z_Zi 142 4 .

Now assume that
Z\=mZ, (9.1.24)
Substituting (9.1.24) in to (9.1.23), we get

Z, 1—m?
7, =22 - s (9.1.25)
m m

Thus, an m-derived section is designed from the values of components determined
for the corresponding constant-k filter. The value of m is selected to sharpen
the attenuation at cutoff or to control the image impedance characteristics in
the passband.

— Z4/2 Z42 — — Zj2 Zi2  —

(a) (b)

Figure 9.5 Constant-k T-section (a) and m-derived section (b).
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For a low-pass filter, the m-derived section can be designed from the corre-
sponding constant-k filter using (9.1.24) and (9.1.25) as follows:

Z| = jomL (9.1.26)
and
, —m? 1
Z, = Im joL + TomC (9.1.27)

Now we need to find its propagation constant y and devise some way to control
its attenuation around the cutoff. Expression for the propagation constant of a T-
section is listed in Table 9.1. To find y of this T-section, we first divide (9.1.26)
by (9.1.27):

Z w’m?LC 40’m? [ w?

Z, 1—[(1—m)/Me’LC  1—1-m)e/w? ©-1.28)

where
W = —— (9.1.29)

Using the formula listed in Table 9.1 and (9.1.28), the propagation constant vy is
found as follows:

Z 2 (mw/we)?
coshy=14+—=1- 5
22, 1= (1 —=m?) (o)

or

2 2 2
w: — 0° — (mw)

o2 — (1 —m?»)w?

coshy = (9.1.30)

Hence, the right-hand side of (9.1.30) is dependent on the frequency w. It will
go to infinity (and therefore, y) if the following condition is satisfied:
o

W= ———— = W (9.1.31)
V1 —m?

This condition can be used to sharpen the attenuation at cutoff. A small m will
place wy, close to w. In other words, w, is selected a little higher than w, and
the fractional value of m is then determined from (9.1.31). Z| and Z} of the m-
derived section are subsequently found using (9.1.24) and (9.1.25), respectively.

Note that the image impedance of an m-derived T-section is the same as
that of the corresponding constant-k network. However, it will be a function of
m in the case of a m-network. Therefore, this characteristic can be utilized to
design input and output networks of the filter so that the image impedance of
the composite circuit stays almost constant in its passband. Further, an infinite
cascade of T-sections can be considered as a m-network after splitting its shunt
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Figure 9.6 Deembedding of a m-network (b) from a cascaded T-network (a).

arm as illustrated in Figure 9.6. Note that the impedance Z) of the T-network is
replaced by 2Z/, while two halves of the series arms of the T-network give Z|
of the m-network. Image impedance Z;, is found from Table 9.1 as follows:

s _ Z\Z) i Zy+ (1 —m?)/4Z7
m -
Zit Zit

9.1.32)

For the low-pass constant-k filter, we find from (9.1.15) to (9.1.18) that

L 2
217y = Il = Z;
2
22 _ _szz _ 2Zo(,0
1 o,
and,
o\ 2
Zir = Zo 1 - (_)
We
Therefore,

_ a2 2
_ =0 =m")(o/wc) Z

A% 1- (('0/('00)2
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Figure 9.7 Normalized image impedance of m-network versus normalized frequency for
three values of m.

or
1= -m)w

Zin -
Vi —w%)

where Z;n = Zix /Zoy may be called the normalized image impedance of a m-
network and ® = w/w, the normalized frequency.

Equation (9.1.33) is displayed graphically in Figure 9.7. The normalized image
impedance is close to unity for nearly 90% of the passband if m is kept around
0.6. Therefore, it can be used as pre- and poststages of the composite filter (after
bisecting it) to control the input impedance. These formulas will be developed
later in this section.

(9.1.33)

Example 9.2 Design an m-derived T-section low-pass filter with a cutoff fre-
quency of 2 MHz and a nominal impedance of 75 2. Assume that f,, = 2.05 MHz.
Plot the response of this filter in the frequency band of 100 kHz to 10 MHz.

SOLUTION  From (9.1.31),

Therefore,

f 2 2 2
mz\/l—( ) =\/1—(—) =0.2195
Foo 2.05



IMAGE PARAMETER METHOD 345

TABLE 9.3 Design Relations for Composite Filters

Low-Pass

High-Pass

Constant-k T-filter

Zo = JLJC

L2 Ln ©c=2/VLC
i C L = 220/0‘)6

C = 2/200)5

m-derived T-Section

(Values of L and C are the same
as above)

2
()
foo

mL/2 mL/2

1 —m?

4m
mC

L

™

Input and Output Matching Sections

Constant-k T-filter

Zy = L]C
_| H
2¢ ¢, 2C we =1/2J/LC
L =0.5Zp/w,
C = OS/ZO())C

m-derived T-Section

(Values of L and C are the same
as above)

2
- 5)
Jfe

2CIm 2CIm
| C | C
AN 1<
Lim
_4m__ ¢
1- m2 r]\

Input and Output Matching Sections

| C
c e
) /O Ci0.3 0.3
0.3L 03 L03 L/0.3
15 I_SL 5. 5.
™ 03C 03¢ T 8 8 M

Using (9.1.24) and (9.1.25) or Table 9.3 and component values of the constant-
k section obtained earlier in Example 9.1, the m-derived filter is designed as
follows:

mL/2 =0.2195 x 5.9683 = 1.31 uH
mC = 0.2195 x 2.122 = 465.78 nF

and

1 — m?

L =12.94uH
dm

This filter circuit is illustrated in Figure 9.8.
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1.31 uH 1.31 pH

12.94 yH

T~ 46578 pF

Figure 9.8 An m-derived T-section for Example 9.2.

As noted earlier, the image impedance of this circuit will be the same as that
of the corresponding constant-k section. Hence, it will vary with frequency as
illustrated in Figure 9.4. The propagation constant y of this circuit is determined
from the formula listed in Table 9.1. The transfer characteristics are then found
as e~ . Its magnitude and phase characteristics versus frequency are illustrated in
Figure 9.9. The transfer characteristics illustrated in Figure 9.9 indicate that the
m-derived filter has a sharp change at a cutoff frequency of 2 MHz. However, the
output signal rises to —4 dB in its stopband. On the other hand, the constant-k
filter provides higher attenuation in its stopband. For example, the m-derived
filter characteristic in Figure 9.9 shows only 4-dB attenuation at 6 MHz, whereas
the corresponding constant-k T-section has an attenuation of more than 30dB at
this frequency, as depicted in Figure 9.3.

Composite Filters

As demonstrated through the preceding examples, the m-derived filter provides
an infinitely sharp attenuation right at its cutoff. However, the attenuation in
its stopband is unacceptably low. Contrary to this, the constant-k filter shows a
higher attenuation in its stopband, although the change is unacceptably gradual
at the transition from passband to stopband. One way to solve the problem is to
cascade these two filters. Since image impedance stays the same in two cases,
this cascading will not create a new impedance-matching problem. However, we
still need to address the problem of image impedance variation with frequency
at the input and output ports of the network.

As illustrated in Figure 9.7, the image impedance of the m-section with m =
0.6 remains almost constant over 90% of the passband. If this network is bisected
to connect on either side of the cascaded constant-k and m-derived sections,
it should provide the desired impedance characteristics. To verify these char-
acteristics, let us consider a bisected m-section as shown in Figure 9.10. Its
transmission parameters can be found easily following the procedure described
in Chapter 8.

From (8.4.4) to (8.4.7), we find that

Z,

A=1
* 1z

(9.1.34)
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Figure 9.9 Frequency response of the m-derived T-section shown in Figure 9.8.
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Figure 9.10 Right-hand side of the bisected w-section shown in Figure 9.6.
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B = Z—i (9.1.35)
2
1
C= 27 (9.1.36)
and
D=1 (9.1.37)

Image impedance Z;; and Z;; can now be found from (9.1.10) and (9.1.11)
as follows:

2

17! Zl
Zn=\ZiZy+ > = Zn (9.1.38)

Z\Z, Z\Z,
Zin = 74T 2 = Zin (9.1.39)
1 2 iT

Thus, the bisected m-section can be connected at the input and output ports
of cascaded constant-k and m-derived sections to obtain a composite filter that
solves the impedance problem as well. Relations for the design of these circuits
are summarized in Table 9.3.

and

Example 9.3 Design a low-pass composite filter with a cutoff frequency of
2MHz and an image impedance of 752 in its passband. Assume that f,, =
2.05 MHz. Plot its response in the frequency range 100 kHz to 10 MHz.

SOLUTION Constant-k and m-derived sections of this filter are designed in
Examples 9.1 and 9.2, respectively. The filter’s input and output matching sec-
tions can be designed as follows. With m = 0.6, we find that

L
M _3581uH
2
C
B 636.6pF
and
1 — m?
L = 6366 uH
m

This composite filter is depicted in Figure 9.11.

Figure 9.12 illustrates the frequency response of this composite filter. As it
indicates, there is a fairly sharp change in output signal as the frequency changes
from its passband to the stopband. At the same time, the output stays well below
—40dB in its stopband. Figure 9.13 shows variation in the image impedance
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Figure 9.12 Frequency response of the composite filter of Figure 9.11.

Figure 9.11 Composite filter of Example 9.3.
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Figure 9.13 Image impedance of the composite filter of Figure 9.11 versus frequency.

of this filter as the signal frequency changes. This indicates that the image
impedance stays at 75 2 (pure real, because the phase angle is zero) over most
of its passband.

Example 9.4 Design a high-pass composite filter with a nominal impedance of
75 2. It must pass all signals over 2 MHz. Assume that f,, = 1.95 MHz. Plot its
characteristics in the frequency range 1 to 10 MHz.

SOLUTION From Table 9.3, we find the components of its constant-k section
as follows:

B 75
T2x2xTmx2x 100

H =2.984 uH

and
1

C =
2x2xmx2x100x75

F = 530.5pF
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Similarly, the component values for its m-derived filter section are determined

as follows:
2 2
1.95
m=.1-— f;'o =./1—-[— ) =0.222
fe 2
Hence,
2
2C _ 47750F
m
L
— =13.43pH
m
and
dm
C = 0.496nF
1 —m?

The component values for the bisected m-section to be used at its input and
output ports are found as

£ = 1.768 nF
0.3
L
03 =9.947 wH
and
15

§C = 0.9947 nF

The composite filter (after simplifying for the series capacitors in various sections)
is illustrated in Figure 9.14.

The frequency response of this composite filter is depicted in Figure 9.15. It
shows that the attenuation in its stopband stays below —40dB, and the switching
to passband is fairly sharp. As usual with this type of circuit, its phase characteris-
tics may not be acceptable for certain applications because of inherent distortion.

0.6631 nF 0. 8681 nF L. 2903 nF

|
AN

9.947 uH
" 2.984 uH 13.43 uH 9.947 uH

0.9947 nF /‘\ 0 496 nF 0.9947 nF

Figure 9.14 Composite high-pass filter with 2-MHz cutoft frequency.
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Figure 9.15 Frequency response of the composite high-pass filter of Figure 9.14.
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Figure 9.16 Image impedance of the composite high-pass filter of Figure 9.14 as a
function of signal frequency.



INSERTION-LOSS METHOD 353

As depicted in Figure 9.16, the image impedance of this composite filter is
almost constant at 75 2. Note that its magnitude varies over a wide range in the
stopband while its phase angle seems to remain constant at 90°. The phase angle
of the image impedance is zero in the passband.

9.2 INSERTION-LOSS METHOD

The output of an ideal filter would be the same as its input in the passband,
whereas it would be zero in the stopband. The phase response of this filter must
be linear to avoid signal distortion. In reality, such circuits do not exist and a com-
promise is needed to design the filters. The image parameter method described
in Section 9.1 provides a simple design procedure. However, the transfer char-
acteristics of this circuit cannot be shaped as desired. On the other hand, the
insertion-loss method provides ways to shape pass- and stopbands of the filter,
although its design theory is much more complex.

The power-loss ratio of a two-port network is defined as the ratio of the power
that is delivered to the load when it is connected directly at the generator to the
power delivered when the network is inserted between the two. In other words,

power incident at port 1 1

P — —
R power delivered to the load connected at port 2 1 — |['(w)|?

9.2.1)
The power-loss ratio, P, g, expressed in decibels, is generally known as the inser-
tion loss of the network. It can be proved that |T"(w)|> must be an even function of
o for a physically realizable network. Therefore, polynomials of w? can represent
it as follows.

fi(?)

r 2 S 922
N D EN AT ©22)
and
fi(o?)
Pr=1 9.2.3
LR + s ( )

where fi(w?) and f>(w?) are real polynomials in w?.

Alternatively, the magnitude of the voltage gain of the two-port network can

be found as !

1
VPR 1+ fi(@d)/fr(e?)

|G (w)| = (9.2.4)

Hence, if Py is specified, I'(w) is fixed. Therefore, the insertion-loss method is
similar to the impedance-matching methods discussed in Chapter 7.
Traditionally, the filter design begins with a lumped-element low-pass network
that is synthesized by using normalized tables. It is subsequently scaled to the
desired cutoff frequency and the impedance. Also, the low-pass prototype can
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Figure 9.17 Characteristics of an ideal low-pass filter.

be transformed to obtain a high-pass, a bandpass, or a bandstop filter. These
lumped-element filters are used as a starting point to design the transmission line
filter. In this section we present the design procedure for two different types of
lumped-element low-pass filters. It is followed by the transformation techniques
used to design high-pass, bandpass, and bandstop filters.

Low-Pass Filters

As illustrated in Figure 9.17, an ideal low-pass filter will pass the signals below
its cutoff frequency w, without attenuation while it will stop those with higher
frequencies. Further, the transition from its passband to its stopband will be sharp.
In reality, this type of filter cannot be designed. Several approximations to these
characteristics are available that can be physically synthesized. Two of these are
presented below.

Maximally Flat Filter

As its name suggests, this type of filter provides the flattest possible passband
response. However, its transition from passband to stopband is gradual. This is
also known as a binomial or Butterworth filter. The magnitude of its voltage gain
(and hence, its frequency response) is given as follows:

1
G(®)| = ——r n=1,2,3,... 9.2.5)

V14 @™

where C is a constant that controls the power-loss ratio at its band edge, n is the
order, and ® is the normalized frequency. For |G (w)| = 0.7071 (i.e., —3dB) at
the band edge, ¢ is unity.

Note that derivatives of |G(w)| at normalized frequencies much below the
band edge are close to zero. This guarantees maximum flatness in the passband.
Further, (9.2.5) indicates that |G(w)| will be a fractional number for @ greater
than zero. Therefore, it is generally known as the insertion loss, L, of the network
when expressed in decibels. Hence,

1 ® 2n
L =-201lo — | =101lo 1+¢ (—) dB
210 |: T too e (w/wc)zn:| £10 |: . j|

(9.2.6)
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Figure 9.18 Characteristics of maximally flat low-pass filters.

L ® 2n

2n
c <3> — 10410 _ 1 9.2.7)

or

or

We

Figure 9.18 illustrates the passband characteristics of this type of filter for
three different values of n. The power-loss ratio at its band edge is assumed to
be —3dB, and therefore ¢ is equal to unity. It shows that the passband becomes
flatter with a sharper cutoff when its order n is increased. However, this rela-
tionship is not a linear one. This change in characteristics is significant for lower
values of n.

Equation (9.2.7) can be used for determining the ¢ and n values of a filter
as follows. If the insertion loss at the band edge (w = w,) is specified as L =
L., (9.2.7) yields

g=10%/1"—1 (9.2.8)

Similarly, the required order n (and hence, number of elements required) of a
filter can be determined for the L specified at a given stopband frequency. It is
found as follows:

1 logo (10410 — 1) —1
n= L 1ol ) —10g10¢ (9.2.9)
2 log,o (w/w)

Chebyshev Filter

A filter with a sharper cutoff can be realized at the cost of flatness in its passband.
Chebyshev filters possess ripples in the passband but provide a sharp transition
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into the stopband. In this case, Chebyshev polynomials are used to represent the
insertion loss. Mathematically,

1
IG(®)| = ——  m=1,2,3,... (9.2.10)

V1+T ()

where ¢ is a constant, ® is normalized frequency, and T,,(®w) is a Chebyshev
polynomial of the first kind and degree m, defined in (7.5.2). Figure 9.19 shows
the frequency response of a typical Chebyshev filter for m = 7. It assumes that
ripples up to —3 dB in its passband are acceptable. A comparison of this character-
istic to that for a seventh-order Butterworth filter shown in Figure 9.18 indicates
that it has a much sharper transition from passband to stopband. However, it is
achieved at the cost of ripples in its passband.
As before, the insertion loss of a Chebyshev filter is found as follows:

1
L = —20log,, [ } = 10log,, (1 +ch3)
()

V14T (/o) ¢

or
101og,, [l + ¢ cos? (m cos~! 2):| 0<w<w,
e
L= (9.2.11)
101log,, [1 + ¢ cosh? (m cosh™! 3)] W < ®
We
where
g =104 —1 (9.2.12)

Normalized frequency —— 3
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Figure 9.19 Characteristics of a low-pass Chebyshev filter for m = 7.
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G, is the ripple amplitude in decibels. The order m (and hence, number of ele-
ments) of a Chebyshev filter can be found from its characteristics as follows:

cosh_l \/(IOO'IXL _ 1)/(100.1><G, _ 1)
m =

2.13
cosh™ (w/w¢) ©2.13)

where L is required insertion loss in decibels at a specified frequency w.

Example 9.5 1t is desired to design a maximally flat low-pass filter with at least
15 dB attenuation at ® = 1.3 w. and —3 dB at its band edge. How many elements
will be required for this filter? If a Chebyshev filter is used with a 3-dB ripple
in its passband, find the number of circuit elements.

SOLUTION From (9.2.8),
g=10"1"-1=10"-1=1
and from (9.2.9) we have

. L log,o(10X/1% — 1) —log,o ¢ 05 % log,,(10'5 — 1)

. =6.52
2 logo(w/wc) log;((1.3)

Therefore, seven elements will be needed for this maximally flat filter.
In the case of a Chebyshev filter, (9.2.13) gives

cosh™! \/(100-1xL — 1) /(100-1xG: — 1) cosh™' /1015 — 1 317
m= = — 3.
cosh ™ (w/w,) cosh™!(1.3)

Hence, it will require only three elements. The characteristics of these two filters
are illustrated in Figure 9.20.

Normalized frequency — .

0.5 1 1.5 2

|G| (@B) ——p
Loh oL

Figure 9.20 Characteristics of low-pass Butterworth and Chebyshev filters.
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Low-Pass Filter Synthesis

The scope of this book does not include the theory of passive filter synthesis.
Several excellent references are available in the literature for those who may
be interested in this. The design procedure presented here is based on a doubly
terminated low-pass ladder network, as shown in Figure 9.21. The g notation used
in the figure signifies the roots of an nth-order transfer function that govern its
characteristics. These represent the normalized reactance values of filter elements
with a cutoff frequency w. = 1. The source resistance is represented by g, and
the load is g,;. The filter is made up of series inductors and shunt capacitors
that are in the form of cascaded T-networks. Another possible configuration is
the cascaded m-network that is obtained after replacing g; by a short circuit,
connecting a capacitor across the load g,;i, and renumbering filter elements
1 through n. Elements of this filter are determined from the n roots of the
transfer function.

The transfer function is selected according to the pass- and stopband charac-
teristics desired. Normalized values of elements are then found from the roots
of that transfer function. These values are then adjusted according to the desired
cutoff frequency and the source and load resistance. Design procedures for the
maximally flat and the Chebyshev filters can be summarized as follows.

Assume that the cutoff frequency is given as follows:

we =1 (9.2.14)

Butterworth and Chebyshev filters can then be designed using the following
formulas.
For a Butterworth filter,

80 =8gnr1 =1 (9.2.15)
and

2p—1
gpzzsin(sz p=1,2,--.n (9.2.16)
n

Element values computed from (9.2.15) and (9.2.16) are given in Table 9.4 for
nup to 7.

8n-2 &n

g g gs

b

P &2 84 -1 8ntl
T T

Figure 9.21 Low-pass ladder network prototype.
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TABLE 9.4 Element Values for Low-Pass Binomial Filter Prototypes (go = 1,

w,=1)
n 81 82 83 84 85 86 87 88
1 2.0000 1.0000
2 1.4142 1.4142 1
3 1.0000 2.0000 1.0000 1.0000
4 0.7654 1.8478 1.8478 0.7654 1.0000
5 0.6180 1.6180 2.0000 1.6180 0.6180 1
6 0.5176 1.4142 1.9319 1.9319 1.4142 0.5176 1
7 0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 0.445 1.0000
For a Chebyshev filter,
=1 (9.2.17)
1 m is an odd number
Em+1 = 3 . (9.2.18)
coth 1 m is an even number
2a
g =— (9.2.19)
X
and
dac,_a
,= DT =2,3,--,m (9.2.20)
b
(p—D8(p-1)
where
G,
= In{ coth 9.2.21
= in com %) ©221)
N -
X = sinh — (9.2.22)
2m
. @2p—Dm
=sin —— 9.2.23
ap m ( )
and
1A
b, = x2 + sin? % (9.2.24)

The element values for several low-pass Chebyshev filters that are computed
from (9.2.17) to (9.2.24) are given in Tables 9.5 to 9.9.
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TABLE 9.5 Element Values for Low-Pass Chebyshev Filter Prototypes (gg = 1,

w, = 1, and 0.1dB ripple)

m 81 &2 83 84 85 86 87 88

1 0.3053 1.000

2 0.8431 0.6220 1.3554

3 1.0316 1.1474 1.0316 1.0000

4 1.1088 1.3062 1.7704 0.8181 1.3554

5 1.1468 1.3712 1.9750 1.3712 1.1468 1.0000

6 1.1681 1.4040 2.0562 1.5171 1.9029 0.8618 1.3554

7 1.1812 1.4228 2.0967 1.5734 2.0967 1.4228 1.1812 1.0000

TABLE 9.6 Element Values for Low-Pass Chebyshev Filter Prototypes (g9 =1,

w, = 1, and 0.5dB ripple)

m 81 82 83 84 85 86 87 88

1 0.6987  1.0000

2 1.4029  0.7071  1.9841

3 1.5963  1.0967 15963  1.0000

4 1.6703  1.1926  2.3662  0.8419  1.9841

5 1.7058 12296  2.5409 12296  1.7058  1.0000

6 1.7254  1.2479  2.6064  1.3136 24759  0.8696  1.9841

7 1.7373  1.2582  2.6383  1.3443  2.6383  1.2582  1.7373  1.0000

TABLE 9.7 Element Values for Low-Pass Chebyshev Filter Prototypes (gg = 1,

w, =1, and 1.0dB ripple)

m 81 82 83 84 85 86 87 88
1 1.0178 1.0000

2 1.8220  0.6850  2.6599

3 2.0237 0.9941 2.0237 1.0000

4 2.0991 1.0644  2.8312  0.7892  2.6599

5 2.1350 1.0911 3.0010 1.0911 2.1350 1.0000

6 2.1547 1.1041 3.0635 1.1518 2.9368 0.8101 2.6599

7 2.1666 1.1115 3.0937 1.1735 3.0937 1.1115 2.1666 1.0000

Scaling the Prototype to the Desired Cutoff Frequency and Load

o Frequency scaling. For scaling the frequency from 1 to w., divide all nor-
malized g values that represent capacitors or inductors by the desired cutoff
frequency expressed in radians per second. Resistors are excluded from
this operation.
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TABLE 9.8 Element Values for Low-Pass Chebyshev Filter Prototypes (gy = 1,
w, = 1, and 2.0 dB ripple)

m 81 82 83 84 &5 86 87 88
1 1.5297 1.0000

2 2.4883 0.6075 4.0957

3 2.7108 0.8326 2.7108 1.0000

4 2.7926 0.8805 3.6064 0.6818 4.0957

5 2.8311 0.8984 3.7829 0.8984 2.8311 1.0000

6 2.8522 0.9071 3.8468 0.9392 3.7153 0.6964 4.0957

7 2.8651 0.9120 3.8776 0.9536 3.8776 0.9120 2.8651 1.0000

TABLE 9.9 Element Values for Low-Pass Chebyshev Filter Prototypes (gp =1,
w, = 1, and 3.0dB ripple)

m 81 82 83 84 85 86 87 88

1 1.9954 1.0000

2 3.1014 0.5339 5.8095

3 3.3489 0.7117 3.3489 1.0000

4 3.4391 0.7483 4.3473 0.5920 5.8095

5 3.4815 0.7619 4.5378 0.7619 3.4815 1.0000

6 3.5047 0.7685 4.6063 0.7929 4.4643 0.6033 5.8095

7 3.5187 0.7722 4.6392 0.8038 4.6392 0.7722 3.5187 1.0000

o Impedance scaling. To scale gy and g, to X 2 from unity, multiply all
g values that represent resistors or inductors by X. On other hand, divide
those g values representing capacitors by X.

Example 9.6 Design a Butterworth filter with a cutoff frequency of 10 MHz
and an insertion loss of 30dB at 40 MHz. It is to be used between a 50-2 load
and a generator with an internal resistance of 50 .

SOLUTION From (9.2.9), we have

1 1og;o(10°10 — 1) — log, (10310 — 1)
X

2 log,,(40,/10)
1 log,o(10° = 1) —log,o(1.9953 — 1) 0.5 x 3 )5

= — X a7 A .
2 log,o(4) 0.6

Since the number of elements must be an integer, selecting n = 3 will provide
more than the attenuation specified at 40 MHz. From (9.2.15) and (9.2.16),

go=gs=1
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795.77 nH 795.77 nH

50Q

Figure 9.22 Maximally flat low-pass filter obtained in Example 9.6.

50 Q

. T
g1=251n6=1

. T
g2=251n5 =2
and

. 5m
g3=251n?=1

If we use the circuit arrangement illustrated in Figure 9.22, element values can
be scaled to match the frequency and load resistance. Using the two rules, these
values are found as follows:

1
L =L3=50x ————H =795.77nH
21 x 107
and
1

Cr=—

X — "~ _F=636.62pF
50 27 x 107

The frequency response of this filter is shown in Figure 9.23. It indicates a 6-
dB insertion loss in the passband of the filter. This happens because the source
resistance is considered a part of this circuit. In other words, this represents
voltage across R; with respect to source voltage, not to input of the circuit. Since
source resistance is equal to the load, there is equal division of source voltage
that results in —6 dB. Another 3-dB loss at the band edge shows a total of about
9dB at 10 MHz. This characteristic shows that there is an insertion loss of over
40dB at 40 MHz. It is clearly more than 30 dB from the band edge, as required
by the example. Also, there is a nonlinear phase variation in its passband.

Alternatively, we can use a circuit topology as shown in Figure 9.24. In that
case, component values are found by using the scaling rules:

1
L, =50x ———— x2=0.15915 x 107°H = 1591.5nH
21 x 107

and
1 1 10~°

Cl=Cim — x—— x1=—_F=31831pF
=5 =50  amx107 * - p
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Figure 9.23 Characteristics of the low-pass filter shown in Figure 9.22.

1.5915 uH
50Q

R, =R,
/P83IPF /‘\1831;)1: 50Q

Figure 9.24 Alternative circuit for Example 9.6.

The frequency response of this circuit is illustrated in Figure 9.25. It is identical
to that shown in Figure 9.23 for the earlier circuit.

Example 9.7 Design a low-pass Chebyshev filter that may have ripples no more
than 0.01 dB in its passband. The filter must pass all frequencies up to 100 MHz
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Figure 9.25 Characteristics of the low-pass filter shown in Figure 9.24.

and attenuate the signal at 400 MHz by at least 5dB. The load and the source
resistance are of 75 2 each.

SOLUTION Since
G, =0.01dB

400
L|—)=5dB
100

and
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(9.2.13) gives

cosh™' /(1095 —1)/(100001 — 1)
m —=

=2
cosh™!(4)

Since we want a symmetrical filter with 75 Q on each side, we select m =3
(an odd number). It will provide more than 5dB of insertion loss at 400 MHz.
The g values can now be determined from (9.2.17) to (9.2.24), as follows. From
(9.2.23),

T
a; =sin— =0.5
6

T
azzsmzzl
and

5
ay = sin%[ ~0.5

Next, from (9.2.21), (9.2.22), and (9.2.24), we get

0.01

E=In{coth——=)=7.5
17.37

75
X = sinh s 1.6019
by = 1.6019% + sin’ g —=3.316
2, 22T
by = 1.6019” + sin’ == = 3.316

and

3
by = 1.6019° + sin® ?“ — 2.566

However, b3 is not needed in further calculations.
Finally, from (9.2.17) and (9.2.20),

go=gs=1
205
g = 2272 0.62425
1.6019
4%05x% 1
2 0 X 0.9662

~ 3316 x 0.62425
and
4x1x0.5

= ————=0.6242
3.316 x 0.9662 0.62425

83
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74.5155 nH

74.5155 nH

Figure 9.26 Low-pass Chebyshev filter circuit obtained in Example 9.7.

For the circuit topology of Figure 9.26, element values are found after applying
the scaling rules as follows:

75 x 0.62425
Li=Ly= 2222y 745155nH
21t x 108
and
Cy =1 ! 0.9662F = 20.5 pF
= — X ———— X U. = .
2775 X 2m x 108 P

The frequency response of this filter is illustrated in Figure 9.27. As expected,
there is over a 20-dB insertion loss at 400 MHz compared with its passband.
Note that the magnitude of ripple allowed is so small that it does not show up
in this figure. However, it is present there, as shown on an expanded scale in
Figure 9.28.

Figure 9.28 shows the passband characteristics of this Chebyshev filter. Since
the scale-of-magnitude plot is now expanded, the passband ripple is clearly visi-
ble. As expected, the ripple stays between —6.02 and —6.03 dB. Phase variation
in this passband ranges from 0° to —70°. The band edge of this filter can be
sharpened further either by using a higher-order filter or by allowing larger mag-
nitudes of the ripple in its passband. The higher-order filter will require more
elements because the two are directly related. The next example illustrates that a
sharper transition between the bands can be obtained even with a three-element
filter if ripple magnitudes up to 3 dB are acceptable.

Example 9.8 Reconsider Example 9.7 to design a low-pass filter that exhibits
the Chebyshev response with 3-dB ripple in its passband, m = 3, and a cutoff
frequency of 100 MHz. The filter must have 75 Q2 at both its input and output
ports.

SOLUTION From (8.2.23),
a; = sin— = 0.5

T
a =sin— =1
2
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Figure 9.27 Characteristics of the low-pass Chebyshev filter shown in Figure 9.26.

and

5
az = sin—]T =0.5
6

Now, from (9.2.21), (9.2.22), and (9.2.24),

17.37
1.7661

3
E=1In (coth —) = 1.7661

X = sinh = 0.2986
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Figure 9.28 Passband characteristics of the filter shown in Figure 9.26.
2, 2 X
b; = 0.2986" + sin 3 = 0.8392
2, 2 2T
b, = 0.2986~ + sin 3 = 0.8392
and

3
bs = 0.29867 + sin’ ?“ — 0.0892

However, b3 is not needed.



INSERTION-LOSS METHOD 369
0.4 uH 0.4 uH
R =1®
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T 75Q

Figure 9.29 Low-pass Chebyshev filter circuit obtained in Example 9.8.

The g values for the filter can now be determined from (9.2.17) to (9.2.20),
as follows:

go=8s=1
2x05
81= 02086 ~ %
4x05x1
2 — 07116

~ 3349 x 0.8392
and
4x1x0.5

= ——— =3349
0.7116 x 0.8392

83

These g values are also listed in Table 9.9 for m = 3.
Elements of the circuit shown in Figure 9.29 are determined using the scaling
rules, as follows (see Figure 9.30 for the characteristics):

75 x 3.349

and

|
Cy=—x—— %07116F = 15.1pF
2775 X = 108 ° P

High-Pass Filter

As mentioned earlier, a high-pass filter can be designed by transforming the
low-pass prototype. This frequency transformation is illustrated in Figure 9.31.
As illustrated, an ideal low-pass filter passes all signals up to the normalized
frequency of unity with zero insertion loss, whereas it attenuates higher frequen-
cies completely. On the other hand, a high-pass filter must pass all signals with
frequencies higher than its cutoff frequency w, and stop the signals that have
lower frequencies. Therefore, the following frequency transformation formula
will transform a low-pass filter to a high-pass filter:
¢

w=—— (9.2.25)
®
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Figure 9.30 Characteristics of the low-pass filter of Example 9.8.
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Figure 9.31 Transformation from a low-pass to a high-pass characteristic.
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Thus, inductors and capacitors will change their places. Inductors will replace
the shunt capacitors of the low-pass filter and capacitors will be connected in
series, in place of inductors. These elements are determined as follows:

1

Crp = (9.2.26)
WL
and
1
Lip = (9.2.27)
[OFF 10l

Capacitor Cyp and inductor Lyp can now be scaled as required by the load and
source resistance.

Example 9.9 Design a high-pass Chebyshev filter with passband ripple magni-
tude less than 0.01 dB. It must pass all frequencies over 100 MHz and exhibit at
least 5dB of attenuation at 25 MHz. Assume that the load and source resistances
are at 75 Q2 each.

SOLUTION The low-pass filter designed in Example 9.7 provides the initial
data for this high-pass filter. With m = 3, g; = 0.62425, and g¢c = 0.9662, we
find from (9.2.26) and (9.2.27) that

1
~ 27 x 108 x 0.62425

Cup F = 2.5495nF

and
_ 1
T 27 x 108 x 0.9662

LHp H=1.6472nH

Now, applying the resistance scaling, we get

2.5495
Ci=Cs=

nF = 33.9933 pF = 34 pF

and

L, =75x%1.6472 = 123.5nH

The resulting high-pass Chebyshev filter is shown in Figure 9.32. Its frequency
response is illustrated in Figure 9.33. As before, the source resistance is con-
sidered a part of the filter circuit and therefore its passband shows a 6-dB
insertion loss.

Bandpass Filter

A bandpass filter can be designed by transforming the low-pass prototype as
illustrated in Figure 9.34. Here, an ideal low-pass filter passes all signals up to
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Figure 9.32 High-pass Chebyshev filter obtained for Example 9.8.
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Figure 9.33 Characteristics of the high-pass Chebyshev filter shown in Figure 9.32.
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Figure 9.34 Transformation from a low-pass to a bandpass characteristic.

the normalized frequency of unity with zero insertion loss, whereas it attenuates
higher frequencies completely. On the other hand, a bandpass filter must pass
all signals with frequencies between w; and w, and stop the signals that are
outside this frequency band. Hence, the following frequency relation transforms
the response of a low-pass filter to a bandpass:

. 1 w?— u)%
o= (9.2.28)
W, — o o)
where
Wy = /0y X Wy, (9.2.29)

This transformation replaces the series inductor of low-pass prototype with an
inductor Lgp; and a capacitor Cgp; that are connected in series. The component
values are determined as follows:

Copy = 9.2.30)
Wo8L
and
Lopy = —2L 9.2.31)
W, — Wy

Also, the capacitor Cgp; that is connected in parallel with an inductor Lgp, will
replace the shunt capacitor of the low-pass prototype. These elements are found
as follows:
W, — Wy
Lppr = —5— (9.2.32)
wWp8c
and
8c
Cppp = ———— (9.2.33)

Wy — Wy

These elements need to be scaled further as desired by the load and source
resistance.
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Example 9.10 Design a bandpass Chebyshev filter that exhibits no more than
0.01-dB ripples in its passband. It must pass signals in the frequency band 10

to 40 MHz with zero insertion loss. Assume that the load and source resistances
are at 75 Q each.

SOLUTION From (9.2.29), we have

fo=+fifu =107 x 40 x 106 =20 x 10°Hz

Now, using (9.2.30) to (9.2.33) with g; = 0.62425 and g¢ = 0.9662 from
Example 9.7, we get

21 x 109(40 — 10)

CBr = (5720 x 1092 x 0.60404. — | -1220F
Lop = — 202428 1 55 16nH
271 x 30 x 106
Lipy — 27 x 10°(40 — 10) H — 12.354 nH
(21 x 20 x 10%)2 x 0.9662
and
Cppy = %F = 5.1258 nF

Next, values of elements are determined after applying the load and source resis-
tance scaling. Hence,

19.122
Ci=C=

nF = 254.96 pF ~ 255 pF

Ly =1L;=75x233116nH = 0.2484 pH
Ly =75 x 12.354nH = 0.9266 pH

and
_ 5.1258
2T s

nF = 68.344 pF

The resulting filter circuit is shown in Figure 9.35, and its frequency response
is depicted in Figure 9.36. It illustrates that we indeed have transformed the
low-pass prototype to a bandpass filter for the 10- to 40-MHz frequency band.
As before, the source resistance is considered a part of the filter circuit, and
therefore its passband shows a 6-dB insertion loss. Figure 9.37 shows its passband
characteristics with expanded scales. It indicates that the ripple magnitude is
limited to 0.01 dB, as desired.
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Figure 9.35 Bandpass filter circuit for Example 9.10.
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Figure 9.36 Characteristics of the bandpass filter shown in Figure 9.35.

Bandstop Filter

A bandstop filter can be realized by transforming the low-pass prototype as
illustrated in Figure 9.38. Here, an ideal low-pass filter passes all signals up to
the normalized frequency of unity with zero insertion loss, whereas it completely
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Figure 9.37 Passband characteristics of the bandpass filter shown in Figure 9.35.

attenuates higher frequencies. On the other hand, a bandstop filter must stop all
signals with frequencies between w; and w, and pass the signals that are outside
this frequency band. Hence, its characteristics are opposite to that of a bandpass
filter considered earlier. The following frequency relation transforms the response
of a low-pass filter to the bandstop:
= (0, — o) 5 (9.2.34)
»? — wj
This transformation replaces the series inductor of low-pass prototype with an
inductor Lgg; and a capacitor Cgg; that are connected in parallel. Component
values are determined as follows:
W, —
Lgy = =08 (9.2.35)

2
o
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Figure 9.38 Transformation from a low-pass to a bandstop characteristic.
and
1
Cps) = —— (9.2.36)

(0, — gL

Also, capacitor Cggp, which is connected in series with an inductor Lgg,, will
replace the shunt capacitor of low-pass prototype. These elements are found
as follows:

1

Lgs) = ———F— (9.2.37)
(0, — w7)gc
and
Cis2 = w (9.2.38)
Wy

These elements need to be further scaled as desired by the load and source
resistance. Table 9.10 summarizes these transformations for the low-pass proto-
type filter.

Example 9.11 Design a maximally flat bandstop filter with n = 3. It must stop
signals in the frequency range 10 to 40 MHz and pass the rest of the frequencies.
Assume that the load and source resistances are at 75 2 each.

SOLUTION From (9.2.29), we have

fo=+/fifu =107 x 40 x 106 =20 x 10°Hz

Now, using (9.2.35) to (9.2.38) with g; =1 and gc =2 from Example 9.6,
we get

21 x 109(40 — 10)
(27 x 20 x 105)2
1

Cisi = F = 5.305 nF
BS1 = S X 105(40 — 10) x 1 n

LBS] = x 1H=11.94nH
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TABLE 9.10 Filter Transformations

Filter Circuit Elements
Low-pass /6\ _| 6
8L §c
High-pass _| 6 / f N\
1 1
W81 0. 8c
Bandpass / f N\ o, —
—u
_| ofgc
W, — oy 8L

wigr  Qum W

8c
W, — 0y
Bandstop (@~ ) 81 1
e (©@—0)8c
(0, — ) &
oY
1
(0, — o) gL
1
LBSZ = H =2.653nH
27t x 100(40 — 10) x 2
and
2 10°(40 — 10
Cps2 = m x 104 ) x 2F = 23.87nF

(21 x 20 x 1096)2

Values of required elements are determined next following the load and source
resistance scaling. Hence,

5.305

Cr=06="3

nF = 70.73 pF
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Figure 9.39 Bandstop circuit for Example 9.11.
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Figure 9.40 Characteristics of the bandstop filter shown in Figure 9.39.
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Ly =L3=75x%x1194nH = 0.8955 uH
L, =75x%2.653nH =0.1989uH ~ 0.2nH

and

23.87
C, =

nF = 318.3pF

The resulting filter circuit is shown in Figure 9.39. Its frequency response depicted
in Figure 9.40 indicates that we have transformed the low-pass prototype to a
bandstop filter for the 10- to 40-MHz frequency band. As before, the source
resistance is considered a part of the filter circuit, and therefore its passband
shows a 6-dB insertion loss.

9.3 MICROWAVE FILTERS

The filter circuits presented so far in this chapter use lumped elements. How-
ever, these may have practical limitations at microwave frequencies. When the
signal wavelength is short, distances between the filter components need to be
taken into account. Further, discrete components at such frequencies may cease
to operate due to associated parasitic elements and need to be approximated with
distributed components. As found in Chapter 3, transmission line stubs can be
used in place of lumped elements. However, there may be certain practical prob-
lems in implementing the series stubs. This section begins with a technique to
design a low-pass filter with only parallel connected lines of different character-
istic impedance values. It is known as the stepped impedance (or high-Z low-Z)
filter. Since this technique works mainly for low-pass filters, the procedure to
transform series reactance to shunt that utilizes Kuroda’s identities is summa-
rized next. Redundant sections of the transmission line are used to separate filter
elements, and therefore this procedure is known as redundant filter synthesis.
Nonredundant circuit synthesis makes use of these sections to improve the filter
response as well. Other methods of designing microwave filters include coupled
transmission lines and resonant cavities. Impedance transformers, discussed in
Chapter 7, are essentially bandpass filters with different impedance at the two-
ports. Interested readers can find detailed design procedures of all these filters in
the references at the end of this chapter.

Low-Pass Filter Design Using Stepped Impedance Distributed Elements

Consider a lossless transmission line of length d and characteristic impedance
Zy, as shown in Figure 9.41(a). If it is equivalent to the T-network shown in
Figure 9.41(b), these two must have the same network parameters. The imped-
ance matrix of the transmission line was determined in Example 8.4 as follows:
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Figure 9.41 Lossless transmission line (a), equivalent symmetrical T-network (b), and
(c) elements of T-networks.

. VA
—JjZocotBd  —j 7 pd
[Ziine = Z o (9.3.1)
—j —jZocotPd
J sin Bd JZocotp
The impedance matrix of the T-network, [Z]7, may be found as
Zy Zp
Zlt = 9.3.2
(Z]r [ Zu Zu } ( )
Therefore, if this T-network represents the transmission line, we can write
Zy1 = —jZycotpd (9.3.3)
and
Zyy = —j 20 9.3.4)
==/ sin Bd o

Hence, Z;, is a capacitive reactance. Circuit elements in the series arm of the
T-network are found to be inductive reactance. This is found as follows:
cosPd — 1 sin (Bd /2) Bd

I —Zn=—iZ — iz — iZetan 2 (935
Y R e O i S ) ©.3-5)
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Therefore, the series element of the T-network is an inductive reactance while
its shunt element is capacitive, provided that fd < m/2. For Bd < m/4, (9.3.4)
and (9.3.5) give

Bd
B~ — 9.3.6
2 ( )
and
X, ~ Zopd (9.3.7)

Some special cases are as follows:

1. For Z very large, (9.3.6) becomes negligible compared with (9.3.7). There-
fore, the equivalent T-network (and hence the transmission line) represents
an inductor that is given by

 Zopd
- w

L 9.3.8)

2. For Z; very small, (9.3.6) dominates over (9.3.7). Therefore, the transmis-
sion line is effectively representing a shunt capacitance in this case. It is
given by

Bd

C = 9.3.9
©Zo 9.3.9)

Hence, high-impedance sections (Zy = Z;) of the transmission line can replace
the inductors, and low-impedance sections (Zy = Z,,) can replace the capacitors
of a low-pass filter. In a design, these impedance values must be selected as
far apart as possible and the section lengths are determined to satisfy (9.3.8)
and (9.3.9). When combined with the scaling rules, electrical lengths of the
inductive and capacitive sections are found as

RoL
Bd) = — rad (9.3.10)
Zy
and
Z,C
Bd)c = rad (8.3.11)
Ry

where L and C are normalized element values (g values) of the filter and Ry is
the filter impedance.

Example 9.12 Design a three-element maximally flat low-pass filter with its
cutoff frequency as 1 GHz. It is to be used between a 50-€2 load and a generator
with its internal impedance at 50 2. Assume that Z, = 1502 and Z,, = 30 Q2.
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Figure 9.42 Maximally flat low-pass filter with normalized elements’ values for Exam-
ple 9.12.
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Figure 9.43 Maximally flat low-pass filter for Example 9.12.

SOLUTION From (9.2.15) and (9.2.16),

go=gs=1

. X
g1=251ng=1

. T
g2=231n5 =2
and

. 5w
g3=251n?=1

If we use a circuit arrangement as illustrated in Figure 9.42, element values can
be scaled for the frequency and the impedance. Using the scaling rules, these
values are found as follows (see Figure 9.43):

1 x50 s
61 =03 = (), = — - = 03333 rad = 19.1

and
30 x 2

6 = (Bd)c = = = 1.21ad = 68.75°

Filter Synthesis Using the Redundant Elements

As mentioned earlier, transmission line sections can replace the lumped elements
of a filter circuit. Richard’s transformation provides the tools needed in such a
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design. Further, Kuroda’s identities are used to transform series elements to a
shunt configuration that facilitates the design.

Richard’s Transformation

Richard proposed that open- and short-circuited lines could be synthesized like
lumped elements through the following transformation:

d
Q = tanBd = tan —= 9.3.12)
Up

where v, is the phase velocity of signal propagating on the line. Since the tangent
function is periodic with a period of 2m, (9.3.12) is a periodic transformation.
Substituting €2 in place of w, the reactance of the inductor L and of the capacitor
C may be written as follows:

jX, = jQL = jLtanpd (9.3.13)

and

1 1 1
iXe==Ioc= " campa = TP ©-319

Comparison of (9.3.13) and (9.3.14) with the special cases considered in Sec-
tion 3.2 indicates that the former represents a short-circuited line with its char-
acteristic impedance as L, while the latter is an open-circuited with Z, as 1/C.
Filter impedance is assumed to be unity. To obtain the cutoff of a low-pass filter
prototype at unity frequency, the following must hold:

Q=tanfd=1—->pd=— —>d=

3 (9.3.15)

k!

Note that the transformation holds only at the cutoff frequency w. (frequency
corresponding to \), and therefore the filter response will differ from that of
its prototype. Further, the response repeats every 4 w.. These transformations
are illustrated in Figure 9.44. These stubs are known as the commensurate lines
because of their equal lengths.

Kuroda’s Identities

As mentioned earlier, Kuroda’s identities facilitate the design of distributed ele-
ment filters, providing the means to transform the series stubs into shunt, or vice
versa, to separate the stubs physically, and to render the characteristic impedance
realizable. Figure 9.45 illustrates four identities that are useful in such a trans-
formation of networks. These networks employ the unit element (U.E.), which is
basically a \/8-long line at the cutoff frequency w., with specified characteristic
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-plane ! Q-plane
§L —> Zy=L Short
—_I_ c |:> Zy= % i Open
[
d

Zl
M UE U.E. __E 1
Z, <::> nZZI j: n222
(@)
2N
112
LYY L

zltj__I uE N A

7 n’Z,
f JE—
n?:1
(©)
—— UE.
z UE. — z, =
Z ] _n2 S
— 1:n?
G =1+ 22
Z

Figure 9.45 Kuroda’s identities.

impedance. Inductors represent short-circuited stubs and capacitors open-circuited
stubs. Obviously, its equivalent in lumped circuit theory does not exist.

The first identity is proved below. A similar procedure can be used to verify
others. The circuits associated with the first identity can be redrawn as shown in
Figure 9.46. A short-circuited stub of characteristic impedance Z; replaces the
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Short
- y
Z d | ’/
n*Z,

Figure 9.46 Illustration of Kuroda’s first identity, shown in Figure 9.45.

series inductor that is followed by a unit element transmission line of charac-
teristic impedance Z,. Its transformation gives a unit element transmission line
of characteristic impedance n”>Z, and an open-circuited stub of characteristic
impedance n%Z, in place of a shunt capacitor.

Following Example 8.10, the transmission matrix of a short-circuited series
stub with input impedance Zg can be found as follows. The impedance Zg of
the series stub is given as

ZS = ]Zl taan = ]QZ] (9316)
A B 1 jQz,
|:C D:|S_|:O i (9.3.17)
Following Example 8.13, the transmission matrix of the unit element is found
to be

A B cospd  jZ,sinPd 1 JjZ,tan Bd
= | jsinpd =cosPd | j
[C Dj|U.E. Jsinf cos Bd p jtan Bd 1
Z2 Zz
or
1 Q7
[A B} = # 1Y e (9.3.18)
C Dlyg 1+ ]Z_ 1 o
2

Since these two elements are connected in cascade, the transmission matrix for
the first circuit in Figure 9.46 is found from (9.3.17) and (9.3.18) as follows:

Q27

1_
|:A B] _[A B] _|:A B] B 1 Zs
¢ D|, C Dy |C Dlyg Vi4+22 E

Zy

JQ(Zy + Zy)

(9.3.19)
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Now for the second circuit shown in Figure 9.46, the transmission matrix for the
unit element is

1 in*Z, tan pd 1 iQn’Z
[A B] st | | ) Jjn“Zytanf ~ ! . J 1
C Dlyg jtanp 1 Jra2 | 2
n2Z1 n221
(9.3.20)

Since the impedance Zp of the shunt stub is given as

.2 .n222
Z,=—jn"ZycotBd = —j ) (9.3.21)
its transmission matrix may be found, by following Example 8.11, as
A B 1 0
|:C D} =| jQ | (9.3.22)
b I’l222

Hence, the transmission matrix of the circuit shown on right-hand side is found as

) Q27
[A B] _|:A B] .|:A B} . 1 Z,
¢ Dj, C Dy LC D], Vi+@2 j9<1 1)
_2 _+_
n Z] Zz

jQn*z,

1

(9.3.23)
On substituting for n?, it is easy to show that this matrix is equal to that found
in (9.3.19).

Example 9.13 Design a three-element maximally flat low-pass filter with its
cutoff frequency as 1 GHz. It is to be used between a 50-2 load and a generator
with its internal impedance at 50 .

SOLUTION A step-by-step procedure to design this filter is as follows:

o Step 1.
As before, g values for the filter are found from (9.2.15) and (9.2.16) as

go=gs=1
.om
g1=251ng=1
b1
=2sin— =2
82 1 >
and

. 5m
g3=2s1n?=l
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FILTER DESIGN

L=1 Ly=1

_w Ry=1

Ry=
Cy=2
T 50 Q

(a)

Zy=1 Zy=1
v
X |<d>l|gdcz < d 3
7205 Z5=05
0 =0.
(b) (o)

Figure 9.47 Maximally flat low-pass filter for Example 9.13.

The circuit is drawn with normalized values as shown in Figure 9.47(a).

Step 2. Using Richard’s transformation, the filter elements are replaced by
stubs. Hence, short-circuited series stubs replace inductors L; and L3, while
an open-circuited shunt stub replaces the capacitor C,. This is shown in
Figure 9.47(b).

Step 3. Since the circuit found in step 2 cannot be fabricated in its present

form, unit elements are added on its two sides. This is shown in Fig-
ure 9.47(c).

Step 4. Using Kuroda’s identity shown in Figure 9.45(a), series stub and
unit element combinations are transformed to an open-circuited shunt stub
and the unit element. Since Z; = Z; = 1, equivalent capacitance C and the
characteristic impedance of the corresponding stub are found to be C = % =
0.5 and Zy = 2. Also, the characteristic impedance of each unit element is
found to be 2. This circuit is illustrated in Figure 9.47(d).

Step 5. For impedance and frequency scaling, all normalized characteristic

impedances are now multiplied by 50 €2, and the stub lengths are selected
as M8 at 1 GHz. This is shown in Figure 9.47(e).
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PROBLEMS

9.1. Design a low-pass composite filter with nominal impedance of 50 2. It
must pass all signals up to 10 MHz. Assume that f,, = 10.05 MHz. Plot
its characteristics in the frequency range 1 to 100 MHz.

9.2. Design a high-pass T-section constant-k filter that has a nominal impedance
of 502 and a cutoff frequency of 10 MHz. Plot its frequency response in
the frequency band 100 kHz to 100 MHz.

9.3. Design an m-derived T-section high-pass filter with a cutoff frequency of
10MHz and nominal impedance of 50 2. Assume that f,, = 9.95 MHz.
Plot the response of this filter in the frequency band 100 kHz to 100 MHz.

9.4. Design a high-pass composite filter with a cutoff frequency of 10 MHz and
image impedance of 50 €2 in its passband. Assume that f,, = 9.95 MHz.
Plot its response in the frequency range 100 kHz to 100 MHz.

9.5. It is desired to design a maximally flat low-pass filter with at least 25 dB of
attenuation at w = 2w, and —1.5dB at its band edge. How many elements
will be required for this filter? If a Chebyshev filter is used with 1.5dB of
ripple in its passband, find the number of circuit elements.

9.6. Design a low-pass Butterworth filter with a cutoff frequency of 150 MHz
and an insertion loss of 50dB at 400 MHz. It is to be used between a 75-Q
load and a generator with its internal resistance as 75 2.

9.7. Design a low-pass Chebysheyv filter that exhibits ripples no more than 2 dB
in its passband. The filter must pass all frequencies up to 50 MHz and
attenuate the signal at 100 MHz by at least 15 dB. The load and the source
resistance are of 50 &2 each.

9.8. Reconsider Problem 9.7 to design a low-pass filter that exhibits the Cheby-
shev response with a 3-dB ripple in its passband. The filter must have 50
at both its input and output ports.
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9.9.

9.10.

9.11.

9.12.

9.13.

9.14.

9.15.

9.16.

9.17.

9.18.

FILTER DESIGN

Design a high-pass Chebyshev filter with a passband ripple magnitude
below 3dB. It must pass all frequencies over S0 MHz. A minimum of
15dB of insertion loss is required at 25 MHz. Assume that the load and
source resistances are of 75 €2 each.

Design a bandpass Chebyshev filter that exhibits no more than 2dB of
ripple in its passband. It must pass the signals that are in the frequency
band 50 to 80 MHz with zero insertion loss. Assume that the load and
source resistances are of 50 2 each.

It is desired to design a maximally flat low-pass filter with at least 40 dB of
attenuation at f = 1.1 GHz and —3dB at f = 1 GHz. How many elements
will be required for this filter? If a Chebyshev filter is used with 3dB of
ripple in its passband, find the number of circuit elements.

Design a Butterworth filter with a cutoff frequency of 960 MHz and an
insertion loss of 15dB at 1.5 GHz. It is to be used between a 50-2 load
and a generator with its internal resistance as 50 Q.

Design a low-pass Chebyshev filter that exhibits ripples of no more than
1dB in its passband. The filter must pass all frequencies up to 960 MHz
and attenuate the signal at 1.5 GHz by at least 15dB. The load and the
source resistance are of 50 Q2 each.

Reconsider Problem 9.13 to design a low-pass filter that exhibits the Cheby-
shev response with 2 dB of ripple in its passband. The filter must have 50
at both its input and output ports.

Design a high-pass Chebyshev filter with a passband ripple magnitude
below 0.5dB. It must pass all frequencies over 500 MHz. A minimum of
20dB of insertion loss is required at 200 MHz. Assume that the load and
source resistances are of 50 2 each.

Design a bandpass Chebyshev filter that exhibits no more than 0.1 dB of
ripple in its passband. It must pass the signals that are in the frequency
band 500 to 800 MHz with almost zero insertion loss and provide at least
15 dB of attenuation for signals below 300 MHz. Assume that the load and
source resistances are of 75 €2 each.

Design a high-pass filter that exhibits no more than 2.5 dB of ripple in its
passband. It must pass all frequencies over 100 MHz. A minimum of 40 dB
of insertion loss is required at 25 MHz. Assume that the load and source
resistances are of 50 €2 each.

Design a maximally flat bandstop filter with n = 5. It must stop the signals
in the frequency range 50 to 80 MHz and pass the rest of the frequencies.
Assume that the load and source resistances are of 50 €2 each.



9.19.

9.20.

9.21.

PROBLEMS 391

Design a fifth-order low-pass Butterworth filter with a cutoff frequency
of 5GHz. It is to be used between a 75-Q2 load and a generator with an
internal resistance of 75 Q.

Design a third-order low-pass Chebyshev filter that exhibits ripples of no
more than 1dB in its passband. The filter must pass all frequencies up to
1 GHz. The load and the source resistance are of 50 Q each.

Design a fifth-order high-pass Chebyshev filter with passband ripple mag-
nitude below 3 dB. It must pass all frequencies over 5 GHz. Assume that
the load and source resistances are of 75 Q2 each.
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SIGNAL-FLOW GRAPHS AND
THEIR APPLICATIONS

A signal-flow graph is a graphical means of portraying the relationship among the
variables of a set of linear algebraic equations. S. J. Mason originally introduced
it to represent the cause and effect of linear systems. Associated terms are defined
in this chapter along with a procedure to draw a signal-flow graph for a given
set of algebraic equations. Further, signal-flow graphs of microwave networks
are obtained in terms of their S-parameters and associated reflection coefficients.
The manipulation of signal-flow graphs is summarized to find the desired transfer
functions. Finally, the relations for transducer power gain, available power gain,
and operating power gain are formulated in this chapter.

Consider a linear network that has N input and output ports. It is described
by a set of linear algebraic equations:

N
j=1

This says that the effect V; at the ith port is a sum of gain times causes at
its N ports. Hence, V; represents the dependent variable (effect), and I; are
the independent variables (cause). Nodes or junction points of the signal-flow
graph represent these variables. The nodes are connected by line segments called
branches with an arrow on each directed toward the dependent node. The coef-
ficient Z;; is the gain of a branch that connects the ith dependent node with the

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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Jjth independent node. A signal can be transmitted through a branch only in the
direction of the arrow.
The basic properties of a signal-flow graph can be summarized as follows:

o A signal-flow graph can be used only when the system is linear.

¢ A set of algebraic equations must be in the form of effects as functions of
causes before its signal-flow graph can be drawn.

* A node is used to represent each variable. Normally, these are arranged from
left to right, following a succession of inputs (causes) and outputs (effects)
of the network.

e Nodes are connected together by branches with an arrow directed toward
the dependent node.

o Signals travel along the branches only in the direction of the arrows.

¢ Signal I; traveling along a branch that connects nodes V; and I; is multiplied
by the branch gain Z;;. The dependent node (effect) V; is equal to the sum
of the branch gain times the corresponding independent nodes (causes).

Example 10.1 The output by of a system is caused by two inputs a; and a, as
represented by the equation

by = Snar + Snax
Find its signal-flow graph.
SOLUTION There are two independent variables and one dependent variable
in the equation. Locate these three nodes and connect nodes a; and a, with by,
as shown in Figure 10.1. The arrows on two branches are directed toward effect

b;. Coefficients of input (cause) are shown as the gain of that branch.

Example 10.2 Output b, of a system is caused by two inputs a; and a, as
represented by the equation

by = Sya1 + Snay

Find its signal-flow graph.

by a
Si2

Figure 10.1 Signal-flow graph representation of Example 10.1.
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a

a
b2 S2

Figure 10.2 Signal-flow graph representation of Example 10.2.

SOLUTION There are again two independent variables and one dependent vari-
able in the equation. Locate these three nodes and connect node a; with b, and
a, with by, as shown in Figure 10.2. The arrows on two branches are directed
toward effect b,. Coefficients of input (cause) are shown as the gain of that
branch.

Example 10.3 The input—output characteristics of a two-port network are given
by the set of linear algebraic equations

by = Snai + Spax
by = Ss1a1 + Snaz

Find its signal-flow graph.

SOLUTION There are two independent variables a; and a,, and two dependent
variables b; and b, in this set of equations. Locate the four nodes and then
connect nodes a; and a, with b;. Similarly, connect a; and a, with b,, as shown
in Figure 10.3. Arrows on the branches are directed toward effects b; and b;.
The coefficients of each input (cause) are shown as the gain of that branch.

Example 10.4 The following set of linear algebraic equations represents the
input—output relations of a multiport network. Find the corresponding signal-flow
graph.

S21
a) by
Si1
Sx
b, a
Sia

Figure 10.3 Signal-flow graph representation of Example 10.3.
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SOLUTION
Xi =R+ ! X
1 = K 24 2
1

X, =—-4X,+ R, —7Y, — ——X
2 1+ Ry 1 s+ 4 2
Y, = — X

TN

Y2=10X1—SY1

In the first equation, R; and X, represent the causes and X is the effect. Hence,
the signal-flow graph representing this equation can be drawn as illustrated in
Figure 10.4.

Now consider the second equation. X is the independent variable in it. Further,
X, appears as cause as well as effect. This means that a branch must start and
finish at the X, node. Hence, when this equation is combined with the first,
the signal-flow graph will look as illustrated in Figure 10.5. Next, we add to it
the signal-flow graph of the third equation. It has Y; as the effect and X, as
the cause. It is depicted in Figure 10.6. Finally, the last equation has Y, as a
dependent variable, and X, and Y; are two independent variables. A complete
signal-flow graph representation is obtained after superimposing it as shown in
Figure 10.7.

1 2+

R @® L ® X,
X

Figure 10.4 Signal-flow graph representation of the first equation of Example 10.4.

@Y

Figure 10.5 Signal-flow graph representation of the first two equations of Example 10.4.
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R @

—4 s
$£+3

Figure 10.6 Signal-flow graph representation of the first three equations of Example 10.4.

Ri@—

oy,

Figure 10.7 Complete signal-flow graph representation of Example 10.4.

10.1 DEFINITIONS AND MANIPULATION
OF SIGNAL-FLOW GRAPHS

Before we proceed with manipulation of signal-flow graphs, it will be useful to
define a few remaining terms.

Input and Output Nodes A node that has only outgoing branches is defined as
an input node or source. Similarly, an output node or sink has only incoming
branches. For example, R, R, and Y; are the input nodes in the signal-flow
graph shown in Figure 10.8. This corresponds to the first two equations of
Example 10.4. There is no output node (exclude the dotted branches) in it because
X and X, have both outgoing as well as incoming branches. Nodes X; and X;
in Figure 10.8 can be made the output nodes by adding an outgoing branch of
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R @

x,®

Figure 10.8 Signal-flow graph with R;, R,, and Y; as input nodes.

unity gain to each node. This is illustrated in Figure 10.8 by dotted branches. It
is equivalent to adding X; = X; and X, = X, in the original set of equations.
Thus, any nonoutput node can be made an output node in this way. However,
this procedure cannot be used to convert these nodes to input nodes because that
changes the equations. If an incoming branch of unity gain is added to node X;,
the corresponding equation is modified as follows:

1
X=X R —X
1 1+ 1+2+s 2

However, X can be made an input node by rearranging it as follows. The
corresponding signal-flow graph is illustrated in Figure 10.9. It may be noted
that R; is now an output node:

1
Ri=X ——X
1 1 2+S2

X

Figure 10.9 Signal-flow graph with R; as an output, and X;, R,, and Y; as the input
nodes.
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Path A continuous succession of branches traversed in the same direction is
called the path. It is known as a forward path if it starts at an input node and
ends at an output node without hitting a node more than once. The product of
branch gains along a path is defined as the path gain. For example, there are two
forward paths between nodes X; and R; in Figure 10.9. One of these forward
paths is just one branch connecting the two nodes with a path gain of 1. The
other forward path is X to X, to R;. Its path gain is 4/(2 + s).

Loop A loop is a path that originates and ends at the same node without encoun-
tering other nodes more than once along its traverse. When a branch originates
and terminates at the same node, it is called a self-loop. The path gain of a loop
is defined as the loop gain.

Once the signal-flow graph is drawn, the ratio of an output to an input node
(while other inputs, if there are more than one, are assumed to be zero) can be
obtained by using rules of reduction. Alternatively, Mason’s rule may be used.
However, the latter rule is prone to error if the signal-flow graph is too complex.
The reduction rules are generally recommended for such cases and are given
as follows:

Rule 1 When there is only one incoming and one outgoing branch at a node (i.e.,
two branches are connected in series), it can be replaced by a direct branch with
branch gain equal to the product of the two. This is illustrated in Figure 10.10.

Rule 2 Two or more parallel paths connecting two nodes can be merged into a
single path with a gain that is equal to the sum of the original path gains, as
depicted in Figure 10.11.

Rule 3 A self-loop of gain G at a node can be eliminated by multiplying its input
branches by 1/(1 — G). This is shown graphically in Figure 10.12.

Rule 4 A node that has one output and two or more input branches can be split
in such a way that each node has just one input and one output branch, as shown
in Figure 10.13.

5 ) 10s
X1 0- ¢ 94X, — X1 0 X,
R,

Figure 10.10 Graphical illustration of rule 1.

5s
S5s+3

X, X, — Xe————0X

3

Figure 10.11 Graphical illustration of rule 2.
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2s 4
4 1-2s
Xe . N>y,
Figure 10.12 Graphical illustration of rule 3.
X3

X3

Figure 10.13 Graphical illustration of rule 4.

X2 X:‘

G
X5

X3

Figure 10.14 Graphical illustration of rule 5.

Rule 5 This is similar to rule 4. A node that has one input and two or more
output branches can be split in such a way that each node has just one input and
one output branch. This is shown in Figure 10.14.

Mason’s Gain Rule Ratio T of the effect (output) to that of the cause (input)
can be found using Mason’s rule as follows:

PiA, 4+ PyAy 4+ P3A; + - -
T(s) = 21T 12 2; 383+ (10.1.1)

where, P; is the gain of the ith forward path,

A=1-YLM+Y L2 =Y LB+ (10.1.2)
Al =1-— ZL(])(” + ZL(Z)(” — ZL(S)(” +--- (10.1.3)
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Ay=1=-Y LMOHP+Y L@QOP =Y LAP+---  (10.1.4)

A3=1—ZL(1)<3>+... (10.1.5)

2 L(1) stands for the sum of all first-order loop gains, ¥ L(2) is the sum of all
second-order loop gains, and so on. £ L(1)" denotes the sum of those first-order
loop gains that do not touch path P; at any node, X L(2)(" denotes the sum of those
second-order loop gains that do not touch the path of P; at any point, £ L(1)?®
denotes the sum of those first-order loops that do not touch path P, at any point,
and so on. First-order loop gain was defined earlier. Second-order loop gain is the
product of two first-order loops that do not touch at any point. Similarly, third-order
loop gain is the product of three first-order loops that do not touch at any point.

Example 10.5 A signal-flow graph of a two-port network is given in Figure 10.15.
Using Mason’s rule, find its transfer function Y/R.

SOLUTION There are three forward paths from node R to node Y. Correspond-
ing path gains are found as follows:

3
Pi=1x1x x 1 x3x1=7s
s+ 1 s+2 s+ D@ +2)
Pb=1x6x1=6
and
P 1 x1 ! (—4) x 1 4
=1x1x X(—4) x1=———
} s+ 1 s+ 1

Next, it has two loops. The loop gains are

and

Figure 10.15 Signal-flow graph of Example 10.5.
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Using Mason’s rule, we find that

Y P+P(A-Li—Ly+LiLly)+ P0-Ly
R 1—Li—Ly+LiL,

10.2 SIGNAL-FLOW GRAPH REPRESENTATION
OF A VOLTAGE SOURCE

Consider an ideal voltage source Eg/ 0° in series with source impedance Zg,
as shown in Figure 10.16. It is a single-port network with terminal voltage and
current Vs and [y, respectively. It is to be noted that the direction of current
flow is assumed as entering the port, consistent with that of the two-port net-
works considered earlier. Further, the incident and reflected waves at this port
are assumed to be ag and bg, respectively. The characteristic impedance at the
port is assumed to be Zj.

Using the usual circuit analysis procedure, the total terminal voltage Vs can
be found as follows:

__ y/in ref __ _ in refy __ V.én — V.;:ef
Vs =Vi' + Vg =Eg+ Zgls = Es+ Zs(Ig' + I )—Es+Zs7Z
0

(10.2.1)
where superscripts “in” and “ref” on Vg and Ig are used to indicate the corre-
sponding incident and reflected quantities. This equation can be rearranged as

follows:
Zs Zg .
1 = Vref —Ec—[1=-2 Vln
< * Zo> s > ( Zo) s

fo g DDy
Zo+ Zs Zo+ Zg

or

—L ]

Zs

e .

[ ]
A

as

° » bg

Figure 10.16 Incident and reflected waves at the output port of a voltage source.
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1 by 1
b; e ® by
Iy
0—%0 ag
ag 1

Figure 10.17 Signal-flow graph representation for a voltage source.

Dividing it by +/2Z, we find that

Ve 7 Eg Zo—Zs Vin
2270  Zo+Zs2Zy Zo+ Zs 27,
Using (8.6.15) and (8.6.16), this can be written as follows:

bs = bG + FSCIS (1022)
where
Vgef
be = 10.2.3
s N7 ( )
ZoE
6= —V—0S5 (10.2.4)
N2(Zo + Zs)
Ve
ag = 10.2.5
s N7 ( )
and
Zs— Zy
Me=_—=> "~ 10.2.6
S= 7 % Zo ( )

From (10.2.2), the signal flow graph for a voltage source can be drawn as shown
in Figure 10.17.

10.3 SIGNAL-FLOW GRAPH REPRESENTATION OF A PASSIVE
SINGLE-PORT DEVICE

Consider load impedance Z; as shown in Figure 10.18. It is a single-port device
with port voltage and current V; and I, respectively. The incident and reflected
waves at the port are assumed to be a;, and by, respectively. Further, characteristic
impedance at the port is Zy. Following the usual circuit analysis rules, we find that

V — Vin Vl’ef_Z I — Z Iin ref — Vin_ Vll:ef
L—L+L— L — L(L+IL)—ZL 7
0
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o <« ap
+
Z,
L v,
—o » by

or
z z
(1 + —L) Vel = (—L - 1) vin
Zy 0
or
z
Vil = LSy =, v
Z + Zo

After dividing by /27, we use (8.6.15) and (8.6.16) to find that

by =Tpa;
where
Vref
by = —=
V27
Vin
ap = L
V27
and
Z; — 7
r, = L 0
Zr+Zy

(10.3.1)

(10.3.2)

(10.3.3)

(10.3.4)

(10.3.5)

(10.3.6)

A signal-flow graph can be drawn on the basis of (10.3.3), as shown in Figure 10.19.

ar, ar,
Iy

b
L by

1

Figure 10.19 Signal-flow graph of a one-port passive device.
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]

lip ——» Two-port network Z;

I

Figure 10.20 Two-port network with termination.

Example 10.6 Impedance Z; terminates port 2 (the output) of a two-port net-
work as shown in Figure 10.20. Draw the signal-flow graph and determine the
reflection coefficient at its input port using Mason’s rule.

SOLUTION  As shown in Figure 10.21, combining the signal-flow graphs of a
passive load and that of a two-port network obtained in Example 10.3, we can
get the representation for this network. Its input reflection coefficient is given by
the ratio of b; to a;. For Mason’s rule we find that there are two forward paths,
a; — by and ay - b, - ap, — by — a, — b;. There is one loop, b, — a; —
by — ap, — by, which does not touch the former path. The corresponding path
and loop gains are

Py =8n
Pz = SZl x 1 x FL x 1 x SIZ = FL521512

and
L1=IXFLX1X522=FL522
Hence,
L o— by _PA-L)+P  Su(l-Tr8») +Tr855n
" a 1—L1 1—FLS22
VAR
=S11 + LO21912
1— FLSQQ
Two-port network Load
4 $31 by 1 ap
Si S Iy
b S a 1 by

Figure 10.21 Signal-flow graph representation of the network shown in Figure 10.20.
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Zs

Vg £0° Two-port network -~ A

Figure 10.22 Two-port network with the source and termination.

Example 10.7 A voltage source is connected at the input port of a two-port net-
work and the load impedance Z; terminates its output, as shown in Figure 10.22.
Draw its signal-flow graph and find the output reflection coefficient I'oy.

SOLUTION A signal-flow graph of this circuit can be drawn by combining the
results of Example 10.6 with those of a voltage source representation obtained
in Section 10.2. This is illustrated in Figure 10.23. The output reflection coeffi-
cient is defined as the ratio of b, to a, with load disconnected, and the source
impedance Zg terminates port 1 (the input). Hence, there are two forward paths
from a, to by, ap — by, and ay — by — ag — bs — a; — b,. There is only one
loop (because the load is disconnected), by — ag — bs — a; — b;. The path
and loop gains are found as follows:

P =52
P2 = S12 x 1 x FS x 1 x 521 = FSS12S21

and
Li=1xTgx1xS8;=TgS

Therefore, from Mason’s rule, we have

by P(—=L)+P  Snp(l =S8+ 881

Pouw = — = =
a 1-— L1 1-— S“FS
$218121s
=S5»
1 -8
Voltage source Two-port network
Load
1 by 1 a, So1 b, 1 ap
b; @
T S Sx s
ag 1 b Sis a 1 b

Figure 10.23 Signal-flow graph representation of the network shown in Figure 10.22.
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Voltage source Load
1 by 1 ar,
b; @
I'g I,
ag 1 by,

Figure 10.24 Signal-flow graph for Example 10.8.

Example 10.8 The signal-flow graph shown in Figure 10.24 represents a volt-
age source that is terminated by a passive load. Analyze the power transfer
characteristics of this circuit and establish the conditions for maximum power
transfer.

SOLUTION Using the defining equations of a; and b;, we can develop the
following relations:

power output of the source = |bg|>

power reflected back into the source = las|?
Hence, power delivered by the source, Py, is
Py = |bs|* — las|®
Similarly, we can write the following relations for power at the load:

power incident on the load = lap|?

power reflected from the load = 1br1? =T aLl?

where I'y is the load reflection coefficient. Hence, power absorbed by the load,
P;, is given by

Py =lar|* = b * = la, P(1 = [TLI*) = |bs*(1 = [TL*)
Since
bs = bg + T'sag = bg + T'sby = bg + T'sT'ra; = bg + T'sT by
we find that

bg

by = —9
ST,
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and 1 1 b r.b
as = —(bs —bg) = =— 7G_G = —L<¢
Iy ' \1-TgI', 1-TsT,
Hence,
) ) be | T b
Py=|bs|"—las|" = |—=—| —|7———= =
1-TsI", 1-TsI",
B L S R
1 -TIgI'y

This simply says that the power delivered by the source is equal to the power
absorbed by the load. We can use this equation to establish the load condition
under which the source delivers maximum power. For that, we consider ways to

maximize. )

b
¢ | a—-r.p

p=|—0 _
- ‘I_FSFL

For P; to be a maximum, its denominator 1 — I'gI"; is minimized. Let us analyze
this term more carefully using the graphical method. It says that there is a phasor
I'sI", at a distance of unity from the origin that rotates with a change in 'y,
(g is assumed constant), as illustrated in Figure 10.25. Hence, the denominator
has an extreme value whenever ['s["; is a pure real number. If this number is
positive real, the denominator is minimum. On the other hand, the denominator
is maximized when I'gI" is a negative real number.

For I'sI";, to be a positive real number, the load reflection coefficient I'; must
be the complex conjugate of the source reflection coefficient I'g. In other words,

Z; — 7 Zs—Zo\"
rL=T:= L 0=( s o)
Zr+Zy Zs+ Z

A

-/
[

\

1-Tl,

Figure 10.25 Graphical representation of (1 — I'sI"z).
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For a real Z, it reduces to
Z, =275

The value of this maximum power is

lbg|*

:7:PV
ETa—rsp T

where P,y is the maximum power available from the source. It is a well-known
maximum power transfer theorem of electrical circuit theory.

Example 10.9 Draw the signal-flow graph of the three-port network shown in
Figure 10.26. Find the transfer characteristics b3/bg using the graph.

SOLUTION For a three-port network, the scattering equations are given as
follows:

by = Snay + Sppax + Sizas
by = Sy1a1 + Sxasr + Syas
by = S31a1 + Snax + Spa3

For the voltage source connected at port 1, we have
bs = bg + I'sas

Since the wave coming out from the source is incident on port 1, bg is equal to
a,. Therefore, we can write

a; =bg + I'shy
For the load Z; connected at port 2,

by =Tra;

Zg Port 3

-

Vg £0° Port 1 Three-port network Port 2 Z;

]

Figure 10.26 Three-port network of Example 10.9.
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Again, the wave emerging from port 2 of the network is incident on the load.
Similarly, the wave reflected back from the load is incident on port 2 of the
network. Hence,

bz =daj
and
bL =dap
Therefore, the relation above at the load Z; can be modified as follows:
ar =11by
Following a similar procedure for the load Z, connected at port 3, we find that
bD =TIpap = a3 = FDb3

Using these equations, a signal-flow graph can be drawn for this circuit as shown
in Figure 10.27.

For b3 /by, there are two forward paths and eight loops in this flow graph. Path
gains P; and loop gains L; are found as follows:

P = 83
P, = 8,83

1—‘D
bs ay
S33
S31 S23
Si3
S3
1 bg a by 1 ar,
b; @
! $1
Iy Siy S5 Ty
ag L Sia a 1 by

Figure 10.27 Signal-flow graph of the network shown in Figure 10.26.
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L =581Ts
Ly = 85»I';
Ly = S33I'p

Ly = 81812 s
Ls = 83183812I'plLT's
Lo = 813521832 plLT's
L7 = 8338»plL

and

Lg = 813831 'pls
Therefore, various terms of Mason’s rule can be evaluated as follows:

A =1-—8»l

Ay =1
L) =L+ Ly+Ls+Ls+Ls+Le+ L7+ Lg
YL(2)=LiLy+ LiL3+ LoL3+ L3Ls+ LiLy+ LoLg
SL@3) = L, L,Ls

Using Mason’s rule we can find that

by PIA + P, A,
bs 1= L()+>Y L2) =Y LQ3)

Note that this signal-flow graph is too complex, and therefore one can easily
miss a few loops. In cases like this, it is prudent to simplify the signal-flow
graph using the five rules mentioned earlier.

104 POWER GAIN EQUATIONS

We have seen in the preceding section that maximum power is transferred when
load reflection coefficient I';, is the conjugate of the source reflection coefficient
I's. It can be generalized for any port of the network. In the case of an amplifier,
maximum power will be applied to its input port if its input reflection coefficient
Iy is the complex conjugate of the source reflection coefficient I's. If this is
not the case, the input will be less than the maximum power available from the
source. Similarly, maximum amplified power will be transferred to the load only
if load reflection coefficient I'; is the complex conjugate of output reflection
coefficient I'y. Part of the power available at the output of the amplifier will be
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reflected back if there is a mismatch. Therefore, the power gain of an amplifier
can be defined at least three different ways as follows:

. Py power delivered to the load
transducer power gain, Gy = — = -
P,  power available from the source

. — P; power delivered to the load
operating power gain, == = i
P &P & i P,  power input to the network

and

. . Payn  power available from the network
available power gain, G4 = = -
P.ys power available from the source

where P,y is the power available from the source, P, the power input to the
network, Payn the power available from the network, and P, the power delivered
to the load. Therefore, the transducer power gain will be equal to that of operating
power gain if the input reflection coefficient 'y, is the complex conjugate of the
source reflection coefficient I's. That is,

Pyys = Pinll";nzl";

Similarly, the available power gain will be equal to the transducer power gain if
the following condition holds at the output port:

Pav~ = Prlr, =r*

out

In this section we formulate these power gain relations in terms of scattering
parameters and reflection coefficients of the circuit. To facilitate the formulation,
we reproduce in Figure 10.28 the signal-flow graph obtained in Example 10.7.

Amplifier circuit (two-port)

Voltage source Load
1 by @ $21 b, 1 ay
b; ®
T Sip S T,
ag 1 b, Sia a, 1 by
—
—_ — —
P
P avs P in P AVN L

Figure 10.28 Signal-flow graph for an amplifier circuit with voltage source and termi-
nating load.



412 SIGNAL-FLOW GRAPHS AND THEIR APPLICATIONS

Transducer Power Gain

To develop the relation for transducer power gain, we first determine the power
delivered to load P; and the power available from the source P,y:

Py =la.? = |bo? = la P(1 = [T} = |b2 (1 = |TL) (10.4.1)

We derived an expression for P,y in Example 10.7. That is rewritten here:

2 > lbgl?
Pavs - |bS| - |aS| - m (1042)
Therefore, the transducer power gain is
— |baf? 2 2
Gr = |bG|2(1 —|T]?)A = |Ts|?) (10.4.3)

We now need to find an expression for b,/bs. Mason’s rule can be used to
formulate it. There is only one forward path in this case. However, there are
three loops. The path gain P; and loop gains L; are

P =8
Ly =S81Ts
Ly = 5Ty
and
L3 = 8§18 'sI'
Therefore,
by Py
b 1—(Li+Ly+Ls3)+LiL,
S
- 21 (10.4.4)
1 — (Suls 4+ Snlr + ST Siels) + SulsS»lny
Substituting (10.4.4) into (10.4.3), we get
S (1 — T2 »HA — |Tg|?
Gr [S21]7(1 = [T [5)(1 — |Ts|7) (10.4.5)

1= (SuTs + ST + ST S1ls) + SilsSol, |2
It can be simplified as follows:

_ [S212(1 = [T 5 = Ts?)
[(1 =S Ts)(1 — SpnT') — S8l Tsl?

Gr
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or
G — 1S212(1 — T 1)1 — D)
=
[(1 = SnpTp)[1 = Siuls = Sy 812l /(1 — Splp)]1?
or
CSu P =T ) A — [Tsl?)
=
[(1 = $2T1)(1 — T Cg) 2
1—|Tg? 1— |
S el L1 1551 |2 el L1 (10.4.6)
[1—Tipls|? [1— Syl |?
where S SiT"
219121 1
'n==S —_ 10.4.7
in 11 + 1— 522FL ( )
This is the input reflection coefficient formulated in Example 10.6.
Alternatively, (10.4.5) can be written as
G, = [SaPA =T = sl - 1T S L= T
;= — S Lt 1
(1 =SuCs)(1 = Toul)> |1 —=8uTls|? [1 —Toul'z]?
(10.4.8)
where S ST
219121 s
Cout = S —_ 10.4.9
out 22 + 1— 511Fs ( )

This is the output reflection coefficient formulated in Example 10.7.

Special Case Consider the case when the two-port network is unilateral. This
means that there is an output signal at port 2 when a source is connected at port
1. However, a source (cause) connected at port 2 does not show its response
(effect) at port 1. In terms of scattering parameters of the two-port, S;, is equal
to zero in this case, and therefore, the input and output reflection coefficients
in (10.4.7) and (10.4.9) simplify as follows:

Fin = S

and
1—10ut = 522

The transducer power gain G as given by (10.4.6) or (10.4.8) simplifies to

1—|Ts)?
1 —SiTsl?

1— I
|1 — Sl ?

Grlsy,=0=Gry = 1S | =GsGoGy (10.4.10)

where Gry may be called the unilateral transducer power gain, while
1— Tl

[1— SiTsl?

Go = |5 (10.4.12)

Gs = (10.4.11)
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and
1— T2

Gp= —— L
LTRSS

(10.4.13)

Equation (10.4.10) indicates that maximum Gy is obtained when the input and
output ports are conjugate matched. Hence,

Grup = G$,0 GoG L (10.4.14)
where
G s = Gslrg=s;, (10.4.15)
and
GLuw = GLlr,=s;, (10.4.16)

Operating Power Gain

To find the operating power gain, we require the power delivered to the load
and power input to the circuit. We evaluated the power delivered to the load
in (10.4.1). The power input to the circuit is found as follows:

P = lai[* — |b1* = a1 P (1 — |Tinl®)

Hence, 5 5
Pr bl (1 —[T'L%)
Gp=—=—"—"—71——"— 10.4.17
T Pu T laiP(1— [T ( )
Now we evaluate b,/a; using Mason’s rule. With the source disconnected, we
find that there is only one forward path and one loop with gains S»; and Sy,
respectively. Hence,

b S
2__ " (10.4.18)
aq 1— SzzFL
Substituting (10.4.18) into (10.4.17), we find that
Gp= — 1 1512 Lo Il (10.4.19)
TN T W o

Available Power Gain

Expressions for maximum powers available from the network and the source are
needed to determine the available power gain. Maximum power available from
the network Payn is delivered to the load if the load reflection coefficient is a
complex conjugate of the output. Using (10.4.1), we find that

PavN = Prlr,=rs, = [b2]*(1 = T2?) = |52 (1 = [Toul®) (10.4.20)

out
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The power available from the source is given by (10.4.2). Hence,

_ Pan o)

G,y= = 1 — |Tou|>) (1 = |Tg|? 10.4.21
A=p |bc|2( ICoul (1 — [T's|%) ( )

Next, using Mason’s rule in the signal-flow graph of Figure 10.28, we find that

by _ So1
bg 1 —=(Suls+ Snl'L + SulSils) + SiiTsS»ly
_ S21
(I =S8Suls)(1 — oul'r)
and
b S
2 — 21 - (10.4.22)
b |p,—r:, (1 =Suls)(1 = [Foul*)
Now, substituting (10.4.22) into (10.4.21), we get
G Ul LTl 1S5 2 ! (10.4.23)
= — %] ———— 4.
SRRSO NE 1 — |Toul?

Example 10.10 The scattering parameters of a microwave amplifier are found at
800 MHz as follows (Zy = 502): S;; = 0.45 £150°, S1, = 0.01 £ —10°, Sp; =
2.05 £10°, and Sy, = 0.4 / — 150°. The source and load impedances are 20 and
30 2, respectively. Determine the transducer power gain, operating power gain,
and available power gain.

SOLUTION First we determine the source reflection coefficient I'g and the load
reflection coefficient I'; as follows:

Zs—Zo 20 —50 30
Mg=25_"20 _ = - =-0429
Zs+Zo 20+ 50 70
and
Zr —Zo 30—50 20
r; L 20 _ = =025

~Z.+Zo 30+50 80

Now the input reflection coefficient I';, and the output reflection coefficient "oy,
can be calculated from (10.4.7) and (10.4.9), respectively:

51 81,1 0.01 £ — 10°)(2.05 £10°)(—0.25
[yo= S 4+ 22127 L 45 /150° 4 ¢ ) )( )

1—8»Ig 1 — (0.4 £—-150°)(—0.25)

or
[y = —0.3953 + j0.2253 = 0.455 £150.32°
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and

S5, S;,T . (0.01 Z—10°)(2.05 £10°)(—0.429
Doyt = Sop + 2221225 _ 04/ — 150 +( ) ) )

1— 8T 1 — (0.45 £150°)(—0.429)

or
[Cou = —0.3568 — j0.1988 = 0.4084 £ — 150.87°

The transducer power gain G can now be calculated from (10.4.6) or (10.4.8)
as follows:

C1SuPA =T P = Ts?)  [SulP( = IT2[) (A = |Ts?)

Gr = 2 = 2
[(1 = S0l )(1 = Tipls)l (1 = 81uls)(1 = Fou ')
Hence,
1 — (0.429)? 1 — (0.252
Gr = ( ) (2.05)2 ( )
11 — (0.45 £150°)(—0.429)|> |1 — (0.4084 £ — 150.87°)(—0.25)|?
= 5.4872

Similarly, from (10.4.19),

1 1 — |
Gp=—— |S) ———
PETme P T sarr
Therefore,
1 —(0.25%
Gp=———(2.05% ( ) = 5.9374
1 — (0.4552) 1 — (0.4 £ —150°)(—0.25)|2

The available power gain is calculated from (10.4.23) as follows:

G L=oITsp S !
AT =S T T = Taul?
Hence,
1 — (0.429)2 s 1
Gy = 2.05 = 5.8552
AT 1= (045 1150°)(—0.429)|2( )1—(0.4084)2

The three power gains can be expressed in decibels as follows:

Gr(dB) = 101og(5.4872) ~ 7.4dB
Gp(dB) = 1010g(5.9374) ~ 7.7dB
and

G 4(dB) = 1010g(5.8552) ~ 7.7dB
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Example 10.11 The scattering parameters of a microwave amplifier are found at
2 GHz as follows (Zy = 50 Q): Sy, = 0.97 £/ — 43°, S;, = 0.0, S = 3.39 /140°,
and S5, = 0.63 £ — 32°. The source and load reflection coefficients are 0.97 /43°
and 0.63 /32°, respectively. Determine the transducer power gain, operating
power gain, and available power gain.

SOLUTION  Since S); is zero, this amplifier is unilateral. Therefore, its input
and output reflection coefficients from (10.4.7) and (10.4.9) may be found as
follows:

input reflection coefficient 'y, = Sj; = 0.97 £ — 43°

output reflection coefficient oy = Sp0 = 0.63 £ — 32°

On comparing the input reflection coefficient with that of the source, we find
that one is the complex conjugate of the other. Hence, the source is matched
with the input port, and therefore the power available from the source is equal
to the power input. Similarly, we find that the load reflection coefficient is the
conjugate of the output reflection coefficient. Hence, power delivered to the load
will be equal to power available from the network at port 2. As may be verified
from (10.4.10), (10.4.19), and (10.4.23), these conditions make all three power
gains equal. From (10.4.10),

1 —|Tg)? , 11— 1 — (0.97)? )
Gry = —_1SE_g = 3.39
= e P T s T i oo O
1 — (0.63)?
o 17O
1T — (0.63)2)2
From (10.4.19),
1 1— |02 1 — (0.63)2
Gp = Soil? = 3392 7
T O 5211 1 —Sul 2 1—(0.97)2 (3.39) 1T — (0.63)22
—322.42
From (10.4.23),
1 — T2 ) 1 1 - (0.97)? 5
Gy=—35__ g = 3392 —
A= s P T T im0 O T 06
=322.42
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PROBLEMS

10.1. Use Mason’s rule to find Y (s)/R(s) for the signal-flow graph shown in
Figure P10.1.

Figure P10.1

10.2. Use Mason’s gain rule to find Y5(s)/Y;(s) and Y»(s)/Y;(s) for the system
shown in Figure P10.2.

Gy

Figure P10.2



PROBLEMS 419

10.3. Use Mason’s gain rule to find Y,(s)/R3(s) for the system shown in Figure
P10.3.

Ry(s)

4
Figure P10.3

10.4. Use Mason’s gain rule to find Y (s)/R(s) for the signal-flow graph shown
in Figure P10.4.

1 4
R(s) > >

3 1
\ 4

S+ DN\_1/(S+ 1)

6

Y(s)

Figure P10.4

10.5. Draw the signal-flow graph for the circuit shown in Figure P10.5. Use
Mason’s gain rule to determine the power ratios P,/ P; and Ps/P;.

Port 3
Py
Port 1

Port 2

Figure P10.5

0 S, O
[SI=1] 81 0 Sx
0 S O
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'y s the reflection coefficient at port 1, and I'; and I'; are the reflection
coefficients at ports 2 and 3, respectively.

10.6. A voltage source has an internal impedance of 1002, and an electro-
motive force of 3 V. Using Zy = 50 2, find the reflection coefficient and
scattering variables a and b for the source.

10.7. A 10-mV voltage source has an internal impedance of 100 + j50 €.
Assuming that the characteristic impedance Z; is 50 €2, find the reflec-
tion coefficient and scattering variables a and b for the source. Draw the
signal-flow graph.

10.8. A voltage source of 1 £0° V has an internal resistance of 80 €. It is
connected to a load of 30+ j40<2. Assuming that the characteristic
impedance is 50 €2, find the scattering variables and draw the signal-flow
graph.

10.9. The scattering parameters of a two-port network are S;; = 0.26 — j0.16,
512 = 521 = 042, and S22 =0.36 — ]057

(a) Determine the input reflection coefficient and transducer power loss
for ZS = ZL = Zo.
(b) Do the same for Zg = Zy and Z; = 3Z,.

10.10. Two two-port networks are connected in cascade. The scattering
parameters of the first two-port network are Sy = 0.28, Sjp = Sp; = 0.56,
and Sy = 0.28 — j0.56. For the second network, S;; = S» = —j0.54
and S;; = 71 = 0.84. Determine the overall scattering and transmission
parameters.

10.11. Draw the flow graph representation for the two cascaded circuits of
Problem 10.10. Using Mason’s rule, determine the following: (a) the
input reflection coefficient when the second network is match-terminated
and (b) the forward transmission coefficient of the overall network.

10.12. A GaAs MESFET has the following S-parameters measured at 8§ GHz with
a 50-Q reference: S1; = 0.26 £ — 55°, §1, = 0.08 £80°, S, = 2.14 £65°,
and S»» =0.82 /—30°. For Z; =40+ j160Q and I's =0.31 /
— 76.87°, determine the operating power gain of the circuit.

10.13. The S-parameters of a certain microwave transistor measured at 3 GHz
with a 50-S2 reference are S;; = 0.406 £ — 100°, S;2 =0, S5 = 5.0 £50°,
and S» = 0.9 £ — 60°. Calculate the maximum unilateral power gain.

10.14. (a) Find the value of the source impedance that results in maximum power
delivered to the load in the circuit shown in Figure P10.14. Evaluate
the maximum power delivered to the load.
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10V £0° Z,=50Q Z,=50+j50 Q

fe—— a4 ——

Figure P10.14

(b) Using the value of Z; from part (a), find the Thévenin equivalent
circuit at the load end and evaluate the power delivered to the load.
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TRANSISTOR AMPLIFIER DESIGN

Amplifiers are among the basic building blocks of an electronic system. Although
vacuum-tube devices are still used in high-power microwave circuits, transis-
tors—silicon bipolar junction devices, GaAs MESFETSs, heterojunction bipolar
transistors (HBTs), and high-electron mobility transistors (HEMTs)—are com-
mon in many radio-frequency and microwave designs. The chapter begins with
the stability considerations for a two-port network and the formulation of rele-
vant conditions in terms of its scattering parameters. Expressions for input and
output stability circles are presented next to facilitate the design of amplifier
circuits. Design procedures for various small-signal single-stage amplifiers are
discussed for unilateral as well as bilateral transistors. Noise figure considera-
tions in amplifier design are discussed in the following section. An overview
of broadband amplifiers is included. Small-signal equivalent circuits and biasing
mechanisms for various transistors are also summarized in subsequent sections.

11.1 STABILITY CONSIDERATIONS

Consider a two-port network that is terminated by load Z; as shown in Figure 11.1.
A voltage source Vg with internal impedance Zg is connected at its input port.
Reflection coefficients at its input and output ports are 'y, and Iy, respectively. The
source reflection coefficient is I'g and the load reflection coefficient is I'; . Expres-
sions for input and output reflection coefficients were formulated in Examples 10.6
and 10.7. For this two-port to be unconditionally stable at a given frequency, the

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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Zs
1
L1
Vg £0° ‘_\ > Two-port network -« ’—> Z
I |
Z()th’ Fout L
Zin’ 1—‘in

Figure 11.1 Two-port network with voltage source at its input and a load terminating
the output port.

following inequalities must hold:

T < 1 (11.1.1)
Tl <1 (11.12)
S$218121°,
r..|=1|S —_ 11.1.3
| 1n| 11 + 1 — S22FL ( )
and
S$218121s
r =18 —_— 1 11.1.4
| outl 22+ 1— 511Fs < ( )

Condition (11.1.3) can be rearranged as follows:

822821812 + (S12821 — S12521)
S+ 1
Soo(1 — 8$2,I'1)
o 1 S5 8
—(A—F#)‘ <1 (11.1.5)
S2 1—Sply
where
A =815 — Si2S1 (11.1.6)
Since
1= SnlL —> 1= Sn=1-|Snlexp(j6) = A 11.1.7)
P

This traces a circle on the complex plane as 0 varies from zero to 2w. It is
illustrated in Figure 11.2. Further, 1/[1 — |S;| exp(j6)] represents a circle of
radius r with its center located at d, where

1 1 1 |S20]
st _ - _ (11.1.8)
2\1—[Sn] 1+[Sn] I — [52]
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Figure 11.2 Graphical representation of (11.1.7).

and

1 1 1 1
d=- + - (11.1.9)
2(1+|Szz| 1—|522|) 1 —|S»|?

Hence, for '] < 1 and ZI"; = 6, condition (11.1.5) may be written as

1 1+ |Sx|exp(;j0)
— A+ 5 Sy ———i— 1
‘|522|< B 12{ 1~ 182l )
or
| SuSy SwSulS 0
12521 i 12521 22|ex§(] ) <1 (11.1.10)
1S | 1 —|S2] 1= 152]

Now, using the Minkowski inequality,

n 1/17 n 1/17 n I/P
<Z lag + bk|p) < (Z |ak|P> + (Z |bk|1’) (11.1.11)
k=1 k=1 k=1

we find that (11.1.10) is satisfied if

1 S1281 [S12821]
3 5 < 1
[S22] I — [52] 1 — |52
or
1 S1pS S12.5;
12821 i IS 21|2 (11.1.12)
[S22| 1 — |82 1 — S|

Since the left-hand side of (11.1.12) is always a positive number, this inequality
will be satisfied if the following is true:

1—|Sn> = 1S1281] > 0 (11.1.13)
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Similarly, stability condition (11.1.4) will be satisfied if
1—[Sul* = [81281] > 0 (11.1.14)
Adding (11.1.13) and (11.1.14), we get
2—[811* = 1S2l* = 2IS128| > 0

or
1= 23181 l* + 1521 > [S1252] (11.1.15)

From (11.1.6) and (11.1.15), we have
|A] < 181180 + [S12821] < [S118S0] + 1 = 3(IS1 > + 1527

or
Al <1 =308l —1Su)* = A < 1 (11.1.16)

Multiplying (11.1.13) and (11.1.14), we get
(1= 182> = 151282 DA = [S111* = 812821 ]) > 0

or
L= [S1? = [Snl* = 2[8128u| +¢ > 0 (11.1.17)

where
¢ =[S * 1S + [S12821* + 15128211 (IS11 1> + [S221%)

From the self-evident identity,
11282111811 | = [822)* = 0

it can be proved that
c< AP

Therefore, (11.1.17) can be written as:

1— 811> = |S2]* = 2[S1282| + [A]* > 0

or
1= (811> =[Sl + |A]* > 218125y
of 2 2 2
I — 181117 = [8221° + |A|
> 1
2|81281|
Therefore,

k= 1—[Sul? = [Snl> + A
21812811

> 1 (11.1.18)
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If the S-parameters of a transistor satisfy conditions (11.1.16) and (11.1.18), it
is stable for any passive load and generator impedance. In other words, this
transistor is unconditionally stable. On the other hand, it may be conditionally
stable (stable for limited values of load or source impedance) if one or both
of these conditions are violated. It means that the transistor can provide stable
operation for a restricted range of 'y and I";. A simple procedure to find these
stable regions is to test inequalities (11.1.3) and (11.1.4) for particular load and
source impedances. An alternative graphical approach is to find the circles of
instability for load and generator reflection coefficients on a Smith chart. The
latter approach is presented below.
From the expression of input reflection coefficient (10.4.7), we find that

NI
Cin =8+ ——F—= =2 Tin(l —8:I') = 8111 — 8$»l'L) + S8
1 — S»pI'p
or
Cin = Sit — T (S11822 — 8128521 — TinS2) = I' = Sl
A —TinS»
or
T = Suu—Tin S22 1 S1182 — T'inS22 — S128521 + S12521
L= 2
A—=TinS»nS» S5» A —TinS»
or
1 S12S 1 S1pS
LS (1 Y] ) _ (A—i— 12 211 > (11.1.19)
82 A —TinS» ASy) I =T A 1Sy

As before, 1 — I'j,S>» A~! represents a circle on the complex plane. It is centered
at 1 with radius |Tj,S»A~'; the reciprocal of this expression is another circle
with center at

1 1 N 1 B 1
2\1+[A Sy 1T—]A1Syn])  1—|A"1Sy?

and radius

1 1 1 ATy
2\1—[A"1Sn|  1+]A18Syn|) 1—]A-1Sy?

Since |I'jy| < 1, the region of stability will include all points on the Smith chart
outside this circle. From (11.1.19), the center of the load impedance circle, Cy, is

1 S1251 1 S8 |A?
CL= A = A4 =27
ETOASy ( * 1- |A_1522|2> AS» ( * |AI2 = |S2]?

—i(] M) _L|A|2_|S22|2+S12521A*
S22 [A? = [S2]? S IA]Z — [Sx?

or




STABILITY CONSIDERATIONS 427

or
Cr — I A*(A+S1280) = [Sn> 1 A*S;1Syn — |Snl?
L= — -
S22 |A]Z — [Sx/? S A2 —[8n)?
Therefore,
A*S — S2 Sy — ASF)H*
C, = 2“ 2 (S22 - “)2 (11.1.20)
[A]* = |S22] [S22]% — |A|
Its radius, ., is given by
1 S8, |ATLS S1n S
= 12 21|_1 222| :’ 212 21 2‘ (11.1.21)
[ASxn| | 1 —[AT18x] [A|]* = [822]

As explained following (11.1.19), this circle represents the locus of points over
which the input reflection coefficient 'y, is equal to unity. On one side of this
circle, the input reflection coefficient is less than unity (stable region); on its
other side it exceeds 1 (unstable region). When load reflection coefficient 'y, is
zero (i.e., a matched termination is used), I', is equal to S;;. Hence, the center
of the Smith chart (reflection coefficient equal to zero) represents a stable point
if |S11] is less than unity. On the other hand, it represents unstable impedance
for |Sy;| greater than unity. If I'; = 0 is located outside the stability circle and
is found stable, all outside points are stable. Similarly, if I'; = 0 is inside the
stability circle and is found stable, all enclosed points are stable. If I'; = 0 is
unstable, all points on that side of the stability circle are unstable.

Similarly, the locus of I'g can be derived from (11.1.4), with its center Cy and
its radius rg given as

A*Sy» — 87 (S — AS5,)*

Cg = = (11.1.22)
STIAP ISP T ISnlE - AP
and
1 S1S|ATLS S12.5;
rg = ‘ 128211 ] 112| :‘ 212 21 i (11.1.23)
[ASi| | 1 —]A71S] A% =[Sl

This circle represents the locus of points over which output reflection coefficient
[oue 1s equal to unity. On one side of this circle, the output reflection coefficient
is less than unity (stable region), whereas on its other side it exceeds 1 (unstable
region). When the source reflection coefficient I'g is zero, oy is equal to Sy;.
Hence, the center of the Smith chart (reflection coefficient equal to zero) repre-
sents a stable point if |Sy;| is less than unity. On the other hand, it represents an
unstable impedance point for | Sy, | greater than unity. If I's = 0 is located outside
the stability circle and is found stable, all outside source-impedance points are
stable. Similarly, if I'g = 0 is inside the stability circle and is found stable, all
enclosed points are stable. If I'y = 0 is unstable, all points on that side of the
stability circle are unstable.
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Example 11.1 The S-parameters of a properly biased transistor are found at
2GHz as follows (50-Q reference impedance): S;; = 0.894 /—60.6°, S, =
0.02 £62.4°, S,; = 3.122 £123.6°, and Sy, = 0.781 £—27.6°. Determine its sta-
bility and plot the stability circles if the transistor is potentially unstable (see
Figure 11.3).

SOLUTION From (11.1.16) and (11.1.18), we get
Al = 1811822 — S128521| = 0.6964
and

_ LHIAP = ISul? = I8/

k= = 0.6071
2|81281]

Since one of the conditions for stability failed above, this transistor is poten-
tially unstable.

Figure 11.3 Input and output stability circles for Example 11.1.
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Using (11.1.20) to (11.1.23), we can determine the stability circles as follows.
For the output stability circle C; = 1.36 /46.7° and r; = 0.5. Since |Sy;| is
0.894, I';, = O represents a stable load point. Further, this point is located outside
the stability circle, and therefore all points outside this circle are stable.

For the input stability circle Cs = 1.13 /68.5° and rg = 0.2. Since |Sy,| is
0.781, I's = 0 represents a stable source impedance point. Further, this point
is located outside the stability circle, and therefore all points outside this circle
are stable.

For the output stability circle, draw a radial line at 46.7°. With the radius
of the Smith chart as unity, locate the center at 1.36 on this line. It can be
done as follows. Measure the radius of the Smith chart using a ruler scale.
Supposing that it is d millimeters, the location of the stability circle is then at
1.36d millimeters away on this radial line. Similarly, the radius of the stability
circle is 0.5d millimeters. The load impedance must lie outside this circle for
the circuit to be stable. Following a similar procedure, the input stability circle
is drawn with its radius as 0.2d millimeters and center at 1.13d millimeters on
the radial line at 68.5°. To have a stable design, the source impedance must lie
outside this circle.

11.2 AMPLIFIER DESIGN FOR MAXIMUM GAIN

In this section we first consider the design of an amplifier that uses a unilat-
eral transistor (S;; = 0) and has maximum possible gain. A design procedure
using a bilateral transistor (S, # 0) is developed next that requires simultaneous
conjugate matching at its two ports.

Unilateral Case

When S, is zero, the input reflection coefficient I';, reduces to S;; and the
output reflection coefficient I'yy, simplifies to Sy,. To obtain maximum gain, the
source and load reflection coefficients must be equal to S}, and S3,, respectively.
Further, the stability conditions for a unilateral transistor simplify to |Sj;| <1
and |S22| < 1.

Example 11.2 The S-parameters of a properly biased BJT are found at 1 GHz
as follows (with Zy =50Q): S;; = 0.60 £—155°, Sy, = 0.48 /—20°, S;» =0,
and Sp; = 6 £180°. Determine the maximum gain possible with this transistor
and design an RF circuit that can provide this gain.

SOLUTION
1. Stability check:

X 1 —[S1? = [Snl* + A
= =
21812811
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because S, = 0 and

[A] = [S11822 — S12821] = [S11522] = 0.2909

Since both of the conditions are satisfied, the transistor is unconditionally stable.

2. The maximum possible power gain of the transistor is found as

1 — |2 , 1—I?
Gy = S
W= s e T s, P
and
L=ISHP o o =S
G = S
T = T s P 2 TS 8P
1 2
— — 73.9257
os06 O) 04w
or

Gru,,, = 10log,((73.9257) dB = 18.688 dB

3. For the maximum unilateral power gain,

s =S =0.606 155 and T, =S =048 /20°

The component values are determined from the Smith chart as illustrated in
Figure 11.4.

Corresponding to the reflection coefficient’s magnitude 0.606, the VSWR is
4.08. Hence, point D in Figure 11.4 represents the source impedance Zg. Sim-
ilarly, point B can be identified as the load impedance Z;. Alternatively, the
normalized impedance can be computed from the reflection coefficient. Then,
points D and B can be located on the Smith chart. Now, we need to transform
the zero reflection coefficient (normalized impedance of 1) to I'g (point D) at the
input and to I';, (point B) at the output. One way to achieve this is to move first
on the unity conductance circle from the center of the chart to point C and then
on the constant-resistance circle to reach point D. Thus, it requires a shunt capac-
itor and then a series inductor to match at the input. Similarly, we can follow the
unity-resistance circle from 1 to point A and then the constant-conductance circle
to reach point B. Thus, a capacitor is connected in series with the load and then
an inductor in shunt to match its output side. Actual values of the components
are determined as follows.

The normalized susceptance at point C is estimated as j1.7. Hence, the shunt
capacitor on the source side must provide a susceptance of 1.7/50 = 0.034S.
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Figure 11.4 Smith chart illustrating the design of Example 11.2.

2.307 pF

|
AN

12.434 nH |::| 50 Q

Figure 11.5 RF circuit designed for Example 11.2.

5.1725 nH

Since the signal frequency is 1 GHz, this capacitance must be 5.411 pF. Now
the change in normalized reactance from point C to point D is determined
as j0.2 — (—j0.45) = j0.65. The positive sign indicates that it is an induc-
tor of reactance 0.65 x 50 = 32.5 Q2. The corresponding inductance is found as
5.1725 nH. Similarly, the normalized reactance at point A is estimated as — j1.38.
Hence, the load requires a series capacitor of 2.307 pF. For transforming the sus-
ceptance of point A to that of point B, we need an inductance of (—0.16 —
0.48)/50 = —0.0128 S. It is found to be a shunt inductor of 12.434nH. This
circuit is illustrated in Figure 11.5.
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Bilateral Case (Simultaneous Conjugate Matching)

To obtain the maximum possible gain, a bilateral transistor must be matched at
both of its ports simultaneously, as shown in Figure 11.6. When its output port
is properly terminated, the input side of the transistor is matched with the source
such that I';, = I'y. Similarly, the output port of transistor is matched with the

load when its input is matched terminated. Mathematically,

in = F:‘
and
1—‘out = Fz
Therefore,
S128
reE=8,+———-
§ S TN o
and
S12821 s
[f =8+ — >
L S R O
From (11.2.1),
ST, Sy
s = % + 12921

/T =85
and from (11.2.2),

S =SS —SuSH)ls — Sn —TA

I} = =
I =81l I —81uTs
Substituting (11.2.4) in (11.2.3), we have
S12551
[(1 = 81uTs)/ (S22 —TsA)] = 53,

FS:STI +

(11.2.1)

(11.2.2)

(11.2.3)

(11.2.4)

Input

Vg £0° _match— > Transistor <
ing
network

1—‘S | rin 1—‘oul

|FL

Output §|

match- |[Load

ing

r network J

3

Figure 11.6 Bilateral transistor with input- and output-matching networks.
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or

%85, (Sy — TsA
Py=8iy+ g 22D
1 =8uls — [Snl” + TsS$HA

SES;] (S — T'sA)
1 —[Sn|> — (Si1 — 85,A)T

or

(1 — [S02/Hs — (S11 — S5 A)T: = S5, (1 — [S22]?) — S, (S11 — S5 A)Ts
+ ST2S;](SZZ - FSA)

or
(S11 = S5 A3 + (AP =[S > + |S2* = DTs + (S}, — $SnA*) =0

This is a quadratic equation in I'g and its solution can be found as follows:

By £ /B — 4|Cy)2

I's = =T 11.2.5
s 2C, Ms ( )

where
By =1+S1* = [Sn* — |A]?

and
Ci=81—-S,A

Similarly, a quadratic equation for I'; can be formulated. Solutions to that

equation are found to be
By £ /B3 — 4|C,)?
(11.2.6)

2C,

Cyr =

where

By =1+Snl> = Sul* — 1A
and

Cr=8»n—SiA
If |B1/2C;| > 1 and B; > 0 in equation (11.2.5), the solution with a minus sign
produces |I"ys| < 1 and that with a positive sign produces |I"y;s| > 1. On other
hand, if |B;/2C;| > 1 with B} < 0 in this equation, the solution with a plus sign

produces |I'y;s| < 1 and the solution with a minus sign produces |I'j;5| > 1.
Similar considerations apply to equation (11.2.6) as well.

Observation |B;/2C;| > 1 implies that |k| > 1.
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Proof:

B, o1 L+ 181% — [Sn)? — |A
2C; 2(811 — SE‘ZA)

or
11+ (81> = [Snl* = [AFP] > 2[(S11 — S5,0)]

Squaring on both sides of this inequality, we get
1+ 181 = IS0 = [APP > 4[(Si1 = S M)
and

1S11 — SH AR = (S11 — S5 A)(S], — SnA*)
= S22 1> + (1 = [S2)(S1 1> = [A]D

Therefore,

114 111> = [Snl* — |AP12 > 4512801 + 4(1 — [Sn D) (S1]* — |A]%)

or
114+ 1112 = [Snl* — |AP2 =41 = [Sn ) (S 1> = |A]*) > 4]8125 2
or
(1= 182 = ISul* + |A[H? > 415128
or
11— 1S22” = [S11* + |A] > 2|S12821]
Therefore,

1= 180l* = [Sul* + AP

>1=k>1
2|81281|

Also, it can be proved that |A| < 1 implies that B; > 0 and B, > 0. Therefore,
minus signs must be used in equations (11.2.5) and (11.2.6).
Since

(1 = ITusIHIS2 > = [Taz )
(1 = SiiTus)(1 — ST mr) — S12821 T Tusl?

GT max —
substituting equations (11.2.5), (11.2.6), and k from (11.1.18) gives

S ——
Grmax = %(k —Vk* — 1) (11.2.7)
12
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Maximum stable gain is defined as the value of G p,x when k = 1. Therefore,

Sa1

(11.2.8)
Si2

Gusg =

Example 11.3 The S-parameters of a properly biased GaAs FET HFET-1101
are measured using a 50-Q2 network analyzer at 6 GHz as follows: S;; = 0.614
[—167.4°, Sy =2.187 £32.4°, §1, =0.046 /65°, and Sy = 0.716 /—83°.
Design an amplifier using this transistor for a maximum possible gain.

SOLUTION First we need to test for stability using (11.1.16) and (11.1.18).
|A| = |S11522 — S12521| =0.3419
and

1= 1Sy = ISnl? + AP

k = =1.1296
2|81281]

Since both of the conditions are satisfied, the transistor is unconditionally stable.
For the maximum possible gain, we need to use simultaneous conjugate matching.
Therefore, the source and load reflection coefficients are determined from (11.2.5)

and (11.2.6) as follows:
By — /B —4|Cy|?

Tys = =0.8673 £169.76°
MS 2C,
and
By — /B3 — 4|C,|?
Ty = =0.9011 /84.48°
ML 20,

There are many ways to synthesize these circuits. The design of one of the
circuits is discussed here. As illustrated in Figure 11.7, normalized impedance
points A and C are identified corresponding to I'y;s and I';;, respectively. The
respective normalized admittance points B and D are located next. One way to
transform the normalized admittance of unity to that of point B is to add a shunt
susceptance (normalized) of about j2.7 at point E. This can be achieved with a
capacitor or a stub of 0.194\, as shown in Figure 11.8. Now, for moving from
point E to point B, we require a transmission line of about 0.065\. Similarly, an
open-circuited shunt stub of 0.297\ will transform the unity value to 1 —j3.4 at
point F, and a transmission line length of 0.093\ will transform it to the desired
value at point D.

Note that both of the shunt stubs are asymmetrical about the main line. A
symmetrical stub is preferable. It can be achieved via two shunt-connected stubs
of susceptance j1.35 at the input end and of — ;1.7 at the output. This circuit
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7 Design of input- and output-side matching networks.

Figure 11

0.093A

50Q

0.297A

O.C.

0.065A

0Q

5

0.194A

O.C.

Figure 11.8 RF part of the amplifier circuit for Example 11.3.
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500 o 0:065%

O.C. T —_

Figure 11.9 RF part of the amplifier circuit with symmetrical stubs.

is illustrated in Figure 11.9. The value of the gain is evaluated from (11.2.7)
as follows:

S
Grmax = :Si:(k —+Vk*—1) =28.728 = 1010g(28.728) = 14.58 dB
12

Unilateral Figure of Merit In preceding examples we found that the design
with a bilateral transistor is a bit complex compared with a unilateral case. The
procedure for the bilateral transistor becomes even more cumbersome when the
specified gain is less than its maximum possible value. It can be simplified by
assuming that a bilateral transistor is unilateral. The unilateral figure of merit
provides an estimate of the error associated with this assumption. It can be
formulated from (10.4.8) and (10.4.10) as follows:

Gr |1 =SpTL]* 1 —5,I', ?
Gru 1 —Toull? |1 —=8nT — SSulsI /(1 — SiTs)
[T —Spl > 1 ?
1 =Toul'LP?  [1 = S128ulsTr/(1 = SnTr)(1 — Sils)
or
Gr 1)
Gy |1-X
where

X — S8 s
(I = 8T ) = 811)
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Therefore, the bounds of this gain ratio are given by

1 Gr 1
2 < < 2
a+1XD>  Grog (A —|XD

When I's = S}, and 'y = S3,, Gry has a maximum value. In this case, the
maximum error introduced by using Gry in place of G ranges as follows:

! Gr ! (11.2.9)
< < L
1+0U)? Gy (A-U)?
where 15101 Sa1 115111152
12 21 11 22 (11210)

A= 1SuPd = [S2l?)
The parameter U is known as the unilateral figure of merit.

Example 11.4 The scattering parameters of two transistors are as given below.
Compare the unilateral figures of merit of the two. For transistor A, S;; =
0.45 £150°, S;, = 0.01 £—10°, Sp; =2.05 £10° and S5, = 0.4 £—150°. For
transistor B, S;; = 0.641 /—171.3°, S;; =0.057 £16.3°, Sp; = 2.058 £28.5°,
and Sy, = 0.572 £—95.7°.

SOLUTION From (11.2.10) we find that

_0.01 x 2.05 x 0.45 x 0.4
T (1 =0.452)(1 —0.42)

= 0.00551 = Ux

for transistor A. Similarly, for transistor B,

U 0.057 x 2.058 x 0.641 x 0.572
T (1 =0.6412)(1 — 0.5722)

=0.1085 = Up

Hence, the error bounds for these two transistors can be determined from (11.2.9)
as follows. For transistor A,

0.9891 < ﬂ < 1.0055
Gry

and for transistor B,
Gr

TU

0.8138 < < 1.2582

Alternatively, these two results can be expressed in decibels as follows.

Gr

—0.0476dB < < 0.0238 dB

TU
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and

Gr

—0.8948dB < < 0.9976dB

TU

Conclusion: If S; =0 can be assumed for a transistor without introducing
significant error, the design procedure will be much simpler than that in the
bilateral case.

11.3 CONSTANT-GAIN CIRCLES

In Section 11.2 we considered the design of amplifiers for maximum possible
gains. Now, let us consider the design procedure for other amplifier circuits. We
split it again into two cases, unilateral and bilateral transistors.

Unilateral Case

We consider two different cases regarding unilateral transistors. In one case it is
assumed that the transistor is unconditionally stable because |S;;| and |S;| are
less than unity. In the other case, one or both of these parameters may be greater
than unity. Thus, it makes |A| greater than 1. From (10.4.10),

1T
11— S Tgl?

1 -

18112
11— Syl |?

Gry

= GsGoGp,

Expressions of Gy and G, in this equation are similar in appearance. Therefore,
we can express them by the following general form:

10 i=S8, ii=11

TR {i:L, i =22 (3.0

We consider next two different cases of unilateral transistors. In one, the tran-
sistor is unconditionally stable, and in the other case it is potentially unstable. If
the unilateral transistor is unconditionally stable, |S;;| < 1. Therefore, maximum
G; in (11.3.1) will be given as

1

Gimax = 1— |Sii|2

(11.3.2)

Impedances that produce G;m.(I'; =S};) are called optimum terminations.
Therefore,
0 < Gi =< Gi max

Values of I'; that produce a constant gain G; lie in a circle on the Smith chart.
These circles are called constant-gain circles.
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We define the normalized gain factor g; as follows:

G;
g = =Gi(1—S;*) (11.3.3)
Gi max
Hence,
0<g =<1

From (11.3.1) and (11.3.2), we can write

1— |l 2 2 2 2
i = (=187 = gill = Suli|" = (1 = [T =[S
|1—S,»,»1“l-|2( 1Siil") = &il [ = 0 = 15DA = 1819
or
8i(1 = ST (1 = SiT)) = 1— |8 — [Til” + | P8 2
or
8i(1 = Suly = S5 + [SulPITil?) = 1= 1Sul”> = TP (1 — [S: 1)
or
(@il Sil? + 1= [SiDITi | — gi(SiTi + S;iT) =1 — g — [Sul
or
Siili + S5 TF 718i1?
e e L sl
1= —=g)ISul*  [1—0—glSil’]
_ 1—g —|Sil? g21Si1?
L= (1 =g)lSul*  [1—(1—g)Sil*?
Therefore,
&S P (g — 1SuP = (1= g8+ 1S 8}
o= (=gl [1— (1 —g)lSil?1?
(11.3.4)
which is the equation of a circle, with its center d; and radius R; given as follows:
8 S
d; = > (11.3.5)
L — (1 —g)ISiil
and
1= 18iPDVT =&
R = Uil =8 (11.3.6)

1—(1—g)lSul?

Example 11.5 The S-parameters of a MESFET are given in Table 11.1 (Zy =
50 2). Plot the constant-gain circles at 4 GHz for Gy =0 and 1dB and Gg =2
and 3dB. Using these plots, design an amplifier for a gain of 11dB. Calculate
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TABLE 11.1 S-Parameters of a MESFET

f(GHz) St S1 NP S22

3 0.8 £—90° 2.8 /100° 0 0.66 £/—50°
4 0.75 /—120° 2.5 /80° 0 0.6 L=70°
5 0.71 /—140° 2.3 £60° 0 0.68 £/—85°

and plot its transducer power gain and input return loss in the frequency band 3
to 5 GHz.

SOLUTION Since Sj; is zero, this transistor is unilateral. Hence,
k=o0and |A] < 1 (because |S11] < 1 and |S»| < 1)

Therefore, it is unconditionally stable. From (10.4.14) to (10.4.16) we have

1 1
S T T S T 1—0.752
G = ! _ ! =1.5625 = 1.92dB
Lmax—1_|S22|2—1_0'62— . = .
and
Go = |5,|> =2.5>=6.25=7.96dB
Therefore,

Grumax =3594+1.92+4+7.96 = 13.47dB

Thus, the maximum possible gain is 2.47dB higher than the desired value of
11 dB. Obviously, this transistor can be used for the present design.

The constant-gain circles can be determined from (11.3.5) and (11.3.6). These
results are shown in Table 11.2. As illustrated in Figure 11.10, the gain circles are
drawn from these data. Since Gy is found as 8 dB (approximately), the remaining
3 dB needs to be obtained through G and G . If we select Gs as 3dB, G, must
be 0dB. Alternatively, we can use Gy and G, as 2 and 1dB, respectively, to
obtain a transducer power gain of 7.96 + 2 4+ 1 =~ 11dB.

Let us select point A on a 2-dB G circle and design the input-side network.
The corresponding admittance is found at point B, and therefore a normalized

TABLE 11.2 Results for Constant-Gain Circles

Gs=3dB~2 gs = 0.875 ds =0.706 £120° Rs =0.166
Gs=2dB =158 gs=0.691 ds =0.627 £120° Rs=0.294
GL=1dB=1.26 g, =0.8064 d =0.52/70° R, =0.303
G, =0dB =1 gr = 0.64 dp =0.44 £70° R, =0.44
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Gg=2dB

Gg=3dB

Figure 11.10 Constant-gain circles and the network design for Example 11.4.

capacitive susceptance of j0.62 is needed in parallel with the source admittance
to reach the input VSWR circle. An open-ended 0.09\-long shunt stub can be
used for this. The normalized admittance is now 1 +;0.62. This admittance can
be transformed to that of point B by a 0.183\-long section of transmission line.
Similarly, point C can be used to obtain G, = 1dB. A normalized reactance
of j0.48 in series with a 50-2 load can be used to synthesize this impedance.
Alternatively, the corresponding admittance point D is identified. Hence, a shunt
susceptance of —j0.35 (an open-circuit stub of 0.431%), and then a transmission
line length of 0.044\ can provide the desired admittance. This circuit is illustrated
in Figure 11.11.
The return loss is found by expressing |I'j,| in decibels. Since

S1281

Tin = Sip + ————
n 11+1—522FL

and Sy, = 0, Iy, = Syy; therefore, Iy, (3 GHz)| = 0.8, T, (4 GHz)| = 0.75, and
ITin (GHz) | = 0.71:

return loss at 3 GHz = 201og,,(0.8) = —1.94dB
return loss at 4 GHz = 201log,,(0.75) = —2.5dB
return loss at 5 GHz = 201log,,(0.71) = —2.97dB
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0.044)

0.1831
0@ 0.431A

50 Q
0.C.

— 0.C. — —

0.097

Figure 11.11 REF circuit designed for Example 11.4.

The transducer power gain at 4 GHz is 11 dB (because we designed the circuit
for this gain). However, it will be different at other frequencies. We can evaluate
it from (10.4.16) as follows:

1—|Tg)? 2
Gry = [S21]
[1—8,Csl?

1— I
|1 — Sl

Note that I'g, I';, and the S-parameters of the transistor are frequency dependent.
Therefore, we need to determine reflection coefficients at other frequencies before
using the formula above. For a circuit designed with reactive discrete compo-
nents, the new reactances can be evaluated easily. The corresponding reflection
coefficients can, in turn, be determined using the appropriate formula. However,
we used transmission lines in our design. Electrical lengths of these lines will
be different at other frequencies. We can calculate new electrical lengths by
replacing \ as follows:

fnew

f design

A —

xnew

At 3GHz, original lengths must be multiplied by % = 0.75 to adjust for the
change in frequency. Similarly, it must be multiplied by % = 1.25 for 5GHz.
The new reflection coefficients can be determined using the Smith chart. The
results are summarized below.

['s Calculations:

Lengths at 3 GHz: 5 GHz:
4GHz Lengths and I'g Lengths and I'g
0.09 0.068 0.24 /158° 0.113 0.41 /81°

0.183 0.137 0.229
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I', Calculations:

Lengths at 3 GHz: 5 GHz:
4 GHz Lengths and I'y, Lengths and I'y,
0.044 0.033  0.72 Z109° 0.055 0.15 /—151°
0.431 0.323 0.539
Therefore,
Gry(3GHz) 1024 2.82
Z) = X Z.
v |1 — (0.24 £158°)(0.8 £—90°)2
1-0.722
X
11— (0.72 £109°)(0.66 /—50°)]>
or
Gry(3GHz) = 5.4117 = 101log(5.4117) = 7.33dB
Similarly,
Gry (5 GHz) 1041 2.3
7)) = X Z.
v 11— (0.71 /—140°)(0.41 /81°)[2
1-0.15%
X
|1 — (0.58 £—85°)(0.15 L—141°)2
or
4.4008
Gry(5GHz) = ———— = 4.9688 = 6.96dB

0.7849 x 1.1284

These return-loss and gain characteristics are displayed in Figure 11.12.

If a unilateral transistor is potentially unstable, |S;;| > 1. For |S;;| > 1, the real
part of the corresponding impedance will be negative. Further, G; in (11.3.1) will
be infinite for I'; = 1/§;;. In other words, the total loop resistance on the input
side (for i = S) or on the output side (for i = L) is zero. This is the characteristic
of an oscillator. Hence, this circuit can oscillate. We can still use the same Smith
chart to determine the corresponding impedance provided that the magnitude of
reflection coefficient is assumed as 1/[S;;| instead of |S;;|, while its phase angle
is the same as that of S;;, and the resistance scale is interpreted as negative. The
reactance scale of the Smith chart is not affected.

It can be shown that the location and radii of constant-gain circles are still
given by (11.3.5) and (11.3.6). The centers of these circles are located along a
radial line passing through 1/S;; on the Smith chart. To prevent oscillations, [';
must be selected such that the loop resistance is a positive number.

Example 11.6 A GaAs FET is biased at V;; =5V and I;; = 10mA. A 50-Q
ANA is used to determine its S-parameters at 1 GHz. These are found as follows:
Sll =227 1—1200, 521 =4 [500, S12 = 0, and Szz = 0.6 /—80°.
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Figure 11.12 Gain and return loss versus frequency.

(a) Use a Smith chart to determine its input impedance and indicate on it the
source impedance region(s) where the circuit is unstable.

(b) Plot the constant-gain circles for Gy = 3dB and Gg = 5dB on the same
Smith chart.

(c¢) Find a source impedance that provides Gg = 3 dB with maximum possible
degree of stability. Also, determine the load impedance that gives maximum G .
Design the input and output networks.

(d) Find the gain (in decibels) of your amplifier circuit.
SOLUTION

(a) First we locate 1/2.27 = 0.4405 at /—120° on the Smith chart. It is depicted
as point P in Figure 11.13. This point gives the corresponding impedance if the
resistance scale is interpreted as negative. Thus, the normalized input impedance
is about —0.49 —;0.46. Hence,

Zin = 50(—0.49 — j0.46) = —24.5 — j23Q

Therefore, if we use a source that has impedance with its real part less than
24.5 2, the loop resistance on the input side will stay negative. That means that
one has to select a source impedance that lies inside the resistive circle of 0.49.
Outside this circle is unstable.
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N

Gg=5dB

I N FR TR ST

Figure 11.13 Amplifier design for Example 11.6.
(b) From (11.3.5) and (11.3.6),

(= 1SuP)VT—gs

855
and Rs = 0 —goisnP

T - —gs)ISul

ds

where g5 = Gg(1 — |S)1]?); the locations and radii of constant-Gg circles are
found as tabulated here:

Gs = 5dB = 10°5 = 3.1623 Gs=3dB = 103 =2
g5 = 3.1623(1 —2.27%) = —13.1327 gg = 2(1 — 2.27%) = —8.3058
_(1-227)V1+13.1327 _(1-2.27)/T+ 83058

Rs = Rs =
1— (1+ 13.1327)2.272 1— (1 +8.3058)2.272
—=0.2174 = 0.2698
_ —13.1327(2.27 £120°) _ —8.3058(2.27 £120%)
ST (1 +13.1327)2.272 57T 1= (1 +8.3058)2.272
=0.45 £120° = 0.4015 £120°

These constant-G g circles are shown on the Smith chart in Figure 11.13.
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0.067A
0.036)
0@ f— 0.342)
500
ocC.
:[:0.436 A

— 0.C. — —

Figure 11.14 REF circuit for the amplifier of Example 11.6.

(c) To obtain Gy = 3 dB with maximum degree of stability, we select point A
for the source impedance because it has a maximum possible real part. Therefore,

Zs~1+4+j05 or I's=0.24 /76

With Zg =50+ j25 Q, the loop resistance in the input side is 50 — 24.5 =
25.5Q. It is a positive value, and therefore the input circuit will be stable.
For maximum G, we select ', = S5, = 0.6 £80°. It is depicted as point C
in Figure 11.13. The corresponding impedance Z; is found to be

Z;, =50(0.55+ j1.03) =27.5+ j51.5Q

Now, the input and output circuits can be designed for these values. One such
circuit is shown in Figure 11.14.

(d) As designed, Gg = 3dB. From (10.4.16),

1 1
Gl = = = 1.5625 = 1.9382dB
b T Sn2 T 1-0.62

and
Go = |5y |> = 4% = 16 = 12.0412dB

Therefore,
Gry =3+ 19382+ 12.0412 = 16.9794dB

Bilateral Case

If a microwave transistor cannot be assumed to be unilateral, the design procedure
becomes tedious for a less than maximum possible transducer power gain. In this
case, the operating or available power gain approach is preferred because of its
simplicity. The design equations for these circuits are developed in this section.
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Unconditionally Stable Case The operating power gain of an amplifier is given
by (10.4.19). For convenience, it is reproduced here:

_ (EIVARINE
(11 = ST [H (A — [Tinl?)

Gp (10.4.19)

and the input reflection coefficient is

SpSal't  Sn—-TLA

in =91+ 77 Splp — 1= Spuly
Therefore,
(1= THISn)? 2
Gp = = |511"¢ (11.3.7)
P T =SulP) — (Sn —Toap) e
where
-T2
¢ (11.3.8)

(1= SulL?) — (IS — TLAP)

The equation for g, can be simplified and rearranged as follows:

_ 8rCs ?
1+ g,(ISn]> = [A]?)

=gy = ISP + g, (1521 = |AP) + g51Caf]

g

(11.3.9)
[1+g,(ISn* — [A)]?
where
Cr=8»—SiA (11.3.10)
Equation (11.3.9) can be simplified further as follows:
: 21— 2kI8,S SSal* g;
r 2,C} _ 1S1282118p + 1252117 &,
L — =
L+g,(1S2* — |A]) [1+g,(ISnl* — AP
This represents a circle with its center ¢, and radius R, given as
C*
cp = Ll _ (11.3.11)
148, (182 =A%)
and
(1= 2188218, + 151282 Pe2)
R, = (11.3.12)

1+g,(ISn* — [A])
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For R, =0, (11.3.12) can be solved for g,, which represents its maximum value.

It is given as
1
8p = Epmax = 7(’( — k2 — 1)

[S12821]
and from (11.3.7) we have
S
G pmax = %(k—\/kz—l) (11.3.13)
12

A comparison of (11.3.13) with (11.2.7) indicates that the maximum operating
power gain is equal to that of the maximum transducer power gain.

Following a similar procedure, expressions for center ¢, and radius R, of the
constant available power gain circle can be formulated. These relations are

gacik
. = ! . (11.3.14)
L+ ga(ISul* = 1A%
and
1 — 2451, Si28u1* &2
R, = V( 512 21|ga2+| 12221| 8a) (11.3.15)
1+ g.(1S11]* = |A]9)
where
C, =Sy — S;zA (11.3.16)
and
1—|Tg?
o (11.3.17)

(1= SuTs]®) — (IS» — TsA2)

Example 11.7 A GaAs FET is biased at V;; =4V and I;, = 0.5 . Its S-
parameters are given at 6 GHz as follows: S;; = 0.641 /—171.3°, §;, = 0.057
£16.3°, Sy =2.058 £28.5°, and Sy = 0.572 £—95.7°. Using this transistor,
design an amplifier that provides an operating power gain of 9 dB.

SOLUTION Since k = 1.5037 and |A| = 0.3014, this transistor is uncondi-
tionally stable. Further, G, max is found to be 11.38dB. Hence, it can be used
to get a gain of 9dB. The corresponding circle data are found from (11.3.11)
and (11.3.12) as follows: ¢, = 0.5083/103.94° and R, = 0.4309. This circle
is drawn on a Smith chart (Figure 11.15) and the load reflection coefficient is
selected as 0.36 £50°. The corresponding input reflection coefficient is calculated
as 0.63 /—175.6°. Hence, I's must be equal to 0.63 /175.6° (i.e., conjugate
of input reflection coefficient). These load- and source-impedance points are
depicted in Figure 11.15 as C and A, respectively. The corresponding admit-
tance points are identified as D and B on this chart. The load-side network is
designed by moving from point O to point F and then to point D. It is achieved
by adding an open-circuited shunt stub of length 0.394\ and then a transmis-
sion line of 0.083\. For the source side we can follow the path O-E-B, and
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Figure 11.15 Matching network design for Example 11.7.

0.083A

0.076
00 03941

50 Q
O.C.

0.161A

— O.C. — —

Figure 11.16 REF circuit of the amplifier for Example 11.6.

therefore an open-circuited shunt stub of 0.161\ followed by a 0.076\-long trans-
mission line can provide the desired admittance. The designed circuit is shown
in Figure 11.16.

Potentially Unstable Case Operating power gain circles for a bilateral poten-
tially unstable transistor can still be found from (11.3.9) and (11.3.10). However,
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the load impedance point is selected such that it is in the stable region. Further,
the conjugate of its input reflection coefficient must be a stable point because it
represents the source reflection coefficient. Similarly, the available power gain
circles can be drawn on a Smith chart using (11.3.12) and (11.3.13) along with
the stability circles of the transistor. The source impedance point is selected such
that it is in the stable region and provides the desired gain. Further, conjugate
of the corresponding output reflection coefficient must lie in the stable region as
well because it represents the load.

Example 11.8 A GaAs FET is biased at I;; = 5mA and V;; = 5V to measure
its scattering parameters at 8§ GHz. Using a 50-€2 system, these data are as follows:
S11 =05 /—180°, S;» =0.08 £30°, S =2.5 £70°, and Sy = 0.8 /—100°.
Design an amplifier using this transistor for an operating power gain of 10dB.

SOLUTION From (11.1.16) and (11.1.18) we find that
|A| = 0.2228

and
k =0.3991

Since k is less than 1, this transistor is potentially unstable. The input and output
stability circles are determined from (11.1.20)—(11.1.23) as follows:
For the input stability circle:

Cs = 1.6713 £170.59°
and

rs = 0.9983

Since |Sy;] is 0.8, I's = 0 represents a stable source impedance point. Further,
this point is located outside the stability circle, and therefore all points outside
this circle are stable.

For the output stability circle,

C. =1.1769 £97.17°
and

r;, = 0.3388

Since S| is 0.5, I'y = 0 represents a stable load impedance point. Further,
this point is located outside the stability circle, and therefore, all points outside
this circle are stable. The data for a 10-dB gain circle are found from (11.3.11)
and (11.3.12) as

C,=0.5717 /97.2° and R, =0.4733

These circles are drawn on the Smith chart shown in Figure 11.17. Since this
transistor is potentially unstable for certain load and input impedances, we need
to avoid those regions. If we select I'; = 0.1 £97° (point C in Figure 11.17),
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Output stability

/ circle

Input stability
circle

Figure 11.17 Design the input- and output-matching networks for Example 11.8.

0.0A
0.0821
00 0.458\
50Q
O.C.
0.142)

— 0O.C. — j—
Figure 11.18 REF circuit of the amplifier for Example 11.8.

the corresponding input reflection coefficient is calculated as 0.5209 /—179.3°.
Therefore, ['s is 0.5209 Z 179.3°. We find that this point lies in the stable region.
One of the possible designs is illustrated in Figure 11.18.

Example 11.9 Design an amplifier for maximum possible transducer power
gain, Gpma, using a BIJT that is biased at Vegp =10V, Ic =4mA. Its
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S-parameters are found as follows using a 50-Q system at 750 MHz: §;; =
0.277 £L—=59°, S1, = 0.078 £93°, S, = 1.92 £64°, and Sy, = 0.848 /—31°.

SOLUTION From (11.1.16) and (11.1.18), k£ =1.0325 and |A|= 0.3242.
Hence, the transistor is unconditionally stable. For a maximum possible

transducer power gain, we need to look for a simultaneous conjugate matching.
From (11.2.5) and (11.2.6), we find that

s = 0.7298 £135.44° and Ty = 0.9511 £33.85°

The corresponding normalized impedances are identified in Figure 11.19 as
0.1818 + j0.398 (point A) and 0.2937 +;3.2619 (point C), respectively. Points
B and D represent respective normalized admittances on this Smith chart. For the
load side, move from 1 to point E on the unity conductance circle and then from
E to D on the constant-VSWR circle. Hence, an open-circuited shunt stub of
0.278\ followed by a 0.176\-long transmission line is needed for the load side.
Similarly, a shunt stub of 0.315\ and a 0.004\-long section of the transmission
line transform the normalized admittance of 1 to point F and then to B on the
source side. The final circuit is illustrated in Figure 11.20.

Figure 11.19 Design of input- and output-matching networks for Example 11.9.
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0@ f— 0.278%
500
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Figure 11.20 RF circuit of the amplifier for Example 11.9.

Example 11.10 Using the BJT of Example 11.9, design an amplifier for G, =
10dB at 750 MHz. Also, determine the reflection coefficients required to obtain
maximum operating power gain and show that they are identical to those obtained
in Example 11.9 for the simultaneous conjugate match.

SOLUTION From Example 11.9 we know that the transistor is uncondition-
ally stable. For an operating power gain of 10dB, the location and radius of
the constant-gain circle are determined from (11.3.11) and (11.3.12) as follows:
cp, =0.7812 £33.85° and R, = 0.2142. This gain circle is drawn on a Smith
chart as shown in Figure 11.21. For an operating power gain of 10dB, the load
impedance must be selected on this circle. If we select a normalized impedance
of 1.8 + j1.6 (point C), the load reflection coefficient is 0.56 /34°. The corre-
sponding input reflection coefficient is found at 0.3455 /—56.45°. Therefore, the
source reflection coefficient I's must be equal to 0.3455 /56.45°. Further, for
a maximum operating power gain (i.e., 12.8074 dB), the gain circle converges
to a point that is located at 0.9511 /33.85°. Hence, this point represents the
load reflection coefficient that is needed to obtain maximum operating power
gain. Further, the corresponding input reflection coefficient is found to be 0.7298
/—135.44°, Therefore, I's = 0.7298 /135.44°. A comparison of these results
with those obtained in Example 11.9 indicates that the results are identical in
both cases.

One of the possible RF circuits for obtaining an operating power gain of
10dB can be designed as follows. After locating the load and source impedance
points C and A, respectively, constant-VSWR circles are drawn. The correspond-
ing normalized admittance points D and B are then found. A normalized shunt
susceptance of —j1.3 will transform the 50-2 load impedance (normalized admit-
tance of 1) to 1 — j1.3 (point E); then a 0.124\-long transmission line will move
it to point D. An open-circuited 0.356\-long stub can be used to obtain a —j1.3
susceptance.

For the design of an input matching network, a normalized shunt susceptance
of —j0.75 may be used to transform a 50-Q2 source impedance (normalized
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Figure 11.21 Design of input- and output-matching networks for Example 11.10.

0.124A

50Q

— O.C. — -

Figure 11.22 REF circuit of the amplifier for Example 11.10.

admittance of 1) to 1 — j0.75 (point F). A 0.075\-long transmission line is then
connected to transform this admittance to that of point B. A 0.397\-long open-
circuited stub can be used to obtain the desired susceptance of — j0.75. The final
circuit is illustrated in Figure 11.22.

Example 11.11 A suitably biased GaAs FET has the following S-parameters
measured at 2GHz with a 50-Q system: S;; = 0.7 £—65°, S}, = 0.03 260°,
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Sy =3.2 £110°, and Sy = 0.8 /—30°. Determine the stability and design an
amplifier for G, = 10dB.

SOLUTION From (11.1.16) and (11.1.18), |A| = 0.5764 and k = 1.053. Hence,
the transistor is unconditionally stable.

The circle parameters for an operating power gain of 10dB are found from
(11.3.11) and (11.3.12) as ¢, = 0.3061 £39.45° and R, = 0.6926. This circle
is drawn on a Smith chart as shown in Figure 11.23. If we select a normalized
load of 0.45 + jO (point C), the corresponding load reflection coefficient will be
0.38 £180°. This gives an input reflection coefficient of 0.714 /—63°. This means
that the source reflection coefficient I'y must be 0.714 £63°. The corresponding
normalized impedance may be found as 0.569 4 j1.4769 (point A). These data
are used to draw the VSWR circles, as shown in the figure. Matching networks
can be designed to synthesize the normalized admittances of points D (for the
load side) and B (for the source side). A normalized shunt susceptance of j0.8
moves 50 Q (center of the chart) to point E and then a 0.094\-long transmission
line can transform it to the desired value at point D. The shunt susceptance of
j0.8 can be obtained via a capacitor of 1.27 pF. Similarly, a shunt inductor of

Figure 11.23 Design of input- and output-matching networks for Example 11.11.
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Figure 11.24 Circuit of the amplifier for Example 11.11.

1.89nH adds a normalized susceptance of —j2.1 at the source side (point F),
and then a 0.101\-long transmission line can transform that to the desired value
of 0.22 — j0.6 (point B). The final circuit is illustrated in Figure 11.24.

11.4 CONSTANT NOISE FIGURE CIRCLES

Noise characteristics of the two-port networks are considered in Chapter 2. We
found that the noise factor of an amplifier can be expressed via (2.5.21) as follows:

R,
F = Fuin + —|Ys — Yop|* (11.4.1)
Gs

where Fr,i, = minimum noise factor of the transistor (attained for Y5 = Yp)
R, = equivalent noise resistance of the transistor
G = real part of the source admittance

11-T
Ys =Gg+ jBs = — S — source admittance presented to the

Zo 1+ Ty

transistor

I's = source reflection coefficient seen by the transistor
11-T ) . .
Yope = = . L optimum source admittance that results in
Zo 1 4 Tope

minimum noise figure
Iopt = optimum source reflection coefficient that results in minimum noise

figure
Since
Ye—v |2_L1—FS_L1—F0pt2_ 4 ICs — Top?
UM T Zo14 s Zol+Ton|  1ZoP 11+ TsP - [1+ Topl®

(11.4.2)
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and
1 (1-Tsg 1-T% 1—|Tg?
G¢=Re(Y¢) = — = 11.4.3
s = Re(ls) 220(1+1“5 1+15) = Zoll +TsP2 (11.4.3)
(11.4.1) can be written as
4R, Iy — Dopel?
F:Fmin+— | 52 0pt| -
Zy (1 =T + Topl
or )
Is—T F — Foy
ITs ~ Dopd M 4 o> = N (11.4.4)

1—|Ts2  4(Ry/Z0)

where N is called the noise figure parameter.
From (11.4.4), we have

IT's — Dopel* = N(1 — [T's|%)
or

(M's = Top) (Ts — Ti) = T'sT§ — (T§Topt + TsThp0) + Topliny = N — N|T's|?

opt opt
or
[T — Fzropt + 1_‘Srcj)ﬁpt |Fopt|2 . N — 1_‘OPtF())kpt |F0pt|2
5% s N+1 (N +1)2 N+1 (N + 1)?

or )

ro_ Lo [F_ NV 41— NiCopl?

STN+1| (N + 1)?
Hence,

Copt VN(N 4+ 1) — N|Topl?
s — = (11.4.5)
N+1 N+1

Equation (11.4.5) represents a circle on the complex I'g-plane. Its center Cng
and radius Ryg are given by

1—‘opt
Cnp = 11.4.6
NE= N ( )
and
N(N + 1) — N|Tope|?
RNFz\/ v+ D [Cont (11.4.7)

N+1
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Using (11.4.6) and (11.4.7), constant noise—figure circles can be drawn on a
Smith chart. The source reflection coefficient I'g is selected inside this circle to
keep the noise figure of the amplifier within a specified noise factor F.

Example 11.12 A bipolar junction transistor is biased at Vcg =4V and Icg =
30mA. Its scattering and noise parameters are measured at 1 GHz with a 50-2
system as follows: S;; = 0.707 £Z—155°, S»; = 5.0 £180°, S =0, S»n = 0.51
£L=20°, Fin = 3dB, R, =4, and Ty, = 0.45 £180°.

Design the input- and output-matching networks for this transistor so that it
produces a power gain of 16 dB and a noise figure of less than 3.5 dB.

SOLUTION From (11.1.16) and (11.1.18), we find that k = oo and |A| =
0.3606. Therefore, the transistor is unconditionally stable. From (10.4.14) to
(10.4.16),

Gsmax = 3dB
Grmax = 1.31dB
and
Go =13.98dB
Hence,

Grumax =3+ 1.31413.98 =18.29dB

Therefore, this transistor can be used for a power gain of 16dB. Since Gy is
approximately 14 dB, the remaining 2dB can be set via Gg and Gp. If we
design an input-matching network that provides Gs as 1.22dB, we need an
output-matching network for a G, of 0.78dB. The G and G circles are found
from (11.3.5) and (11.3.6) as follows:

ds = 0.5634 /£155°

Rs = 0.3496

d; = 0.4655 £20°
and

R; =0.2581
The 3.5-dB noise figure circle is found from (11.4.6) and (11.4.7) as follows:

Cne = 0.3658 £180°
and

Rnp = 0.3953

These gain and noise circles are drawn on a Smith chart as shown in Figure 11.25.
If we select point B on the 1.22-dB Gy circle as I'g, the noise figure will stay
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Figure 11.25 Design of input- and output-matching networks for Example 11.12.

within 3.5 dB. The load-side matching network is designed so that it provides G,
as 0.78 dB. We select point D for I';. The two matching networks are designed
below using discrete components.

For the design of a source-side network, we can move on the unity-conductance
circle from 1 to point A. It requires a shunt capacitor for a normalized susceptance
of +;0.75. A capacitor of 2.39 pF can provide this susceptance at 1 GHz. The
next step is to reach point B from A by moving on the constant-resistance circle
of 0.65, which requires an inductive reactance of normalized value 4 ;j0.56 and
hence an inductor of 4.46 nH. Similarly, the load-side network can be designed
following the unity-resistance circle from 1 to point C. It requires a capacitor
of 2.27pF in series with a 50-Q output. Next, move from point C to D on
the conductance circle of 0.35. Hence, it requires an inductor of 19.89 nH. The
complete RF circuit is shown in Figure 11.26.

Example 11.13 A GaAs FET has the following scattering and noise parameters
at 4 GHz, measured with a 50-Q system: S;; = 0.6 £/ —60°, S = 1.9 /81°,
S12 =0.05 £26°, S = 0.5 L — 60°, Fyin = 1.6dB, R, =20, and I,y = 0.62
£100°.
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19.89 nH |:] 500
/‘\ 2.39 pF

Figure 11.26 RF circuit design for Example 11.12.

(a) Assuming the FET to be unilateral, design an amplifier for a maximum
possible gain and a noise figure no more than 2.0 dB. Estimate the error introduced
in G due to this assumption.

(b) Redesign the amplifier in part (a), with FET being bilateral.

SOLUTION From (11.1.16) and (11.1.18), |A| = 0.3713 and k = 2.778. Hence,
the transistor is unconditionally stable.

(a) The unilateral figure of merit is found from (11.2.10) as 0.0594. Therefore,

G
~0.501dB < —~ <0.5938dB
Gry

This means that the maximum error in the gain of the amplifier due to this
assumption will be on the order of £0.5dB.

Using (10.4.14) to (10.4.16), we find that

Gsmax = 1.9382dB
Grmax = 1.25dB

and

Go=5.5751dB

Therefore,
Grumax = 1.9382 4+ 1.25 4+ 5.5751 = 8.7627dB

Since we are looking for a maximum possible gain with a noise figure less than
2dB, we should use load impedance that provides a conjugate match. Note that
this selection does not influence the noise figure. Thus, we select I';, = S}, =
0.5 £60°. Tt is depicted by point C on the Smith chart in Figure 11.27. For the
design of the source side, we first determine the relevant gain and noise circles.
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Figure 11.27 Design of input- and output-matching networks for Example 11.13(a).

From (11.3.5) and (11.3.6), the constant-gain circles for Gg = 1.5dB and 1.7
dB are determined as follows. For Gg = 1.5dB,

ds = 0.5618 L60°, Rs = 0.2054

For Gy = 1.7dB,
ds = 0.5791 £60°, Ry = 0.1507

The 2-dB noise figure circle is found from (10.4.6) and (10.4.7) as follows:

Cnr = 0.5627 £100°

and

Ryr = 0.2454

These circles are drawn on a Smith chart as shown in Figure 11.27. We find
that the 2-dB noise figure circle almost touches the G = 1.7-dB circle at a point.
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Figure 11.28 REF circuit of the amplifier for Example 11.13(a).

Further, the 1.5-dB gain circle has a larger radius. It suggests that a gain larger
than 1.7dB will have a higher noise figure. As illustrated, the optimum I'g for
this problem is point A. A circuit designed with short-circuited shunt stubs and
transmission line lengths is shown in Figure 11.28.

(b) When the transistor is bilateral, we need to use the operating power gain
or available power gain approach for the design. The operating power gain
approach provides information about the load impedance. Source impedance is
determined subsequently as a complex conjugate of the input impedance. If this
value of the source impedance does not satisfy the noise figure specification,
one needs to select a different load impedance. Thus, several iterations may be
needed before the noise and gain requirements are satisfied. On the other hand,
the available power gain approach provides the source impedance. The load
impedance is then determined as a complex conjugate of the output impedance.
Hence, a suitable source impedance can be determined that simultaneously satis-
fies both the gain and the noise characteristics. Hence, the available power gain
approach does not require iterative calculations, and therefore it is preferable in
the present case.

From (11.3.14) and (11.3.15), the 8-dB gain circle is found as follows: ¢, =
0.5274 /64.76° and R, = 0.2339. Further, the maximum possible available power
gain is found to be 8.5dB. It represents a point at 0.5722 /64.76°. The noise
circle stays the same as in part (a). These circles are drawn on a Smith chart
as shown in Figure 11.29. If we select 'y as 0.535 /90°, the noise figure stays
well below 2dB. The corresponding output reflection coefficient is found to be
0.5041 £ — 67.83°. Hence, the load reflection coefficient must be 0.5041 £67.83°.
Now, the input and output matching networks can easily be designed. The trans-
ducer power gain of this circuit is found from (10.4.8) to be 8 dB.

A comparison of the gain obtained in part (b) with that in part (a) shows that
the two differ by 0.76 dB. However, the uncertainty predicted in part (a) is about
40.5dB. The 8.2-dB gain circle shown in Figure 11.29 indicates that the gain in
part (b) can be increased to a little over 8.2dB. That will bring the two values
within the range predicted.
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Figure 11.29 Available power gain circles and RF circuit design for Example 11.13(b).

Example 11.14 An Avantek low-noise silicon bipolar transistor, AT-41410,
is biased at Vgg =8V and Ic = 10mA. Its scattering and noise parameters
are measured at 1 GHz with a 50-Q system. The results are found as follows:
S11=0.6 /—163°, Sy; = 7.12 /86°, S1» = 0.039 £35°, Sy = 0.5 £/—38°, Fuin =
1.3dB, R, = 8%, and "o, = 0.06 £49°. Design the input and output matching
networks of an amplifier that provides a power gain of 16 dB with a noise figure
below 2.5dB.

SOLUTION From (11.1.16) and (11.1.18), |A| =0.1892 and k = 0.7667.
Hence, the transistor is potentially unstable. The input stability circle is
determined from (11.1.22) and (11.1.23) as follows: Cg = 1.7456 /171.69° and
rs = 0.8566. Since |Cy| is larger than rg, this circle does not enclose the center
of a Smith chart (I'g = 0). Further, the output reflection coefficient I'y is equal
to Sy, for I's = 0. Hence, |'oy is 0.5 at this point and provides a stable circuit
with this transistor. Therefore, the stability circle encloses the unstable region
(i.e., the inside is unstable).

Similarly, the output stability circle is found from (11.1.20) and (11.1.21)
as follows: C; = 2.1608 £50.8° and r; = 1.2965. Again, the center of a Smith
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chart (I'y, = 0) is outside this circle because |Cy | is larger than 7. Since the input
reflection coefficient 'y, is equal to Sy; at this point, |I',| is 0.6. Hence, it repre-
sents the load impedance that will provide a stable operation for this transistor.
Therefore, all impedances on a Smith chart that are outside the stability circle
represent the stable region, and those enclosed by the stability circle are unstable.

Since the transistor is bilateral and we want a noise figure below 2.5dB,
we use the available power gain approach. The 16-dB gain circle is found
from (11.3.14) and (11.3.15) as follows: ¢, = 0.3542 £171.69° and R, = 0.6731.
The 2.5-dB noise figure circle is found from (11.4.6) and (11.4.7) as follows:
Cnr = 0.0346 /40° and Ryr = 0.6502. These circles are drawn on a Smith chart
illustrated in Figure 11.30. If we select I's at point B (I's = 0.13 £0°), [y is
found to be 0.469 /—36.45°. Hence, the load reflection coefficient I'; must be
equal to 0.469 /36.45° (point D).

For an input-side network, we can move from point E to A on the unity-
resistance circle by adding a normalized reactance of about —;0.55 (i.e.,
—Jj27.59Q) in series with 50 Q. It requires a capacitor of 5.7874 pF at 1 GHz.
We then move on the conductance circle of 0.77 to reach point B from A. It
means that we need a normalized susceptance of —;0.43 (i.e., —;j0.0086 S).
Hence, an inductor of 18.5064 nH connected in shunt will suffice.

7,Output stability circle
~X (unstable region)

Input stability circle T5{=
(unstable region)

NF=25dB

%er. ; P o
7]~ L~
! 001~ pg- 08~ °

Figure 11.30 Design of input- and output-matching networks for Example 11.14.
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Figure 11.31 REF circuit for Example 11.14.

Similarly, an output-matching network can be designed following the path from
E to C on the unity-resistance circle and then from C to D along the conductance
circle of 0.4. It requires a series reactance of about —j1.23 (i.e., —j61.5 ) and
then a shunt susceptance of approximately —;j0.78 (i.e., —j0.0156 S). Hence, a
capacitor of 2.59 pF in series with the 50-2 load and then a shunt inductor of
10.20 nH are needed, as illustrated in Figure 11.31.

11.5 BROADBAND AMPLIFIERS

Signals carrying information generally possess a finite bandwidth, and therefore
the electronics employed to process such signals need to have characteristics con-
stant over that bandwidth. The amplifier designs presented in preceding sections
are valid at only a single frequency. This is primarily because the design of match-
ing networks is frequency sensitive and governed by the Bode—Fano constraints
discussed in Chapter 7. Some of the techniques used to broaden the bandwidth
of amplifiers are summarized below.

Resistive Matching

As discussed in Section 6.3, the resistive-matching networks are independent of
frequency and hence can be used to design broadband amplifiers. The upper limit
will be determined from the frequencies when the resistances cease to work due
to associated parasitic elements. Further, the noise figure of such amplifiers may
be unacceptable.

Compensating Networks

Since the reactance of a capacitor is inversely related with frequency, it will have
a higher value at lower frequencies than will the higher end of the band. On the
other hand, the inductive reactance exhibits a direct relation with frequency,
providing low reactance at the lower end of the band. Hence, these components
can be used to devise compensating networks that are effective at the two edges of
the frequency band. However, the design may be too complex and can adversely
affect matching at the input and the output.
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Negative Feedback

Negative feedback can widen the bandwidth of amplifier and improve the match-
ing at its input and output. However, the gain of the amplifier is reduced and it
may adversely affect the noise figure unless another relatively low-noise amplifier
is added in the forward path before the original amplifier. Figure 11.32 illustrates
a simplified feedback arrangement of the amplifier. If V; and V, are voltages at
its input and output, respectively, A, is the voltage gain of the amplifier, and p
is the transfer function of the feedback network, we can write

Vo= (Vi =BVo)Ay (I1.5.1)

Rearranging this equation, we find that

Vo AV
Gy = 11.5.2
V; T 1+ A ( )

Since the voltage gain characteristic of the amplifier at higher frequencies can
be expressed as

Ay = Ao (11.5.3)
L+ j(f/fe)
Gy is found to be
) Ao/(1 4+ AoB) (11.5.4)

~ 1 LA/ + AP

where A is the midband voltage gain, f. the corner frequency (3-dB frequency),
and f the signal frequency in hertz. From (11.5.4), the new corner frequency,

7, is found as
£l = fo(1+ Ao) (11.5.5)

Hence, the cutoff frequency of the overall gain is increased by a factor of 1 + Agf.
However, the new midband voltage gain, given below, is reduced by the same
factor. Thus, the gain—bandwidth product of the circuit remains the same:

Ap
Ay =
1+ Aop

(11.5.6)

+ Amplifier
V. Ay

Feedback network

- B

Figure 11.32 Simplified feedback system for an amplifier.
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Figure 11.33 Block diagram of a balanced amplifier.

Balanced Circuits

Another way to improve the matching over wider bandwidth is illustrated in
Figure 11.33. It employs two amplifiers in conjunction with two 90°-hybrid junc-
tions. An ideal 90°-hybrid splits its input power equally in the forward direction
while there is no power coupling to its fourth port. Further, the branched-out
signal lags behind the direct path by 90°. Hence, the power input at port 3 of the
first hybrid junction appears at port 1 and port 2 but is not coupled at all to port
4. Similarly, the signal entering port 1 divides equally between port 4 (£ — 90°)
and port 3 (£0°).

Now assume that the two amplifiers in Figure 11.33 have identical input
impedance. Signals fed to these amplifiers have the same magnitudes but a phase
difference of 90°. Therefore, the signals reflected back would have identical mag-
nitudes but maintain the phase difference. The reflected signals enter ports 1 and
2 and split with equal powers at ports 3 and 4. Thus, two signals appearing back
at port 3 are equal in magnitude but 180° out of phase with respect to each other
and therefore cancel out. On the other hand, signals appearing at port 4 are in
phase (since both went through the 90° delay). However, port 4 is matched ter-
minated and this power is dissipated. Signals amplified by the two amplifiers are
fed to a second hybrid that is matched terminated at port A. Signals entering at
its ports 1’ and 2’ appear at the output (only 50% power of each channel) while
canceling out at port A. Thus, the overall gain of an ideal balanced amplifier is
equal to that of an amplifier connected in one of its channels.

Traveling Wave Amplifiers

Traveling wave amplifiers (also known as distributed amplifiers) use discrete
transistors in a distributed manner, as illustrated in Figure 11.34. In this technique,
lumped inductors form artificial transmission lines in conjunction with the input
and output capacitance of the transistors. The input signal travels through the
gate line that is terminated by impedance Z; at the end. An amplified signal
is available via the drain line that is terminated by impedance Z at its other
end. This arrangement provides the possibility of increasing the gain—bandwidth
product of the amplifier.

The gate of each FET taps off the input signal traveling along the gate line and
transfers it to the drain line through its transconductance. The remaining input
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Figure 11.34 Schematic circuit of a traveling wave amplifier.

signal is dissipated in terminating impedance Zg. The drain line parameters are
selected such that the amplified signals available from each transistor are added
in a forward traveling wave and an amplified signal is available at the output.
This happens when the phase velocities on the drain and gate lines are same. Any
signal propagating on the drain line in the opposite direction is dissipated in Zp.

11.6 SMALL-SIGNAL EQUIVALENT-CIRCUIT MODELS
OF TRANSISTORS

Bipolar Junction Transistor

Figure 11.35 illustrates a small-signal equivalent model of the BJT. In this cir-
cuit, rp, is the resistance between its base terminal and the apparent base. It is
created because of low doping of the base. Cy represents diffusion capacitance
Cp and junction capacitance C;, connected in parallel; ry, is the resistance at
the emitter—base junction and ry is the resistance at the base—collector junc-
tion. Cp is capacitance between base and collector; r, represents the collector
resistance because the collector is lightly doped; r, is output resistance repre-
senting the finite slope of its I.— Vg characteristics. Ideally, r, will be infinite.

Cb'r'
B JV}; B’ ’_i 6‘ C /\/rL c
Twe' ﬂ\ Cyy Ve - :
o
| .
£
E

Figure 11.35 Small-signal equivalent circuit of a BJT.
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Figure 11.36 Simplified small-signal equivalent circuit of a BJT.

The resistance r, represents emitter resistance, and g,, is the transconductance.
Various parameters are related as follows:

Ic
B=hpp=-C (11.6.1)
Ip
I
a=le_ B (11.6.2)
Ig  1+8
8i o
g = —&| =€ (11.6.3)
Bvbfe/ Ver kT
8i B
rye = | —2 _F (11.6.4)
dvEp Vae 8m
5i -
e = | —2 ~ 00 (11.6.5)
SUEC Vip
C 'c’o
Cppo = —beo (11.6.6)
(1 —veg/ V)™
C'eO
Ci= J (11.6.7)
! [1 — (veg/ VeIP)]™
and
cp = dele (11.6.8)
D — kT e 0.

Ic, Ig, and I are the collector, base, and emitter currents, respectively, T is
temperature in kelvin, ¢, is electronic charge, k is the Boltzmann constant, Cy.,
is zero-biased capacitance, Vgip is the built-in potential of the base—collector
junction, m is equal to % for uniform doping and % for graded doping, and T, is
the base transit time. A simplified small-signal equivalent of the BJT is shown
in Figure 11.36.

Metal-Oxide-Semiconductor Field-Effect Transistor

The small-signal equivalent circuit of a MOSFET is illustrated in Figure 11.37.
It is assumed that both the source and the substrate are grounded. Ry and Rp are
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Figure 11.37 Small-signal equivalent circuit of a MOSFET.

the series resistance at the source and drain, respectively. The oxide overlay gives
rise to capacitance that degrades the high-frequency performance. It includes the
source—gate and drain—gate capacitances. Cgs and Cgp represent these as well
as respective parasitic capacitances. Cp ¢ includes the capacitance between drain
and substrate. The drain conductance gp and transconductance g, are defined
as follows:

a1
o = —2 (11.6.9)
aVp Vi =constant
and
al
gn = (11.6.10)
Ve Vp=constant

Metal-Semiconductor Field-Effect Transistors

The small-signal equivalent circuit of a MESFET is illustrated in Figure 11.38.
Rg, Rs, and Rp represent the extrinsic parasitic resistances that are in series
with the gate, the source, and the drain, respectively. Cp ¢ is the drain—source

D'G'

Rg D’ D
%J_ /]\ I\J_ J_ «;;
CGC Cpcr Vs

R, g
Ry
S

Figure 11.38 Small-signal equivalent circuit of a MESFET.
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capacitance. Transconductance g,, and drain conductance gp are as defined ear-
lier. R; is the channel resistance that is responsible for a finite charging time to
capacitor Cg¢ between the gate and the channel. Cp ¢ represents the drain-to-
channel capacitance.

11.7 DC BIAS CIRCUITS FOR TRANSISTORS

Transistor circuits require dc bias that provides the desired quiescent point. Fur-
ther, it should hold the operation stable over a range of temperatures. Resistive
circuits used at lower frequencies can be employed in the RF range as well. How-
ever, sometimes these circuits may not work satisfactorily at higher frequencies.
For example, a resistance in parallel with a bypass capacitor is frequently used
at the emitter to provide stable operation at lower frequencies. This circuit may
not work at microwave frequencies because it can produce oscillation. Further,
the resistance in an amplifier circuit can degrade the noise figure. Active bias
networks provide certain advantages over the resistive circuits.

Figure 11.39 illustrates a resistive bias network with voltage feedback. Induc-
tors L¢ and Lp are used to block RF from going toward Rc and Rp. At the
same time, dc bias passes through them to respective terminals of BJT with-
out loss (assuming that the inductors have zero resistance). If Vg represents
base—emitter voltage of the transistor,

Vee + Rglg + Rclg = Ve (11.7.1)
Since
Ig=1Ip—Ic=(1 —a)lg = Te (11.7.2)
p=1g—1Ic= E= 5P .
(11.7.1) can be written as
Vee =V
Ip cc_ Br (11.7.3)

" Rc+ Rs/(1+B)

+Vee

Figure 11.39 Transistor bias circuit with voltage feedback.
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For I to be less sensitive to changes in Vzg and P, the following conditions
must be satisfied:

Vee > Vie (11.7.4)
and
Re > X (11.7.5)
7118 "

Hence, it is advisable to use high V¢ and R.. However, there are practical
limitations. Another option is to use a small R, but it will limit Vg and therefore
the swing in output. It is up to the circuit designer to weigh these options of the
trade-off and to pick the components accordingly.

An alternative biasing network that uses a bypassed resistor at the emitter is
illustrated in Figure 11.40. As before, inductors L¢, Lpi, and Lp, are used to
block the RF. On the other hand, capacitor C is used to bypass RF. Figure 11.41
shows the Thévenin equivalent of this circuit for the dc condition where

R,

Viph=——YV, 11.7.6
™= R IR, € ( )
and
RiR,
Rpp = —122 (11.7.7)
Ri+R,
+Vee
R¢
Ry 2
Lc

. f Ry TCE
1

Figure 11.40 Transistor bias circuit with emitter bypassed resistor.
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+Vee

Figure 11.41 Equivalent of the circuit shown in Figure 11.40.

From the equivalent circuit shown in Figure 11.41,

R
Vih = Rmnlp + Ve + Rplp = <ﬁ + RE) Ig + Ve (11.7.8)
Hence, y v
Ig Th— "BE (11.7.9)

~ Re + Run/(1+P)

Therefore, the following conditions must be met for stable /:

Vi > Vae (11.7.10)
and
R,
R 11.7.11
E > 1+ ( )

Note that for a fixed V¢, Vi cannot be increased arbitrarily because it reduces
Vep and hence Veg. Smaller Vg means limited output swing. Further, large Rg
will reduce Vg as well. On the other hand, smaller Rr, will mean low input
impedance of the circuit. It is up to the circuit designer to work within these
contradictory requirements. As a rule of thumb, Vry is selected no more than 15
to 20% of V.

For a low-noise and low-power design, the drain current of the MESFET is
selected around 0.151pss (Ipss is the drain current in the saturation region with
Vies = 0), with Vpg just enough to keep it in saturation. A higher drain current
point (generally around 0.95/p5s) is selected for low-noise, high-power design.
Higher Vpyg is used for high-efficiency and high-power applications. Figure 11.42
shows a bias circuit that requires a dual positive power supply. Vg is applied to
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Figure 11.43 Transistor bias circuit employing a single power supply.

the source terminal of the MESFET via inductor Lg. Capacitor Cg grounds the
source at RF while Lg blocks it from the dc supply. The inductor Ls grounds
the gate for dc while stopping the RF. Similarly, bias voltage Vp, is applied to the
drain terminal via inductor Lp. However, it stops the RF from going toward the
bias supply that is further ensured by capacitor Cp. This circuit is recommended
for low-noise, high-gain, high-power, and high-efficiency applications.

Another bias circuit that requires only a single power supply is illustrated
in Figure 11.43. The voltage drop across Ry is applied to the gate via induc-
tor Lg. This resistance can also be used to adjust the gain of this circuit. As
mentioned earlier, it will be generating thermal noise as well. Note that a quarter-
wavelength-long line with a short circuit at one end can replace the RF-blocking
inductors. The short circuit is generally achieved via a capacitor connected across
the dc power supply.
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PROBLEMS

11.1.

11.2.

11.3.

114.

11.5.

11.6.

The S-parameters of a certain microwave transistor are measured at 3 GHz
with a 50-Q reference resistance and found as S;; = 0.505 /—150°,
Si2=0, Sy =7 £180°, and S, = 0.45 / —20°. Calculate the maxi-
mum unilateral power gain and design an amplifier using this transistor
for maximum power gain.

An NE868495-4 GaAs power FET has the following S-parameters mea-
sured at V;;, =9V and I;; = 600mA at 5 GHz with a 50-Q line: S;; =
0.45 £163°, S1, = 0.04 £40°, Sy; = 2.55 L—106°, and Sy, = 0.46 L—65°.
Use this transistor to design an amplifier for the maximum power gain
at 5 GHz.

Design an amplifier for maximum possible gain at 600 MHz using a
M/ACOM MA4T64435 bipolar junction transistor in the common-emitter
configuration. Its S-parameters, measured at Vcg = 8V and I = 10 mA
(Zo = 50R), are as follows: S;; = 0.514 /—101°, S»; =9.562 £112.2°,
S12 = 0.062 £49°, and S»; = 0.544 /—53°. Calculate the gain in decibels
for your circuit.

Design an amplifier for a maximum possible transducer power gain at
2 GHz, using an Avantek ATF-45171 GaAs FET with following common-
source S-parameters measured at Vps =9V and Ipg = 250mA (Zy =
50): S = 0.83 £L—137°, 8y, = 3.45 /83°, S1, = 0.048 £19°, and Sy, =
0.26 £—91°. Calculate the gain in decibels for your circuit.

An NE720 GaAs MESFET biased at V;; =4V and I;; = 30mA has the
following S-parameters at 4 GHz: S;; = 0.70 /—127°, S;p =0, S =
3.13 £76°, and S5, = 0.47 /—30°. Plot (a) the input constant-gain circles
for 3,2, 1,0, —1, and —2dB and (b) the output constant-gain circles for
the same decibel levels.

An NE41137 GaAs FET has the following S-parameters measured at
Vis =5V and I;; = 10mA at 3GHz with a 50-Q resistance: S;; =
0.38 /—169°, S1o =0, S = 1.33 /—39°, and Sy, = 0.95 /—66°. Design
an amplifier using this transistor for a power gain of 6 dB.
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An Avantek ATF-13036 GaAs FET in common-source configuration has
the following S-parameters measured at Vpg = 2.5V and Ipg = 20 mA
at 6 GHz with a 50-Q line: S, = 0.55 £—137°, Sy = 3.75 £52°, Spp =
0.112 £14°, and Sy = 0.3 /—80°. Design an amplifier using this transistor
for an available power gain of 10dB.

An NE868898-7 GaAs FET has the following S-parameters measured
at V=9V and I, =12A at 7GHz: S;; =042 /155°, S;p =
0.13 £—10°, 851 = 2.16 £25°, and Sy, = 0.51 £—70°.

(a) Draw the input and output stability circles if the transistor is poten-
tially unstable.

(b) Find the maximum operating power gain.
(c) Plot the power gain circles for 8 and 6 dB.

The DXL 3503A (chip) Ku-band medium-power GaAs FET has the fol-
lowing S-parameters measured at V;; = 6V and I;; = 0.51; at 18 GHz
with a 50-€2 line: S;; = 0.64 /—160°, S;, = 0.08 £127°, S5; = 0.81 £23°,
and Sy, = 0.77 /—78°. This transistor is to be used for a high-gain ampli-
fier. Design the input- and output-matching networks using balanced stubs
for a maximum possible power gain at 18 GHz.

A M/ACOM BJT MA4T64433 in common-emitter configuration has the
following S-parameters measured at Ve = 8 V and I¢ = 25mA at 1 GHz
with a 50-Q line: S, = 0.406 /—155°, S; = 6.432 /89.6°, S|, = 0.064
/53.1°, and Sy, = 0.336 /—57.1°. Design an amplifier using this transis-
tor for an available power gain of 10dB.

The S-parameters of a BJT at 2GHz in a 50-Q system are Sj; = 1.5
/—100°, S; = 5.0 /50°, S = 0.0 £0°, and Sy, = 0.9 /—60°.

(a) Calculate the input impedance and the optimum output termination.

(b) Determine the unstable region on the Smith chart and construct con-
stant-gain circles for G; = 3dB and G; = 4dB.

(c) Design the input-matching network for G; = 4dB with the greatest
degree of stability.

(d) Determine G7y in decibels for your design.

An Avantek low-noise silicon bipolar transistor, AT-41470, has the
following S-parameters measured at Vep =8V and Ic =25mA at
100MHz with a 50-Q line: Sy =0.64 /—62°, S =42.11 /147°,
S12 =0.009 £75° 82 =0.85 L—19°, Fpin = 1.2dB, Ty = 0.12 £5°,
and R, = 8.5Q. Design input and output matching networks of the
amplifier for Gy = 35dB and a low-noise figure of 2dB. For design
purposes, assume that the device is unilateral, and calculate the maximum
error in G resulting from this assumption.

An Avantek low-noise GaAs FET, ATF-13100, has the following S-
parameters measured at Vpg = 2.5V and Ips = 20mA at 4 GHz with a
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50-%2 line: SU =0.8 1—580, 521 =4.54 11260, 512 = 0.085 1590, 522 =
0.49 £—33°, Fpin =0.5dB, oy =0.60 £30°, and R, = 16 Q. Design
input- and output-matching networks of the amplifier for Gy = 12dB
and a low-noise figure of 2dB. For design purposes, assume that the
device is unilateral, and calculate the maximum error in Gy resulting
from this assumption.

An HP HXTR-6101 microwave transistor has the following parameters
measured at 4 GHz with a reference resistance of 50 2: minimum noise
figure = 2.5dB, "o = 0.475 £155°, and R, = 3.5 Q. Plot the noise figure
circles for given values of F at 2.5, 3.0, 3.5, 4.0, and 5.0dB.

A transistor has the following parameters: S;; = 0.5 £160°, S;» = 0.06
£50°, S5 =3.6 £60°, and Sy = 0.5 L—45°, T =0.4 £145°, R, =
0.4, and F;;, = 1.6dB. Design an amplifier with the best possible noise
figure for a power gain of 10dB. Also, the VSWR on either side should
be less than 2.

A DXL 1503A-P70 X-band low-noise GaAs FET is biased at V;, =
3.5V and I;; = 12mA. Its S-parameters are measured at 12 GHz with
a 50 -Q line as follows: S;; = 0.48 £/—130°, S = 0.01 £92°, Sy =
2.22 /75°% and Sy = 0.52 £—65°, Toy = 0.45 £175°, R, = 3.5Q, and
Finin = 2.5dB. Design input- and output-matching networks using dis-
crete components for a maximum amplifier gain of 9dB and a low-noise
figure of 3 dB.
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OSCILLATOR DESIGN

Oscillator circuits are used for generating the periodic signals that are needed
in various applications. These circuits convert a part of dc power into periodic
output and do not require a periodic signal as input. The chapter begins with
the basic principle of sinusoidal oscillator circuits. Subsequently, several transis-
tor circuits are analyzed to establish their design procedures. Ceramic resonant
circuits are frequently used to generate reference signals, and voltage-controlled
oscillators are important in modern frequency synthesizer design using the phase-
locked loop. Fundamentals of these circuits are discussed in this chapter. Diode
oscillators used at microwave frequencies are also summarized. The chapter ends
with a description of microwave transistor circuits using S-parameters.

12.1 FEEDBACK AND BASIC CONCEPTS

Solid-state oscillators use a diode or a transistor in conjunction with the passive
circuit to produce sinusoidal steady-state signals. Transients or electrical noise
triggers oscillations initially. A properly designed circuit sustains these oscilla-
tions subsequently. This process requires a nonlinear active device. In addition,
since the device is producing RF power, it must have a negative resistance.
The basic principle of an oscillator circuit can be explained via a linear feed-
back system as illustrated in Figure 12.1. Assume that a part of output Y is
fed back to the system along with an input signal X. As indicated, the transfer

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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Figure 12.1 Simple feedback system.

function of the forward-connected subsystem is A, while the feedback path has
a subsystem with its transfer function as f. Therefore,

Y = A(X +BY)

The closed-loop gain T (generally called the transfer function) of this system is
found from this equation as

Y A

X 1-4p

(12.1.1)

Product AP is known as the loop gain. It is a product of the transfer functions of
individual units in the loop. Numerator A is called the forward path gain because
it represents the gain of a signal traveling from input to output.

For a loop gain of unity, T becomes infinite. Hence, the circuit has an output
signal Y without an input signal X and the system oscillates. The condition
AB =1 is known as the Barkhausen criterion. Note that if the signal AP is
subtracted from X before it is fed to A, the denominator of (12.1.1) changes to
1 4+ AB. In this case, the system oscillates for Ap = —1. This is known as the
Nyquist criterion. Since the output of an amplifier is generally 180° out of phase
with its input, it may be a more appropriate description for that case.

Example 12.1 In the circuit shown in Figure 12.2, Ry = 10k, R, =12, C =
0.002 uF, and L = 1 pH. If the circuit is oscillating, find the voltage gain A of
the forward amplifier and the frequency of oscillation.

SOLUTION For this circuit,
_ JjoL
Ry — 02R,CL+ joo(L + R R,C)

B

Therefore, Af = 1 only if

R
w= L =12236.07 x 10°rad/s — f = 355.88 MHz
\ R.LC
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Figure 12.2 Circuit for Example 12.1.

and
A=1+RR— =21

Generalized Oscillator Circuit

Consider the transistor circuit illustrated in Figure 12.3. Device T in this circuit
may be a bipolar transistor or a FET. If it is a BJT, terminals 1, 2, and 4 represent
the base, emitter, and collector, respectively. On the other hand, these may be the
gate, source, and drain terminals if it is a FET. Its small-signal equivalent circuit
is shown in Figure 12.4. The boxed part of this figure represents the transistor’s
equivalent, with g, being its transconductance, and Y; and Y, its input and output
admittances, respectively. Application of Kirchhoff’s current law at nodes 1, 2,

V,
4 4
Vi 1 /
\T
Y, 2
Y,
Va
r;
Y,
3
V3

Figure 12.3 Schematic oscillator circuit.
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4 o e v,
| i gn(Vi=V2) |§
Y, E Y, C*) Y, i
A 1K
v, | | T
Y,
V3
Figure 12.4 Electrical equivalent of the schematic oscillator circuit.
3, and 4 gives
B(Vi—V)+Yi(Vi— V) + Y (Vi =Vy) =0 (12.1.2)
= Y(Vi = V2) = Y2 (Vs = V) = Yi(Vi = V2)
—8m(Vi = Vo) =Y, (Vs — V) =0 (12.1.3)
—Y(Vi=V3) = Yo(Vo—V3) =Y (V4 —V3) =0 (12.1.4)
and
gn(Vi = Vo) + Yo (Va = Vo) + Y .(V4 — V3) =0 (12.1.5)

Simplifying (12.1.2) to (12.1.5), we have
MNM+YL+)Vi—-M+ Y)W —Y3V3=0 (12.1.6)
- +Yi+g )i+ +n+Yi4+gn+Y)Vs
YV —Y,V, =0  (12.1.7)
V1LV + Qe+ +Y)Va—=Y Va=0 (12.1.8)

and
ngI - (gm + Yo)V2 - YLVS + (Yo + YL)V4 =0 (1219)

These equations can be written in matrix form as

Y/+Y+Y; - +7Y) -1 0
- +Yi+gw Yi+VHo+Yi+g.+Y, - =Y,
-Y; -Y, Y ,+Y;4+Y, -Yr
8m —(gm +Y5) -Y Y, + 7Y,
Vi
V|
x|y =0 (12.1.10)

Va
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For a nontrivial solution to this system of equations, the determinant of the coef-
ficient matrix must be zero. It sets constraints on the nature of circuit components
that will be explained later.

Equation (12.1.10) represents the most general formulation. It can be simplified
for specific circuits as follows:

1. If a node is connected to the ground, that column and row are removed
from (12.1.10). For example, if node 1 is grounded, the first row as well
as the first column will be removed from (12.1.10).

2. If two nodes are connected, the corresponding columns and rows of the
coefficient matrix are added together. For example, if nodes 3 and 4 are
connected, rows 3 and 4 as well as columns 3 and 4 are replaced by their
sums as follows:

Yi+¥+Y -1 +Y) —Y3 v
—4Yiten) VANt Yitgn+Y, —(h+Y) ||

_Y3+gm _(gm+Y2+Y0) Y2+Y3+Yo Vj
(12.1.11)

For a common-emitter BJT (or a common-source FET) circuit, V, = 0, and there-
fore, row 2 and column 2 are removed from (12.1.11). Hence, it simplifies further
as follows:
Yi+Y:+Y; —Y;
=0 12.1.12
_Y3+gm Y2+Y3+Y0 ( )

Therefore,

YWHh+Y G+ Y,+ Y+ Y, s+ Y, + Y+ Y Y, +g,Y3=0
(12.1.13)
If Y; = G; (pure real), Y, = G, (pure real), and the other three admittances (Y,
Y>, and Y3) are purely susceptive, separating its real and imaginary parts, we get

BB, + B,Bs; + B1B; = G;G, (12.1.14)

and
BG,+ B,G; + B3(gn + G; + G,) =0 (12.1.15)

Note that the junction capacitance at the input and output of the transistor can be
included in B; and B,. Similarly, the losses associated with reactive components
as well as the load can be included with G; and G,. Thus, these equations
represent a fairly general situation. In most cases, either the input or output
conductance may be assumed to be close to zero. Therefore, equation (12.1.14)
is satisfied only when at least one susceptance is different from the other two
(i.e., if one is capacitive, the other two must be inductive, or vice versa). In
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case of a common-emitter BJT circuit, the output impedance is very high and
therefore G, is approximately zero. In this case, equation (12.1.15) reduces to

(%+1)B3+BZ=0=BZ+(1+B)B3
or
X3=—-(14+p)X> (12.1.16)

where f = g,,/G; represents the small-signal current gain of a common-emitter
circuit. This equation indicates that if X, is an inductor, X3 is a capacitor, or
vice versa. Further, equation (12.1.14) may be written as

Xi+X,+X35=0 (12.1.17)

For a common-source FET circuit, G; is almost zero. Therefore, equation (12.1.15)
simplifies to

G
Xj=—2 X, (12.1.18)
GO +gm

This requires that if X is an inductor, X3 is a capacitor, or vice versa. Substitution
of X3 from (12.1.18) into (12.1.17) gives

X, =", (12.1.19)

G,

Hence, X; and X, must be of the same kind (inductive or capacitive), whereas
X3 different from the two. If X; and X, are inductive, X3 must be a capacitive
reactance. This type of oscillator circuit is called a Hartley oscillator. On the
other hand, X3 is an inductor if capacitors are used for X; and X,. This circuit
is called a Colpitts oscillator. Figure 12.5 illustrates the RF sections of these two
circuits (excluding the transistor’s biasing network). A BJT Hartley oscillator
with its bias arrangement is shown in Figure 12.6.

Resonant frequency of the Hartley oscillator is obtained via (12.1.17) as follows:

1
oLli+wl,—— =0
1 2 0Cs

L 1
S

Ayl
pl
59

T
(a) ()
Figure 12.5 Simplified circuits of (a) Hartley and (b) Colpitts oscillators.
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Figure 12.6 Biased BJT Hartley oscillator circuit.

or
) 1
0w == (12.1.20)
C3(Ly + L»)
Note that this relation assumes that there is no mutual coupling between L; and
L,. If the coupling factor is k (see Section 5.3), the correction term is 2k (L L)
that should be added to L; + L.
Similarly, the resonant frequency of a Colpitts oscillator is found from (12.1.17)
as follows:

1 1
— 4+ wLy;=0
OJC] (L)Cz to 3
or c c
o= 1t 2 (12.1.21)
CiCLs

Resistors Rpi, Rpo, and Rg in Figure 12.6 are determined according to the bias
point selected for a transistor. Capacitors Cg and Cg must bypass the RF, and
therefore these should have relatively high values. Cg is selected such that its
reactance at the design frequency is negligible in comparison with Rg. Similarly,
the parallel combination of Rg; and Rp, must be infinitely large compared with
the reactance of Cg. The RF choke (RFC) offers an infinitely large reactance
at the RF while it passes dc with almost zero resistance. Thus, it blocks the ac
signal from reaching the dc supply. Since capacitors Cg and Cg have almost zero
reactance at RF, the node that connects L, and Cj3 is connected electrically to the
base of BJT. Also, the grounded junction of L; and L, is effectively connected
to the emitter. Hence, the circuit depicted in Figure 12.6 is essentially the same
for the RF as that shown in Figure 12.5(a).
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Figure 12.7 Hartley oscillator for Example 12.2.

Capacitor C3 and total inductance L + L, are determined such that (12.1.17)
is satisfied at the desired frequency of oscillations. C3 and L, satisfy (12.1.16)
as well when the oscillator circuit operates. A Colpitts oscillator will require
capacitors C; and C, in place of inductors and an inductor Lj that replaces the
capacitor C3.

Example 12.2 The Hartley circuit shown in Figure 12.7 is oscillating at 150 MHz.
If the transconductance g,, of the FET is 4.5 mS, the load resistance R; is 50 €2,
and there is no coupling between L and L, whereas L, and L3 are tightly coupled,
find the values of the circuit components.

SOLUTION RFC is used in this circuit to block, and the capacitor Cp to
bypass, the RF signal. Thus, the unknown values are only L;, Ly, L3, and C.

The load resistance R; contributes to G, via the coupling of L, and L3 (see
Example 8.17). If L; = L, = 1 nH, then from (12.1.19), G, = g,,. Therefore,

1 1
"TVGR, T V45x10-3 x 50

For a tightly coupled case, (5.3.10) gives

L, 1
Ly=-"2=_ _nH=0.225nH
n2 ~ 2.10822

The capacitor C is found from (12.1.20) as follows:

1 1
(L1 + Lo 2x 10 x (27 x 150 x 105)2 P

Example 12.3 The Colpitts oscillator shown in Figure 12.8 is oscillating at
200 MHz. The transconductance g,, of the FET is 4.5mS, Rp =50, R =
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VDD
RFC E
Rp Cg

TT
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Figure 12.8 Colpitts oscillator for Example 12.3.

200 k€2, and the two coupling capacitors Cp are large, to provide almost a short
circuit for the signal. Find the values of the remaining components.

SOLUTION Capacitors Cp are large in value such that an RF signal is passed
through almost unchanged. The resistor Rg provides a dc path to the gate. Resis-
tors Rg and Rp appear in parallel at the output. Therefore,

e _ L RGRp _ 200x10° x50

R~ = =49.9875Q
G, Rg+Rp 200x10%+50

From (12.1.19),

c . _
Zl o B 45 %1073 x 49.9875 — C; = 0.225C,
¢ -G,

and from (12.1.21),
Ci+C 11

=— +— =L’
CiC G G

Assuming that L = 1nH, C; is found from the two equations above as follows:

49

C, =
279 % 1079 x (21 x 200 x 105)2

F =3.4477nF

Therefore, C; = 77.7 pF. A BJT-based Colpitts oscillator is shown in Figure 12.9.
Resistors Rpi, Rpy, and Rg are determined from the usual procedure of biasing
a transistor. Reactance of the capacitor Cp; must be negligible compared with
parallel resistances Rp; and Rp,. Similarly, the reactance of Cp, must be neg-
ligible compared with that of the inductor L;. The purpose of capacitor Cp; is
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Vee

% RFC

CBI

T

Figure 12.9 Biased BJT Colpitts oscillator circuit.

to protect the dc supply from short-circuiting via L3 and RFC. Since capacitors
Cp, and Cp, have negligible reactance, the ac equivalent of this circuit is the
same as that shown in Figure 12.5(b). Cy, C;, and L3 are determined from the
resonance condition (12.1.21). Also, (12.1.16) holds at the resonance.

As described in the preceding paragraph, capacitor Cg, provides almost a
short circuit in the desired frequency range, and the inductor Lj is selected such
that (12.1.21) is satisfied. An alternative design procedure that provides better
stability of the frequency is as follows. L3 is selected larger than needed to satisfy
(12.1.21), and then Cp; is determined to bring it down to the desired value at
resonance. This type of circuit is called a Clapp oscillator. A FET-based Clapp
oscillator circuit is shown in Figure 12.10. It is very similar to the Colpitts design
and operation except for the selection of Cp,, which is connected in series with
the inductor. At the design frequency, the series inductor—capacitor combination
provides the same inductive reactance as that of the Colpitts circuit. However, if
there is a drift in frequency, the reactance of this combination changes rapidly.
This can be explained further with the help of Figure 12.11.

VDD

%RFC
RGI l

L

Ly

Cg Ry C;

Rgz ~c
T T T
Figure 12.10 FET-based Clapp oscillator circuit.

C, an a0 C, G D D G
(a) (b)
Figure 12.11 Resonant circuits for Colpitts (a) and Clapp (b) oscillators.
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Figure 12.12 Reactance of inductive branch versus frequency for Colpitts (X;) and
Clapp (X>) circuits.

Figure 12.11 illustrates the resonant circuits of Colpitts and Clapp oscillators.
An obvious difference between the two circuits is the capacitor C3, which is con-
nected in series with Ls. Note that unlike Cs, the blocking capacitor Cgy shown
in Figure 12.9 does not affect RF operation. Reactance X of the series branch
in the Colpitts circuit is wL3, whereas it is X, = wL3z — 1/wC;3 in the case of
the Clapp oscillator. If inductor L3 in the former case is selected as 1.59 wH and
the circuit is resonating at 10 MHz, the change in its reactance around resonance
is as shown in Figure 12.12. The series branch of the Clapp circuit has the same
inductive reactance at the resonance if L3 = 3.18 wH and C3; = 159 pF. However,
the rate of change of reactance with frequency is now higher compared with X;.
This characteristic helps in reducing the drift in oscillation frequency.

Another Interpretation of the Oscillator Circuit

Ideal inductors and capacitors store electrical energy in the form of magnetic and
electric fields, respectively. If such a capacitor with initial charge is connected
across an ideal inductor, it discharges through that. Since there is no loss in
this system, the inductor recharges the capacitor back and the process repeats.
However, real inductors and capacitors are far from being ideal. Energy losses
in the inductor and the capacitor can be represented by a resistance r; in this
loop. Oscillations die out because of these losses. As shown in Figure 12.13, if
a negative resistance —r; can be introduced in the loop, the effective resistance
becomes zero. In other words, if a circuit can be devised to compensate for the
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L ™ ¢

=

n -

Figure 12.13 Ideal oscillator circuit.

Figure 12.14 BIJT circuit to obtain negative resistance.

losses, oscillations can be sustained. This can be done using an active circuit, as
illustrated in Figure 12.14.

Consider the transistor circuit shown in Figure 12.14. X; and X, are arbitrary
reactance, and for simplicity, the dc bias circuit is not shown in this circuit. For
analysis, a small-signal equivalent circuit can be drawn as shown in Figure 12.15.
Using Kirchhoff’s voltage law, we can write

Vi=L(X1+ X)) — [,(X; —BX>2) (12.1.22)
and
0=1(X1)—1,(X|+71y) (12.1.23)
i» I,—
7 — T X "n B,
S —
l X, Ry

Figure 12.15 Small-signal equivalent of Figure 12.14 with the output impedance of the
BIJT neglected.
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Equation (12.1.23) can be rearranged as

=X (12.1.24)
b= X1 + In ' o
Substituting (12.1.24) into (12.1.22), we find that
Vi=L (X +X,— Lﬁxle (12.1.25)
Xl —}—}”n

The impedance Z; across its input terminal can now be determined as follows:

V; X —pX 1 X1 X X X))y
2=V _(x,1x,- % p 2y, _ A HBXiXo + (X1 + Xo)r
I; X1+ 7y X +ry
(12.1.26)
For X; < ry, the following approximation can be made:
1 X1 X
zizwjuxlw(z (12.1.27)
I'n
For X; and X, to be capacitive, it simplifies to
1 1 Ci+C
Z ~ — +h _ate (12.1.28)
In (1)2C1C2 (,OC1C2
Since B, ry, and g, of a BJT are related as
1+
~ &m
rﬂ
(12.1.28) can be further simplified. Hence,
m i Ci+ C
Zi~ % JE1t G (12.1.29)

_(1)2C1C2 B 8 C1C2

Therefore, if this circuit is used to replace capacitor C of Figure 12.13 and the
following condition is satisfied, the oscillations can be sustained:

8m
=7 _ 12.1.30
n= .G ( )
The frequency of these oscillations is given as
1
(12.1.31)

T VIC GG T 6

A comparison of this equation with (12.1.21) indicates that it is basically the
Colpitts oscillator.
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On the other hand, if X; and X, are inductive, (12.1.27) gives the relation
Zi ~ —guw?LiLy + jo(L; + Ly) (12.1.32)
Now, if this circuit replaces inductor L of Figure 12.13 and the condition
ri = gmo’LiL, (12.1.33)

is satisfied, sustained oscillations are possible. The frequency of these oscilla-
tions is 1
0= — (12.1.34)

~C(L1 + L»)

This is identical to (12.1.20), the Hartley oscillator frequency.

12.2 CRYSTAL OSCILLATORS

Quartz and ceramic crystals are used in oscillator circuits for additional stability
of frequency. They provide a fairly high Q value (on the order of 100,000)
that shows a small drift with temperature (on the order of 0.001% per °C). A
simplified electrical equivalent circuit of a crystal is illustrated in Figure 12.16.
As this equivalent circuit indicates, the crystal exhibits both series and parallel
resonant modes. For example, the terminal impedance of a crystal with typical
values of Cp = 29pF, Ls = 58 mH, Cs = 0.054pF, and Ry = 152 exhibits a
distinct minimum and maximum with frequency, as shown in Figure 12.17. Its
primary characteristics may be summarized as follows:

o The magnitude of the terminal impedance decreases up to around 2.844 MHz
while its phase angle remains constant at —90°. Hence, it is effectively a
capacitor in this frequency range.

¢ The magnitude of the impedance dips around 2.844 MHz and its phase angle
goes through a sharp change from —90° to 90°. It has series resonance at
this frequency.

Cp /; gcs

Figure 12.16 Equivalent circuit of a crystal.
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Figure 12.17 Magnitude (a) and phase angle (b) of the terminal impedance as a function
of frequency.

o The magnitude of the impedance has a maximum around 2.8465 MHz, where
its phase angle changes back to —90° from 90°. It exhibits a parallel reso-
nance around this frequency.

o The phase angle of the impedance remains constant at 90° in the frequency
range 2.844 to 2.8465 MHz while its magnitude increases. Hence, it is effec-
tively an inductor.

e Beyond 2.8465MHz, the phase angle stays at —90° while its magnitude
goes down with frequency. Therefore, it is changed back to a capacitor.

Series resonant frequency wg and parallel resonant frequency wp of the crystal
can be found from its equivalent circuit. These are given as follows:

1
VLsCg

wg = (12.2.1)
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+V

-
1

CB RBI

Figure 12.18 Pierce oscillator circuit.

and

wp = wg. |1+ — (12.2.2)
Cr

Hence, the frequency range Aw over which the crystal behaves as an inductor
can be determined as follows:

C C
wp — 05 = Aw = wg [ (1 + C—i) - 1] ~ ﬁws (12.2.3)

Aw is known as the pulling figure of the crystal. Typically, wp is less than
1% higher than wg. For an oscillator design, a crystal is selected such that the
frequency of oscillation falls between wg and wp. Therefore, the crystal operates
basically as an inductor in the oscillator circuit. A BJT oscillator circuit using the
crystal is shown in Figure 12.18. It is known as a Pierce oscillator. A comparison
of its RF equivalent circuit with that shown in Figure 12.5(b) indicates that the
Pierce circuit is similar to the Colpitts oscillator, with inductor L3 replaced by
the crystal. As mentioned earlier, the crystal provides very stable frequency of
oscillation over a wide range of temperature. The main drawback of a crystal
oscillator circuit is that its tuning range is relatively small. It is achieved by
adding a capacitor in parallel with the crystal. In this way, the parallel resonant
frequency wp can be decreased up to the series resonant frequency wg.

12.3 ELECTRONIC TUNING OF OSCILLATORS

In most of the circuits considered so far, the capacitance of the tuned circuit can
be varied to change the frequency of oscillation. It can be done electronically by
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using a varactor diode and controlling its bias voltage. There are two basic types
of varactors: abrupt and hyperabrupt junctions. Abrupt junction diodes provide
very high Q values and also operate over a very wide tuning voltage range
(typically, O to 60 V). These diodes provide an excellent phase noise performance
because of their high Q value.

Hyperabrupt-type diodes exhibit a quadratic characteristic of the capacitance
with applied voltage. Therefore, these varactors provide a much more linear
tuning characteristic than does the abrupt type. These diodes are preferred for
tuning over a wide frequency band. An octave tuning range can be covered in
less than 20 V. The main disadvantage of these diodes is that they have a much
lower Q value, and therefore the phase noise is higher than that obtained from
the abrupt junction diodes.

The capacitance of a varactor diode is related to its bias voltage as follows:

A

C=— (12.3.1)
(Vg + Vp)"

A is a constant, Vy the applied reverse bias voltage, and Vp the built-in potential,

0.7V for silicon diodes and 1.2V for GaAs diodes. For the following analysis,

we can write
A

C=—
Vn

(12.3.2)

In this equation, A represents capacitance of the diode when V is 1V. Also,
n is a number between 0.3 and 0.6 but can be as high as 2 for a hyperabrupt
junction. The resonant circuit of a typical voltage-controlled oscillator (VCO)
has a parallel tuned circuit consisting of inductor L, fixed capacitor C, and the
varactor diode with capacitance C. Therefore, its frequency of oscillation can be

written as
1 1

w = =
VIC O ey +a/vr)

(12.3.3)

Let wy be the angular frequency of an unmodulated carrier and Vj and Cj be the
corresponding values of V and C. Then

1 1
())% = = n
L(Cs+Co) L(Cp+A/VY)

(12.3.4)

Further, the carrier frequency deviates from wy by 8w for a voltage change of
d3V. Therefore,

2 1 )
(wg +dw)” = L[Cf A/ (Vo 5V)] = (wg + dw)

=L[Cy+ A(Vo+3V)™"] (12.3.5)
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Dividing (12.3.5) by (12.3.4), we have

wo + dw 2_ Cr+Co
wo CCr AV 8V
_ Cr+GCy
Cr+AV,"(A+8V/ V)™
or
o'\ Cs+C 3o\
<1+—‘”>= s+ o n:<1+—°’>
() Cf'+C0 (1 +8V/V0) (V)
_ Cr+Co(1+3V/Vp)™
N Cr+Cy
or
dw Cr+ Coll —n®V/Vp)l dV Co
1-2—~ =1l —-n—x ——
wo Cr+Cy Vo Cr+Co
Hence,

d C
0 _I% 0 _ g, (12.3.6)
8V 2V Cy+Cy
K is called the funing sensitivity of the oscillator. It is expressed in radians per
second per volt.

Example 12.4 Figure 12.19 shows a voltage-controlled oscillator circuit. Assume
that Ry = 1.8 k2, C; = 150pF, C, = 72 pF, L = 32 nH, and the capacitance of the
varactor diode changes from 3.5 pF to 32 pF as its bias voltage Voo is varied. Fur-
ther, two capacitors Cp are large enough to short-circuit the RF signal. Determine
the frequency range of this oscillator.

= Y

R, $ ~T~Ci

V,

control

Figure 12.19 Voltage-controlled oscillator circuit.
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SOLUTION From (12.1.31),

1
= Hz
f 2n/ LC
where c.C
C=Cpt——"0
vai Cl +C2

For the varactor capacitance Cy, = 3.5pF, C is calculated as 52.15 pF and the
corresponding frequency is found to be 123.2MHz. When Cy, is 32pF, C is
found as 80.65 pF that gives f as 99.07 MHz. Therefore, the frequency range of
this oscillator is 99.07 to 123.2 MHz.

124 PHASE-LOCKED LOOP

A phase-locked loop (PLL) is a feedback system that is used to lock the output
frequency and phase to the frequency and phase of a reference signal at its input.
The reference waveform can be of many different types, including sinusoidal
and digital. PLLs have been used for various applications, including filtering,
frequency synthesis, motor speed control, frequency modulation, demodulation,
and signal detection. The basic PLL consists of a voltage-controlled oscillator
(VCO), a phase detector (PD), and a filter. In its most general form, the PLL
may also contain a mixer and a frequency divider, as shown in Figure 12.20.
In the steady state, the output frequency is expressed as follows:

fo=fu ENf, (12.4.1)

Hence, the output frequency can be controlled by varying N, f;, or f,,.

It is helpful to consider the PLL in terms of phase rather than frequency. This
is done by replacing f,, f., and f, with 6,, 6,,, and 0,, respectively. Further,
the transfer characteristics of each building block need to be formulated before
the PLL can be analyzed.

1 %— PD Loop filter VCO i
Ir

Divide by &\

N

I

Figure 12.20 Block diagram of a PLL system.
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Phase Detector

With the loop in lock, the output of the phase detector is a direct voltage V,
that is a function of the phase difference 6, =0, — 0. If input frequency f,
is equal to fy, V., must be zero. In commonly used analog phase detectors,
V., is a sinusoidal, triangular, or sawtooth function of 6,. It is equal to zero
when 6, is equal to /2 for the sinusoidal and triangular types, and w for the
sawtooth type. Therefore, it is convenient to plot V, versus a shifted angle 6, as
shown in Figures 12.21 to 12.23 for a direct comparison of these three types of
detectors. Hence, the transfer characteristic of a sinusoidal-type phase detector
can be expressed as follows:

V.= Asing,  — g <0, < (12.4.2)

T
2
This can be approximated around 6, =~ 0 by the expression

Ve &~ A9,

0,=6, — /2

Figure 12.21 Sinusoidal output of the PD.

=T

6,=0,—m/?2

Figure 12.22 Triangular wave.
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- 0 b4

0,=6, -7

Figure 12.23 Sawtooth wave.

In the case of a triangular output of the phase detector, the transfer characteristic
can be expressed as

2A

V,=—8, - —<9,< (12.4.3)
U

T B!
2 2

From the transfer characteristic of the sawtooth-type phase detector illustrated in
Figure 12.23, we can write

A
V, = —6, —-n<6,<m (12.4.4)

Since V, is zero in steady state, the gain factor K; (volts per radians) in all three
cases is

— =Ky (12.4.5)

Voltage-Controlled Oscillator

As described earlier, a varactor diode is generally used in the resonant circuit
of an oscillator. Its bias voltage is controlled to change the frequency of oscilla-
tion. Therefore, the transfer characteristic of an ideal voltage-controlled oscillator
(VCO) has a linear relation, as depicted in Figure 12.24. Hence, the output fre-
quency of a VCO can be expressed as follows:

Jo=fs+kVy Hz

or
wo = 0)5+K0Vd rad/s
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o

Is

Figure 12.24 Characteristic of a voltage-controlled oscillator.

or
Wy = wg + dw rad/s
t t
0(t) = / wodt = wgt + / dwdt = Bg + 0y (1)
0 0
Therefore,
! dOo(t
00(1) :/ swdr = 200 _ 50— k,v, (12.4.6)
0 dt
In the s-domain,
Bo(s) K,

509(s) = K, Va(s) = Vi) g

Hence, VCO acts as an integrator.

Loop Filters

A low-pass filter is connected right after the phase detector to suppress its output
harmonics. Generally, it is a simple first-order filter. Sometimes higher-order
filters are also employed to suppress additional ac components. The transfer
characteristics of selected loop filters are summarized below.

Lead-Lag Filter. A typical lead—lag filter uses two resistors and a capacitor,
as illustrated in Figure 12.25. Its transfer function, F'(s), can be found as follows:

v, _ Ry +1/sCy _ 14+sR,C,

V; o Ri+Ry+1/5C, o 1+ 5(RiCy+ RCy)

Hence,

(12.4.7)
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Figure 12.25 Lead-lag filter.

where

Ty = R2C2 (1248)
and

T = (R + R)C, (12.4.9)

Typical magnitude and phase characteristics versus frequency (the Bode plot) of
a lead—lag filter are illustrated in Figure 12.26. The time constants t; and T,
used to draw these characteristics were 0.1 and 0.01 s, respectively. Note that the
changes in these characteristics occur at 1/t; and 1/7;.

Integrator and Lead Filter. This type of filter generally requires an op amp
along with two resistors and a capacitor. As illustrated in Figure 12.27, the feed-
back path of the op amp uses a capacitor in series with resistance. Assuming
that the op amp is ideal and is being used in inverting configuration, the transfer
characteristics of this filter can be found as follows:

VO . R2+1/SC2 _ l—|—SR2C2
Vi - Rl o SR1C2
1
F(s) = 322 (12.4.10)
ST
where
T = R1C2 (12411)
and
=R, (12.4.12)

Typical frequency response characteristics (the Bode plot) of an integrator and
lead filter are illustrated in Figure 12.28. Time constants t; and T, used for this
illustration are 0.1 and 0.01 s, respectively.
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Figure 12.26 Frequency response (Bode plot) of a lead—lag filter.
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Figure 12.27 Integrator and lead filter.
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Figure 12.28 Frequency response (Bode plot) of integrator and lead filter.

Note again that there are significant changes occurring in these characteristics
at frequencies that are equal to 1/t; and 1/t;. For frequencies less than 10rad/s,
the phase angle is almost constant at —90°, whereas the magnitude changes at
a rate of 20dB/decade. It represents the characteristics of an integrator. The
phase angle becomes zero for frequencies greater than 100 rad/s. The magnitude
becomes constant at —20dB as well.

Integrator and Lead—Lag Filter. Another active filter that is used in the loop
is shown in Figure 12.29. It employs two capacitors in the feedback loop of the
op amp. Assuming again that the op amp is ideal and is connected in inverting
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T qy B

-— < —

Figure 12.29 Integrator and lead—lag filter.

configuration, the transfer function of this filter can be found as follows:

Vo _ 1 RQ/SCZ + 1 _ 1 Rz + 1
V; B Ry \ R+ 1/sC, sC - Ri \1+5sR,C, sCq

Ry/R; 1

=_1+SR2C2 SR1C1

or
Vo  sRCi+14+5RG

Vi SRICi(1+5sRCy)
This can be rearranged as follows:
1 1451,
F(s) = —— 12.4.13
® st 1+ 573 ( )
where
1 =CR (12.4.14)
T = R(Ci +Cr) (12.4.15)
and
T3 = R2C2 (12416)

The frequency response of a typical integrator and lead—lag filter is shown in
Figure 12.30. Time constants t;, T, and t3 are assumed to be 1, 0.1, and 0.01 s,
respectively. The corresponding frequencies are 1, 10, and 100rad/s. At frequen-
cies below 1rad/s, the magnitude of the transfer function decreases at a rate of
20 dB/decade while its phase angle stays at —90°. Similar characteristics may be
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Figure 12.30 Frequency response (Bode plot) of integrator and lead—lag filter.

505

observed above 100rad/s. It is a typical integrator characteristic. A significant
change in the frequency response may be observed at 10rad/s as well.
An equivalent block diagram of the PLL can be drawn as shown in Figure 12.31.
Output 6, of the VCO can be controlled by voltage V, reference signal 6,, or
modulator input 6,,. To understand the working of the PLL when it is nearly locked,
the transfer function for each case can be formulated with the help of the figure.
A general formula for the transfer function T'(s) of a single-feedback-loop
system can be written with the help of Figure 12.1:

(12.4.17)
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Figure 12.31 Equivalent block diagram of a PLL.

Since there are three different ways to control the phase of the VCO, the transfer
function for each case can be found via (12.4.17), as follows:

1. When phase 6,, of the mixer input controls the VCO output 6,, its transfer
function Ti(s) is found to be

Ti(s) = 0,(s) _ (I/N)K4F(s)(K,/s) _ K F(s) (12.4.18)
On(s) 1+ (A/N)KaF(s)(K,/s)1 s+ KF(s)
where
KdKo
K=— (12.4.19)
N

2. When phase 0, of the reference input controls the output 6, of the VCO,
its transfer function 75(s) will be

ea(s)_ K F(s)K,/s _ NKF(s)
0,(s) 1+ K[F(s)/s] s+ KF(s)

To(s) = (12.4.20)

3. Similarly, for the case of input voltage V controlling 6,, its transfer function
T3(s) is found to be

0,(s) K,/s .
V 14+ K[F(s)/s] s+ KF(s)

T3(s) = (12.4.21)

It is obvious from (12.4.18) to (12.4.21) that the transfer function F(s) of
the filter significantly affects the working of a PLL. Various types of loop filters
have been used to obtain the desired PLL characteristics, including the three loop
filters described earlier: the lead—lag filter, an integrator in combination with a
lead network, and an integrator combined with a lead—lag network. The number
of poles of the loop gain [K F'(s)/s] at the origin determines the type of phase-
locked loop. Hence, a phase-locked loop with a passive lead—lag filter (without
a charge pump) is of type 1 because its loop gain has only one pole at the origin.
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Phase-detector output is a voltage that drives the loop filter. There is a significant
improvement in performance if a current source (or sink) drives the loop filter.
There is a double pole at the origin if either of the remaining two filters is used
(an integrator in combination with a lead or a lead—lag network). Therefore, it is
a type 2 phase-locked loop now because the integrator adds another pole at the
origin. Further, the highest degree of the characteristic polynomial equation [1
+K F(s)/s = 0] is called the order of that phase-locked loop. Hence, if a PLL is
employing the passive lead—lag filter of Figure 12.25, it is a second-order type
1 system. On the other hand, it will be second-order type 2 with the integrator
and lead filter of Figure 12.27, and third-order type 2 with the integrator and
lead—lag filter shown in Figure 12.29.

Equations (12.4.18) to (12.4.21) are used to analyze the stability of a PLL and
to develop the relevant design procedures. As an example, consider the case
where a lead—lag filter is being used and the frequency divider is excluded from
the loop (i.e., N = 1). The transfer function 7,(s) for this PLL can be obtained
by substituting (12.4.7) into (12.4.20) as follows:

K,(1 4+ 129)
s(1 4+ 7t15) + Ky(1 4 125)

Tr(s) =

where K, = K;K, is the dc gain of the loop.

Generally, T»(s) is rearranged in the following form for further analysis of
the PLL.
wﬁ + 2tw, — o)i/Kv)s

$2 4+ 2tw,s + o2

Th(s) =

Coefficients w, and ¢ are called the natural frequency and the damping factor,
respectively. These are defined as

K,
Wy, = [ —
T

o, n 1
= — T e
=5 \2t%,

These coefficients must be selected such that the PLL is stable and performs accord-
ing to the specifications. See Table 12.1 for a summary of PLL components.

and

Phase-Locked-Loop Terminology

Hold-in Range. This is also called the lock range, the tracking range, or the
synchronization range. If reference frequency f, is changed slowly from the
free-running frequency fy, VCO frequency f, tracks f, until the phase error
6, approaches +m/2 for sinusoidal and triangular phase detectors or +m for a
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TABLE 12.1 Summary of PLL Components

Element Transfer Function Remarks

K, . .
VCO — K, is the slope of the oscillator frequency to the

§ voltage characteristic. It is expressed in radians per
second per volt.
Mixer 1 The change of output phase equals the change of
input phase.

1
Divider m N is the division ratio.
Phase detector Ky K, is the slope of the phase detector voltage to the
phase characteristic in volts per radian.
Filter F(s) The transfer function depends on the type of filter
used.

sawtooth-type phase detector. It is assumed here that the VCO is capable of
sufficient frequency deviation and that the loop filter and amplifier (if any) are
not overdriven.
From the transfer function of a sinusoidal phase detector as given by (12.4.2),
we find that
. Ve
sinf, = —
Kq

The output voltage V, of the phase detector is applied to the input of the voltage-
controlled oscillator. Therefore, using (12.4.6) with V; = V,,

v, dw

e _ (12.4.22)
K: K.Ky

sinf, =

Since 6, ranges between —90° and +90°, the hold-in range, 3wy, for this case
is found to be
dwy =K, K, (12.4.23)

Hence, if there is no frequency divider in the loop (i.e., N = 1), the hold-in range
is equal to dc loop gain.

Similarly, the hold-in range with a triangular or sawtooth phase detector with
linear characteristics can be determined via (12.4.3) to (12.4.5). It may be found as

dwy = £KyK,0,max (12.4.24)
Note that 6, ¢ is /2 for triangular and 1 for sawtooth phase detectors.
Example 12.5 Free-running frequency and the gain factor of a voltage-controlled

oscillator are given as 100 MHz and 100 kHz/V, respectively. It is being used in
a PLL along with a sinusoidal phase detector with a maximum output of 2V at
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0, = /2 radians. If there are no amplifiers or frequency divider in the loop, what
is its hold-in range?

SOLUTION From (12.4.2),

Ve

sin 6,

Ky

Similarly, from the voltage-controlled oscillator characteristics,

b
K, = -2 — 257 x 100 x 1000rad/s - V
Va
Hence,
Sy = £2 x 21 x 10°rad/s
or

d fy = £200kHz

Example 12.6 1If the phase detector in Example 12.5 is replaced by a triangular
type with V,.x = A =2V at 0, ., = 1/2 radians, find the new holding range.

SOLUTION  From (12.4.5),

Since the voltage-controlled oscillator is still the same, K, = 27 x 10° rad/s -V.
Hence, the new hold-in range will be given as follows:

4 s X 5
dwyg = — x 21 x 10° x — = 47w x 10’ rad/s
T 2
or

d fy = 200kHz.

Acquisition of Lock. Suppose that a signal with frequency f, is applied to the
loop as shown in Figure 12.20. If this frequency is different from the feedback
signal frequency f, the loop tries to capture or acquire the signal. Two frequen-
cies are equalized if the initial difference is not too large. In general, maximum
radian frequency difference 4=(w, — w ) must be smaller than the hold-in range.
Acquisition of lock is a nonlinear process whose description is beyond the scope
of this chapter. Some general conclusions based on a commonly used lead—lag
filter are summarized below.
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Lock-in Range. If the frequency difference |w, — w| is less than a 3-dB band-
width of closed-loop transfer function 75(s), the loop locks up without slipping
cycles. The maximum lock-in range, 8w;, may be found by the formula

K
Sw, = £ 2 (12.4.25)
T1

K is the dc loop gain, Tty = (R; + R,)C>, and 1, = R,(», as defined earlier. The
lock-in range can be expressed in terms of natural frequency w, and damping
factor ¢ of closed-loop transfer function 7,(s) with a lead—lag filter. It is given
as follows:

dwp ~ £2tw, (12.4.26)
where
K
o, = | — (12.4.27)
T
and
On (] (12.4.28)
=—|= — 4.
=ty

Pull-in Range. Suppose that frequency difference |w, — w | is initially outside
the lock-in range but is inside the pull-in range. In this case, the difference
frequency signal at the output of the phase detector is nonlinear and contains a
dc component that gradually shifts the VCO frequency f,(fr = f,/N) toward f,
until lock-in occurs. For high-gain loops, an approximate formula for the pull-in

range is
Swp ~ £,/2Qtw, K — »2) (12.4.29)

It is desirable for the loop to have a large bandwidth that helps in capture initially.
However, it increases the transmission of noise. These contradictory conditions
may be satisfied in two different ways:

1. Use a larger bandwidth initially but reduce it after the lock is acquired.

2. Use a small bandwidth but sweep the frequency of the voltage-controlled
oscillator until the lock is acquired.

Example 12.7 1In the PLL shown in Figure 12.32, peak amplitudes of the refer-
ence input and VCO output are both 0.75 V. An analog multiplier is being used
as a phase detector that has a 2-V output when its reference input, Vj,, and the
oscillator signal, Vo, are both 2 V. The free-running frequency of the VCO is
10 MHz, which reduces to zero when its control voltage V.,q is reduced by 1 V.
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Vep Vy

S 1 PD F(s) VCO

V,

osc

Figure 12.32 PPL for Example 12.7.

Find the phase difference between the input and VCO output when it is in lock
with an input frequency of (a) 11 MHz and (b) 9 MHz.

SOLUTION  Since the output of an analog multiplier is proportional to the
product of its two inputs, we can write

Vep = K Vin Vose
Hence, the proportionality constant K, is

2
K, = =05V~!
2x2

For

Vin = E;, sin ot
and
Vose = Eosc cos(wt — ¢g)
Vep = K, Ein Eosc Sin ot cos(wt — by)
= 0.5K,, Ein Eosc[sin ¢y + sin(2 wt — dy)]
Since the output of the phase detector is passed through a low-pass filter before

it is applied to the voltage-controlled oscillator, the controlling voltage V,; may
be written as

Vd = O-SKm EinEosc sin d)d ~ O-SKm EinEosc(I)d

Hence, the transfer function K, is

V,
Kis= q)—d = 0.5K,, EinEose = 0.5 x 0.5 x 0.75% = 0.1406 V/rad
d

Transfer function K, of the voltage-controlled oscillator can be found from (12.4.6)

as
S 27 x 107 ;
= = ——=2nux 10'rad/s-V

K,= — =
vV, 1
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Since the output frequency of the voltage-controlled oscillator is given as
wo = K, Vg + oy = ojy

Wwe can write
Wip — Wy
Vi=———
K,

Hence,
Vd _ Wip — Wy

¢ = T TKK,

(a) The input signal frequency in this case is 11 MHz while the free-running
frequency of the voltage-controlled oscillator is 10 MHz. Hence,

oy 21(11 MHz — 10 MHz)

d =0.7111rad = 40.74°
Ko Kd
Since there is a constant phase shift of 90° that is always present, actual phase
difference between the input signal and the output of VCO will be 90° — 40.74° =
49.26°.
(b) Since the input signal frequency in this case is 9 MHz, we find that

27(9 MHz — 10 MH .
¢y = TOMHz 2 07111 rad = —40.74
K()Kd

As before, because of a constant phase shift of 90°, the actual phase difference
between the input signal and the output of the VCO will be 90° + 40.74° =
130.74°.

Further Analysis of the PLL

Consider the simplified block diagram of the PLL shown in Figure 12.33. It
consists of only a phase detector, a low-pass filter, and a voltage-controlled
oscillator. Assume that the reference and the output signals are v, and v,, respec-
tively. Hence,

V() = A, sin[ot 4 0, (1)] (12.4.30)

1210} V(1)
PD F(s) vCco V(1)

v,(0)

Vo (0

Figure 12.33 Simplified block diagram of a PLL.
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and

V,(t) = A, cos[wt + 6,(1)] (12.4.31)

Note that output frequency of the VCO varies with v,(¢); therefore,

0,(t) = K, / v (V)d1 (12.4.32)

K, is in radians per second per volt, as defined earlier. The output of the phase
detector is

v () = K,v,(Hv,(t) = K,, A, A, sin[w? + 0,(¢)] cos[wt + 0,(1)]

or

KnA A, . .
vi(1) = =SS0, (1) — 8,(D)] + sinl2 wot +0,(1) + 6,1} (12433)

The low-pass filter stops the sum frequency component (the second term). Hence,
v2(2) = Ky sin[6,()] ® f() (12.4.34)

where ® represents the convolution of two terms, 0,(¢) is equal to 6, (¢) — 6,(¢),
and K, is equal to 0.5K,,A, A,.

The overall equation describing the operation of the PLL may be found as
follows:

do.(t)  do.(1) do,(r)  don) d

t
dt dt dt dr a1 {KdKo/ sin[6,(1)] ® f(t)dr}

or
do.(1)  do.(1)
dr —  dt

— KK, sin[0,()] ® f(t) (12.4.35)

For sin[6,(1)] = 6.(t), (12.4.35) can be approximated as

do.(t) _ do,(r)
dt  dt

- KdKoee(t) X f(t)

Taking the Laplace transform of this equation with initial conditions as zero, it
can be transformed into the frequency domain. Hence,

50.(s) = 56,(5) — KgKoOe(s)F (s)

or
[s + Ka Ko F (s)][0,(s) — 0,(s)] = 56,(s)

or
KK, F(s5)0,(s) = [s + KaKoF (5)10,(s)
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Hence, the closed-loop transfer function 7'(s) is

_ eo(s) _ KdKoF(S)
C0.(5) s+ K4K,F(s)

T(s) (12.4.36)

This is identical to (12.4.20) if the frequency division is assumed as unity.

Example 12.8 Analyze the PLL system shown in Figure 12.34. By controlling
the frequency divider, its output frequency can be changed from 2 MHz to 3 MHz
in steps of 100 kHz. Transfer function of the phase detector, K, is 0.5 V/rad.
Free-running frequency and a gain factor of VCO are 2.5MHz and 107 rad/s-V,
respectively. A voltage gain of the amplifier is 10. Design a passive lead—lag
low-pass filter that can be used in the loop.

SOLUTION With f,, as zero (i.e., without the mixer), the output frequency is
found from (12.4.1) as

fo = Nfr

Since it has a resolution of 100kHz, its reference frequency must be the same.
Next, the range of N is determined from the equation above and the desired
frequency band. For f, to be 2MHz, N must be equal to 20. Similarly, it is 30
for an output frequency of 3 MHz. Hence,

20< N <30
From (12.4.6),

W —wy 27 6 6 T
Vi=——F— =72 x100-25x10") = —— Vv
K, 107 10

Going back around the loop, input to the amplifier (or output of the phase detec-
tor) can be found as

Vd T
Ve = — = ——
K, 100
1% : . % Voltage-
b Phase detector ¢ | Lowpass | | Am‘ihﬁer ¢ controlled » f,
filter K,=10 ]
“ oscillator
A
Frequency
divider
1 -
6,=6,/N N 6,

Figure 12.34 PPL for Example 12.8.
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and the output of the frequency divider may be found from (12.4.5) as follows:

V, b

= = —— rad
K, 50

Therefore, 6, at the output frequency of 2 MHz is given as follows:

0, = —%n = —1.2566 rad

The dc loop gain K can be found via (12.4.19) as

K,K,K, 05x10x 107
Kk = —dfallo U2 XWXV 5510
N 20

The pull-in range 3w, is given by (12.4.29) assuming that K > w,.
For w, = 10*rad/s and ¢ = 0.8, the pull-in range is

Sw A 2.8249 x 10° rad/s
or

5f, =4.5 x 10*Hz = 45kHz
A lag-lead filter can be designed as follows. From (12.4.27),

K 2.5 x 10°
'[1:—2

- g = 0.025s = (R + Ry)C,

and from (12.4.28),

o, N 1 N 2t 1 2x08 1
=—|T — H=———== —
T T w, K 104 2.5 % 106
=1.596 x 107*s = R,C,
For C, = 0.5 pF,

1.596 x 10~*

Ro=—2"" "  _3192Q
0.5 x 10-°

and

T 0.025
Ri=——-Ry=———F———319.2=50,000 — 319.2
G 0.5 x 10—

=49,680.8 2 =~ 50kS2
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12.5 FREQUENCY SYNTHESIZERS

The frequency of a reference oscillator can be multiplied and its harmonics can be
generated with the help of a nonlinear device. The desired frequency component
can then be filtered out. This type of frequency generation is called direct synthe-
sis. However, it has several limitations, including constraints on the filter design.
An alternative approach uses a PLL (analog or digital) to synthesize the desired
signal. This is known as indirect synthesis. Another technique, known as direct
digital synthesis (DDS), uses a digital computer and a digital-to-analog converter
for generating the desired signal. In this section we consider indirect frequency
synthesis. Mixers and frequency multipliers are described in Chapter 13.

Example 12.8 illustrated the basic principle of an indirect frequency synthe-
sizer. A simplified PLL frequency synthesizer is illustrated in Figure 12.35. As
discussed in Section 11.4, the feedback signal frequency f; is equal to the refer-
ence frequency f, if the loop is in the locked state. Since the frequency divider
divides the output frequency by N, the output frequency f, is equal to Nf,. If
N is an integer, the frequency step is equal to reference frequency f,. For a fine
resolution, the reference frequency should be very low. On the other hand, lower
f; increases the switching time. As a rule of thumb, the product of switching
time #; and the reference frequency f; is equal to 25. Therefore, the switching
time is 25s for the reference frequency of 1Hz. Since a shorter switching time
is desired, it limits the frequency resolution of this system.

As illustrated in Figure 12.36, one way to improve the frequency resolution
while keeping the switching time short (the reference frequency high) is to add

: Ve | Low-pass Voltage- :
fr Phase detector - ﬁlter‘ —— controlled > /o
oscillator
A
Frequency
divider
oy L A
Ja=1,IN N

Figure 12.35 PLL frequency synthesizer.

. Frequency
Low-pass Voltage- divider
f, —Phase detector £ —— controlled — f,
ilter X 1
oscillator -
M
A
Frequency
divider
1 -
N

Figure 12.36 PLL followed by a frequency divider.
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another frequency divider at its output. Hence, the output frequency in this system
will be given as
J
f, = NM’ (12.5.1)
Thus, the frequency resolution in this system is f,/M, which shows an improve-
ment over the previous arrangement. However, a close analysis of this system

indicates that the signal frequency in its phase-locked-loop section may become
excessively large. This is explained further via the following example.

Example 12.9 Design a PLL frequency synthesizer that covers the frequency
range from 100 to 110 MHz with a resolution of 1 kHz.

SOLUTION  With the single loop of Figure 12.35, the reference frequency must
be equal to the resolution required. Hence,

fr = 1kHz
Since the output frequency f, = Nf,, the range of N is
10° <N <11 x 10

As explained earlier, the switching time in this case is on the order of 25 ms. If
this switching time is not acceptable and we want to keep it below 250 s, an
arrangement similar to that illustrated in Figure 12.36 may be used. A reference
frequency of 100 kHz provides the switching time of 250 s. In this case, setting
M of the output frequency can be determined as

~ f, _100KHz
~ frequency resolution ~ 1kHz

To cover the desired frequency range, the voltage-controlled oscillator must gen-
erate frequencies from 10 to 11 GHz. This is because the frequency divider
divides output of the voltage-controlled oscillator by M before the signal appear-
ing at the output.

The range of N can be determined after dividing the frequency of the voltage-
controlled oscillator by the reference frequency. Hence,

10° < N < 11 x 10*
Thus, this may not be a good technique to get better frequency resolution. How-
ever, this concept is extended in practice where multiple loops are used to obtain

fine resolution. It is illustrated through the following example.

Example 12.10 Design a PLL frequency synthesizer for the frequency range 1
to 50 MHz with increments of 1kHz.
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SOLUTION Note that if a single-loop synthesizer is used in this case, its ref-
erence frequency should be of 1 kHz. That makes its switching time on the order
of 0.025 s and the setting of frequency-divider ranges as

1x10° < N <50 x 10°
An alternative design that uses three phase-locked loops is illustrated in
Figure 12.37. Loops A and B use a higher-reference frequency (say, 100 kHz),

while the output of A (fs) works as the reference for loop C after it is divided
by M. The following relation holds when the loops are in the locked state:

fAzfo_fB

Therefore, the output frequency f, is equal to the sum of other two, fa and fg.

Vol Frequency
oltage- fa | divider
I Phase detector —— Lc;‘vsl/-pass controlled : 1 » fa
tter oscillator m
A
Frequency
divider B Loop A
B
Ny
Voltage-
Y Phase detector Low-pass controlled [
filter oscillator
A
Loop B fi
Frequency oop B
divider P
i
Ng
>< fo=T8 BPF
Loop C
\ 4
Voltage-
Low-pass Phase v
1 controlled detect
’ oscillator filter etector

Figure 12.37 Multiloop frequency synthesizer system.
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If a mixer is used to combine f, and fp directly, its sum and difference
frequency components may be too close to separate the two via a bandpass filter.
However, the present technique of using a phase-locked loop C for this purpose
accomplishes the desired separation. Since the reference frequency is 100 kHz,
the output frequency of loop A, f,, can be varied in steps of 100kHz, and 1 kHz
resolution in the output can be achieved with M as 100. Hence,

fa=10°Ny
and p
=22 —10°xN
fa 100 x Na

Thus, fa varies in 1-kHz steps. Loop A can generate increments of 1 and 10 kHz
in the output frequency. Similarly, loop B produces 0.1- and 1-MHz steps in the
output frequency. Reference frequency fa to loop C should be selected in such a
way that it keeps its switching time short. If, for example, fa is equal to 1 kHz,
the switching time of loop C is on the order of 0.025s. Since it is the longest
time among the three loops, it sets the overall response time of the synthesizer.
To reduce the response time of loop C, fa may be increased to 500 kHz so that

500kHz < fa < 599kHz

Therefore, the output frequency of loop A (i.e., before dividing by 100) ranges
as follows:
5x10’Hz < f, <5.99 x 10’ Hz

The range of the frequency divider setting, N4, can be determined easily as f,/f;.
Hence, 500 < Ny < 599. Since fg = f, — fa, fB is reduced by 500kHz,

(1 —0.5MHz < fz < (50 — 0.5)MHz

or
0.5MHz < fz <49.5MHz

Hence, the frequency divider setting, Ng, in loop B ranges as follows: 5 < Ng <
495. Loops A and B use the same reference frequency and therefore have the
same response time, on the order of 250 ws. On the other hand, loop C has
a response time on the order of 50 ws. Thus, the overall response time of the
frequency synthesizer is approximately 250 ps. At the same time, we achieved a
frequency resolution of 1 kHz. This idea can be extended to reduce the frequency
resolution even below 1kHz while keeping the overall response time short by
using additional loops.
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12.6 ONE-PORT NEGATIVE RESISTANCE OSCILLATORS

Properly biased Gunn and IMPATT (impact ionization avalanche transit time)
diodes exhibit negative resistance characteristics that can be utilized in conjunc-
tion with an external resonant circuit to design a solid-state microwave oscillator.
The Gunn diode is a transferred-electron device that uses a bulk semiconductor
(usually, GaAs or InP) as opposed to a p-n junction. Its dc-to-RF conversion
efficiency is generally less than 10%.

The IMPATT diode uses a reverse-biased p-n junction to generate microwave
power. The diode material is usually silicon or GaAs, and it is operated with a
relatively high voltage, on the order of 70 to 100V, to achieve a reverse-biased
avalanche breakdown current. When coupled with a high-Q resonator and biased
at an appropriate operating point, the diode exhibits a negative resistance effect
and sustained oscillations are obtained. Its output power is much higher (on the
order of tens or hundreds of watts) than that produced by a Gunn diode. On the
other hand, Gunn diodes produce relatively low FM noise.

Figure 12.38 shows the RF equivalent circuits for a one-port negative resis-
tance oscillator where Zg is the input impedance (Ys is the corresponding
input admittance) of the active device (i.e., a biased diode). Figure 12.38(b)
is an equivalent parallel arrangement of the circuit shown in Figure 12.38(a).
In general, the impedance Z; (or admittance Yg) is current (or voltage) and
frequency dependent.

Applying Kirchhoff’s loop equation in the circuit shown in Figure 12.38(a),
we get

(Ze+Z1)I =0

If oscillations are occurring, current / in the loop is nonzero. In such a situation,
the following conditions must be satisfied:

R+ R, =0 (12.6.1)

Zg=Rg+jXg Zp =R +jX;

3 b
R,
B
e
PV
X
Xg t
Negative * *
resistance Y, =G +jBy

device

r G l—‘L
(a) (b)

Figure 12.38 Series (a) and parallel (b) equivalent circuits for one-port negative resis-
tance microwave oscillators.
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and

X+ X, =0 (12.6.2)

Similarly, applying Kirchhoff’s node equation in the circuit shown in Figure 12.38
(b), we get
Ye+Y)V =0

Again, voltage V across the circuit is not equal to zero if oscillations are occur-
ring. Therefore, this condition is satisfied only if Ys + Y, = 0. Hence,

Gg+G. =0 (12.6.3)
and

B+ B, =0 (12.6.4)

Since R; (or G) has a positive value that is greater than zero, the conditions
above require a negative Rs (or —Gg). Negative resistance implies a source
because a positive resistance dissipates the energy.

Note that the impedance Zs is nonlinearly related with the current (or volt-
age) and the frequency. Conditions (12.6.1) to (12.6.4) represent the steady-state
behavior of the circuit. Initially, it is necessary for the overall circuit to be unsta-
ble at a certain frequency (i.e., the sum of R and R, is a negative number). Any
transient excitation or noise then causes the oscillation to build up at a frequency
. As the current (or voltage) increases, Rg (or G) becomes less negative until
it reaches a value such that (12.6.1) to (12.6.4) are satisfied.

For the startup of oscillation, negative resistance of the active device in a
series circuit must exceed the load resistance by about 20% (i.e., Rg &~ —1.2R}).
Similarly, G¢ is approximately —1.2G, to start the oscillations in the parallel
circuit. For the stability of an oscillator, high-Q resonant circuits such as cavities
and dielectric resonators are used.

Example 12.11 A 6-GHz oscillator is to be designed using a negative-resistance
diode with its reflection coefficient T'g as 1.25 / 40° (measured with Zy = 50 Q

as reference). Determine its load impedance.

SOLUTION From

Zg—1
e
Zc+1
— _14+Tg 1+125/40° 195764 j0.8035  2.1161 /22.32°
T 1-Tg 1—125/40° 0.0424— j0.8035 0.8046 / — 86.98°
or

Zg =2.63 £109.3° = —0.8693 + j2.4822
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If a given reflection coefficient has magnitude greater than unity, we can still use
a Smith chart to find the corresponding impedance provided that we follow the
procedure described in Section 11.3. Thus, the impedance point can be identified
on a Smith chart, as shown in Figure 12.39. The corresponding value is found

to be the same as obtained above through the formula. Hence,

Zo=Rg+ jXo =—435+ j124.11Q

I
~
'
~
~

o
~
~

,
"o
e

kg
Fere

Freep
LN

¢
L
L
[
L
-1
rr

-
'
el
Pl

_a-
-a-

Figure 12.39 Graphical method of determining the input impedance of the diode.

j124.11/Q

—7124.11 Q
—435Q 435Q
Negative Load
resistance
device

Figure 12.40 Equivalent circuit of Example 12.11.
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Therefore, the load impedance is given as
Zp, =435—j124.11Q

The corresponding equivalent circuit is illustrated in Figure 12.40.

12.7 MICROWAVE TRANSISTOR OSCILLATORS

Several oscillator circuits using transistors were considered in Section 12.1 along
with the basic concepts. In this section we present a design procedure that is based
on the S-parameters of the transistor. The RF circuit arrangement of a microwave
transistor oscillator is shown in Figure 12.41. A field-effect transistor shown as
the device in this figure is in common-source configuration, although any other
terminal can be used in its place, provided that the corresponding S-parameters
are known. Further, a BJT can also be used in its place. In other words, the
design procedure described here is general and applies to any transistor circuit
configuration as long as its S-parameters are known.

Unlike the amplifier circuit, the transistor for an oscillator design must be
unstable. Therefore, the opposite of conditions (11.1.16) and (11.1.18) must hold
in this case. If the stability parameter k is not less than unity (or |A| is not
larger than unity), an external positive feedback can be used to make the device
unstable. Equations (12.6.1) to (12.6.4) can be recast as follows:

[To=1 (12.7.1)
or

ToulL = 1 (12.7.2)

These two conditions state that passive terminations Zs and Z; must be added
for resonating the input and output ports of the active device at the frequency

D
. G .
Generator tuning -« Load-matching
network W > network
] {

Device

(Zg)

Iﬂin roul {ZL )
(Zin) (Zout) L

Figure 12.41 Microwave transistor oscillator circuit.
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of oscillation. These two conditions are complementary to each other [i.e., if
condition (12.7.1) is satisfied, (12.7.2) is also satisfied, and vice versa]. It can be
proved as follows.

From the expression for input reflection coefficient obtained in Example 10.6,
we can write
SpSal't  Sn— Al N I =5»I (12.7.3)

1
=S + — — =
1 o8, 1= Suly, I Sn— Al

where A = S1152 — S12521, as defined in Chapter 11. If (12.7.1) is satisfied, then

M= L o125l o m AP T = 1§, =
G_Fm_S“—AFL 111 G L1 G — 221 L
1—8,T
rp=— e (12.7.4)
S — Al'g

and the output reflection obtained in Example 10.7 can be rearranged as

SuSul'c  S»—Alg

Fowe =S =
out 2+ 1 — Sler 1 — S“FG

(12.7.5)

From (12.7.4) and (12.7.5),
1—‘outl—‘L =1

Similarly, it can be proved that if condition (12.7.2) is satisfied, (12.7.1) is
also satisfied.

After a transistor configuration is selected, the output stability circle can be
drawn on the I'; plane, and I' is selected to produce a large value of negative
resistance at the input of the transistor. Then, I'; (and hence Zs) can be chosen
to match the input impedance Z;,. If small-signal S-parameters are used in such
design, a fairly large negative value of R;, must be selected initially so that the
sum of Rs and Rj, is a negative number. As oscillations build up, R;j, becomes
less and less negative. If its initial value is less negative, the oscillation may
cease when the power buildup cause R;, to increase to the point where Rg + Rj,
is greater than zero. In practice, a value of Rz = —R;,/3 is typically used. To
resonate the circuit, the reactive part of Zs is selected as — Xj,.

Example 12.12 Using a GaAs FET in the common-gate configuration, design
an oscillator at 4 GHz. To provide positive feedback, a 4-nH inductor is connected

in series with its gate. The S-parameters of the resulting circuit are (Zy = 50 €2)
Si1 = 2.184 —35°, 851 =2.75/96°, S1, = 1.26/18°, and Sy, = 0.52/155°.

SOLUTION From (11.1.16) and (11.1.18),

A= S8118n — S8 =234 L —68.9°



MICROWAVE TRANSISTOR OSCILLATORS 525

Input stability N . ' .
circle SRR N " S Output
e N o T stability

circle

Figure 12.42 Input and output stability circles for Example 12.12.

and 5 5 5
L= Sul” = 80" + A

k = =0.21
2181281

Therefore, the transistor and inductor combination is potentially unstable, and it
can be used for an oscillator design (see Figure 12.42).
From (11.1.22) and (11.1.23), the input stability circle is determined as follows:

(811 — AS3)*

center C, = 5 5 =467 L~ 141.8°
[S11l* — A
and
S128
radius rg = ‘% =477
[S1l* — |A|

Further, it may be found that the inside of this circle is stable.
Similarly, the output stability circle is determined from (11.1.20) and (11.1.21)
as follows:

(82 — AST)*

—= 1" 108 /33.1°
[S2]? — |A?

center C; =
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and
S12821

——— | =0.67
1S22]* — A2

radius r; =

Again, the inside of this circle is determined as the stable region.

We want to select Z; in the unstable region for which py, is large. Thus,
after several trials, we selected I'; = 0.59 /—104°. A single-stub network can
be designed for this I';. A 0.096\-long shunt stub with a short circuit at its other
end transforms 50 2 to the admittance at point A, and then a 0.321\-long line
takes it to point B (the desired admittance).

Next, we calculate T, for this 'y as follows:

S128y, T
Ty = Sy + 222200 L _ 39644 / — 2.4252°
1= S,ul;
Therefore,
1+ 1—‘in . .
Zin =50 x 5 — 50(—1.6733 — j0.03815) = —83.67 — j1.91
— Llin
83.67 Zs — 50

ZG=T+j1.9l ~2794j191Q =T¢ = =0.2847/173.6°

Zg+1
VSWR = (1 +0.2847)/(1 —0.2847) = 1.796

Hence, Z; can be synthesized via a 27.9-2 resistance in series with a 0.01k-long
line. The oscillator circuit designed is illustrated in Figure 12.43.

Example 12.13 Design a microwave oscillator at 2.75 GHz using a BJT in
its common-base configuration. The S-parameters of the transistor are §;; =
0.9/150°, 851 = 1.7/—80°, S5 = 0.07/120°, and Sy, = 1.08/—56°.

SOLUTION Note that this transistor is potentially unstable (k = —0.6447). This
unstable region on a Smith chart can be increased further using an external
feedback. A 1.45-nH inductor in its base terminal, shown in Figure 12.44, is
found to provide optimum response. Before we proceed with the design, we

|<- 0.01A ->|

Figure 12.43 REF circuit of the GaAs FET oscillator for Example 12.12.
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e

3 1.45nH

Figure 12.44 Transistor setup for Example 12.13.

need to determine the S-parameters of this transistor—inductor combination. Since
these are connected in series, its impedance parameters can be found easily by
adding impedance matrices of the two. The impedance matrix of the transistor can
be determined from the corresponding S-parameters and the formulas tabulated
in Table 8.4. The calculation proceeds as follows:

1. Determination of the normalized Z-parameters of the BJT

Ap = (1= 81)(1 = S») — 5125 = 1.0164 + j1.3386 = 1.6807/52.79°

_ 14 81 = S) + S8 o
7y, = 450X A 2) 5052 3005/63.58° = 0.1337 + j0.2601
1

_ 28 .

Zip = A—” = 0.0833£67.21° = 0.0323 + j0.0768
1

_ 28 .

7 = A—” =2.023/ — 132.79° = —1.3743 — j1.4846
1

and

_ 1= 811+ S5) + S8 o
Zp, = L= 50X Z 2) 50152 _ 5 154/ — 94157 = —0.1459 — j2.0101
1

2. Z- matrix of the inductor section. The impedance of the inductor,
Zinductor = J270 % 2.75 x 10° x 1.45 x 1077 Q = j25.0542

or

= 125.0542 .
Zinductor = JT = j0.5011

Therefore, the Z-matrix of the inductor section will be given as

Z 1= j0.5011 j0.5011
inductor] = j0.5011 j0.5011
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3. Z-impedance of the BJT and inductor combination

— — _ _
Zy, Zy Zy Zn =
_ _ == — Z;
|:Z/21 Z/22 ZQ] Z22 + [ 1nduct0r]

| 0.1337+ j0.7702  0.0323 + j0.5779
| —1.3743 — j0.9067 —0.1459 — j1.509

4. Determination of S-matrix of the BJT and inductor combination. The S-
parameters of this circuit can be determined easily from its Z-parameters using
the formulas given in Table 8.4. Various steps of this calculation follow:

A=Zy+ ) Zn+1)—Z;,Zy =1.651 — j0.2294 = 1.6669/ — 7.91°
—

.27, .
= "o = 0.6945£94.71
A

27,
Sy = =21 = 1.9755/ — 138.68°
A

— — = =
7 - O)Z+1)—Z.7 .
S{1=( = D¢ 22; )= Z0Zn _ | 6733,99.1

and —/ —/ — —/
7 +0)Z-1)—-Z.7 .
S£z=( Tl ZZA )= Z0Zn _ 13/ 1013

Now from (11.1.16) and (11.1.18),
A = 81150 — $151, = 1.2601/44.29°

and

= L= 18ul” = ISnl* + 1A = —0.5426
2181281

k

Therefore, the transistor and inductor combination is potentially unstable, and
it can be used for an oscillator design. It may be interesting to know that without
the feedback inductor (just for the transistor), A and k are 0.9072 £ 100.09° and
—0.6447, respectively. From (11.1.22) and (11.1.23), the input stability circle is
determined as follows:

(S11 — ASS)*

< 5 T gz = 1.0262/ — 42.96°
[S11]* — |A]

center C; =
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and
S12821

| = 1132
1Sul?> — AP

radius ry =

Further, it may be found that the outside of this circle is stable.
Similarly, the output stability circle of the circuit is determined from (11.1.20)
and (11.1.21) as follows:

Syy — AS*)* .
center C; = % — 5.0241/23.18
[S22]* — |A]
and
S12S
radius rp = |2 | = 4.4107
[S22]* — |A]

This time, the inside of this circle is found to be stable.
There are two output stability circles illustrated in Fig. 12.45. Circle 1 encloses
the unstable region for the BJT alone (i.e., the feedback inductor is not used). This

Circle 1

Circle 2

Figure 12.45 Input and output stability circles for Example 12.13.
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8Q

Figure 12.46 RF circuit of the BJT oscillator for Example 12.13.

means that the load impedance of the oscillator circle must be selected inside this
circle. On the other hand, the range of impedance increases significantly with the
feedback inductor. It is illustrated by circle 2, which encloses the stable region.

We want to select Z; in the unstable region for which py, is large. Thus, after
several trials, we selected I'; = 0.5689/167.8°. A single-stub network can be
designed for this I';. A shunt stub of 0.147)\ with an open circuit at its other
end transforms 50 2 to point B, and then a 0.1A-long line provides the desired
admittance (point A).

Next, we calculate Ty, for this ', as follows (see Figure 12.46):

S1281 1

Cin = 811 + —————— =2.1726/118.8375°

N TS,y

Therefore,
1 + Fin .
Zin =50 x 1 = —23.8+ j24.35Q
— lin

and

23.8

Zg =3~ —j2435 78— j244Q

Three-Port S -Parameter Description of the Transistor

Transistor parameters are generally specified as a two-port device while keeping
one of its terminals as a reference point (common emitter, common source, etc.).
However, it may be advantageous in certain design instances to use a different
terminal as a common electrode. Further, it may be prudent sometimes to add
an external feedback that enhances the desired characteristics of a device. A
three-port description of the transistor facilitates such design procedures. This
section describes a computation method to determine three-port S-parameters of
the transistor (or any other three-terminal circuit) from its two-port description.
These parameters are used subsequently to design the feedback network for the
device as well as for changing its common terminal.
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Port 1 Port 2

Port 3

Figure 12.47 Three-port network.

Consider a three-port network as illustrated in Figure 12.47. Incident and
reflected waves at the three ports are related through its S-parameters as follows.

Bl=|S S Ss||a (12.7.6)
bs Sy S S a;

It can be shown that these S-parameters satisfy the following two conditions, and
therefore all nine elements of the scattering matrix are not independent:

3
dYosp=1 j=1273 (12.7.7)
i=1
and
3
dos;=1  i=123 (12.7.8)
j=1

Condition (12.7.7) can be proved when there is negligible stray capacitance at
each port. In that case, the algebraic sum of the currents entering these ports
must be zero. Hence,
3
=0

n=1

Using (8.6.15) and (8.6.16), we can write

or
3 3
S la =Y spa, | =0 (12.7.9)
i=1

If we select a) = aj = 0, (12.7.9) simplifies to

/ ror
a, — § :Silal_o
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or
3
> s, =0 (12.7.10)
i=1
Similarly, for a; = a} =0,
3
> 8,=0 (12.7.11)
i=1
and for a; = a), =0,
3
> S5=0 (12.7.12)
i=1

Hence, condition (12.7.7) is verified.

The condition (12.7.8) can be verified as follows. When every port has the
same voltage there will be no input current provided that the stray capacitance
from each terminal to ground is zero. Since i; = a; — b;, b; must be equal to ;.
Consequently, by = b, = b3 = a’ for a; = a; = a3 = a’. Hence,

3 3
;o ror ’o_ .
bi—g S;a;=a E Si;=a i=1273
=1 =1

or

3
dos;=1 i=123
Jj=1

That proves condition (12.7.8).
Using (8.6.15) and (8.6.16), we find that the normalized voltage at port 3 is
V3 = a4 + D). Let us now define new voltage waves at ports 1 and 2 as follows:

V. !+ b

a =a{—?3 —d —LJZF»‘ (12.7.13)
V. !+ b

by = b, — 73 =b) — LJZF‘ (12.7.14)
V. !+ b

az_a;—73 =a§—LJ2r3 (12.7.15)

and

V. !+ b

by =by— 2 —p,— Bt (12.7.16)

2
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The new total voltages at ports 1 and 2 are now

V] =a + b1 = a{ + b/l — V3 (12717)
and
Vo =ar+ by =a§+b/2—V3 (12.7.18)
Thus, these voltages are referred to the port 3 voltage.
Note that these definitions of new incident and reflected waves do not change
the port currents; that is,
by —a, =b| —a] (12.7.19)
and

by —ay = b, — d} (12.7.20)

The two-port scattering matrix that relates b; and b, to a; and a, will now make
the port 3 terminal common. Hence,

by = Snai + Sinaz (12.7.21a)
by = Ss1a1 + Snaz (12.7.21b)

Combining (12.7.13) to (12.7.21), we have

/ b/ / b/ / b/
b — B b _ Sii (a; s 3) + S12 (a; - a“; 3)(12.7.2221)

2 2

and

L 4p, L+ b, 3+ b
b, — a3—;— 3 =S, (ai - a3—;— 3) + 82 (aé - a3—2k 3>(12.7~22b)

From Kirchhoff’s current law, the sum of all currents flowing into the three
terminals must be zero. Therefore, we can write

ay — by +a,—by+a;—by=0 (12.7.23)

Rearranging (12.7.22) and (12.7.23), we get

a, + b,

by = Syia) + Spab + (1 — Sy — Sip) = ) 3 (12.7.24a)
/ b/

by = Sy1a) + Spah + (1 — Sy — §y) B 0 (12.7.24b)



534 OSCILLATOR DESIGN

and
by =a\ + a5+ ay — by — b
, a, + b,
=d) +ay+a, — Sna) — Spab — (1 — Syy — Spp) = 5 3
a, + b,
— Sy1a) — Spab — (1 — Sy — Sp) =2 7 3
o 2A 2A A
/ 12 4 21 ’
= 12.7.2
by T AT ARt A (12.7.25)
where
Ap=1-381 -8, (12.7.26a)
Ay =1— 81— 52 (12.7.26b)
A=S14+8Sn+Sn+8SH1=2—An—Ay=2—A1 — Ay (12.7.26¢)
A =1-=3S81—-5n (12.7.26.d)
Ap=1—35—5» (12.7.26.e)

Now from (12.7.24) and (12.7.25), we find that

A A A A 2A
b/1=(511+ 1 12)“;4—(5‘124- . 21)“&"‘ —-d; (12727a)

4— A 4— A 4 A3
AnA AnA 2A
b, = (s21 + 42i A‘Z)a; + (522+ 42i A2‘>a;+ 4_22a§ (12.7.27b)

Equations (12.7.25) and (12.7.27) can be expressed in matrix form as

Al A A A 2A
5, 4 Aude o Anda 11
bll 4 — A 4— A 4 — A ai
ApnAgp ANy 2An
by | =| Su+ S A (12.7.28)
) 4—A 4-a a-a ||
3 2A12 2A21 A 3
. 4-A 4—A 4—A |

Therefore, if two-port S-parameters of a three-terminal device are given with
terminal 3 common, the corresponding three-port scattering matrix can be found
from (12.7.28). If we are given the scattering matrix of a transistor in its common-
emitter configuration, it can be converted to a three-port device (four-terminal
device) where the fourth terminal is a common ground point and its nine scattering
parameters can be found via (12.7.28).
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Feedback Network Design Consideration

If a load impedance Z is connected between terminal 3 and the ground, then
by = I'aj, where

Z—Z
I =
Z+ 7
Therefore,
by = Ty = S}ya} + Shyah + SiyT'd
or

! /
Sy L Sy /
SL_r1 T g ™
33 33

ay = (12.7.29)

Scattering parameters of the resulting two-port network can be found from (12.7.6)
and (12.7.29) as follows:

S, S/ S/ S/
b = ( = ﬁ) a) + ( = %) a,  (12.7.30)
33 33

and

S}.8% 8.8
by = (Sg, - %) ay + (ng - %) a,  (12.7.31)
33 33

These two equations can be expressed in matrix form as follows and the corre-
sponding new S;;, can be identified:

(51— 525 (- )
11 - 12 = /
by s S53551 s S335%5 aj
21 S/ _ 1—171 22 S/ _ 1—171
L 33 33
[ St Siw | [ 4
S e B (12.7.32)
| Som S | | @3
If port 3 is grounded (i.e., V3 =0), ' in (12.7.32) is —1.
A similar procedure may be adopted for the other ports. In other words, if port
1 is terminated by impedance Z, b; = I'a;. The S-parameters of this new two-
port network that is formed by ports 2 and 3 of the original three-port network
can be determined from (12.7.6). Suppose that the common-source S-parameters
of a FET are given, whereas the design procedure requires its common-gate S-

parameters; then the computation proceeds as follows. First, we determine its
three-port S-parameters using (12.7.28). The source terminal forms the third port
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of the FET while its gate and drain terminals remain as ports 1 and 2 of the three-
port network. Next, we switch back to a two-port network by short-circuiting port
1. If a feedback network is needed, that impedance is used to terminate this port.

As (12.7.32) indicates, the S-parameters of the new two-port network can be
modified to a certain extent by adjusting the terminating impedance Z. Note that
its reflection coefficient I will satisfy the equations

Sitn — S
r=_tn_2n (12.7.33)
SinS33 — Ay
and
Soon — S/
r=_"20_ "2 (12.7.34)
SoonS53 — Ao
where
A= S{15§3 — Sé] {3 (12.7.35)
and
As = S}, — ShyShy (12.7.36)

In the case of a reactive termination at port 3, |['| = 1. It maps a circle in the
Siin-plane, the center C and radius R; of which are given as

Sil _Alséé

C = 12.7.37
1 ESTINE ( )
and
S..S
p= sl (12.738)
[T — |83

Similarly, center C, and radius R, of the circle for S;;, are found as follows:

Sy — 82833

Cy, = 12.7.39
> ESTNE ( )
and
S.. S/
= L?! (12.7.40)
[T —[83;/%

These circles are drawn on a Smith chart and S}y, and S, are optimized
for the desired feedback. In the case of an oscillator design, a positive feedback
is desired. In other words, the inverse of the conditions (11.1.16) and (11.1.18)
must hold so that the transistor becomes potentially unstable. Alternatively, the
p-factor can be determined from the following equation, and its magnitude should
be kept to a small value that is less than unity. (Les Besser, Applied Microwave
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and Wireless, pp. 44—55, Spring 1995). The transistor is unconditionally stable
for magnitudes greater than unity.

1 — [Sx?
w= _ (12.7.41)
[S11n — AnS35,| + 18521481241
where
Ay = S1108220 — S122821n (12.7.42)

Example 12.14 Reconsider the BJT of Example 12.13. Find its three-port S-
parameter description. Use the inductive termination at its base and verify whether
that provides optimum feedback for the oscillator design.

SOLUTION  From (12.7.28), the three-port S-parameters are found as follows:

S, S, S, 0.396 /84.4° 0393 /29.3°  0.852 / —43.5°
Sy, S, Sk |=1]05822/-79.1° 0534/-547°  1.163 L60°
S, S S 0.87 Z11.8°  0.425 /34.9°  0.466 £ — 115.4°

The reactance of a 1.45-nH inductor is j25.0542 Q2 and its reflection coefficient
I" can be found easily for Zy = 50 Q2. The S-parameters of the resulting two-port

Figure 12.48 S;,, and Sy, circles on a Smith chart.



538 OSCILLATOR DESIGN

network are found from (12.7.32) as

Stin S | | 1.722 £100.1° 0.714 /94.8°
Soin Sazn | | 2.083 £ —136.4° 1.163 £ —102.5°

These results are very close to those obtained in Example 12.13. Minor deviations
are attributed to the roundoff errors involved.

To verify the feedback provided by the inductor, we first plot S;1, and Sy,
circles on a Smith chart. To that end, the information of these circles is found
from (12.7.37) to (12.7.40). The results are C; = 0.837 /84°, Ry = 0.947, C, =
0.587 /£ — 84.6°, and R, = 0.631. These two circles are illustrated in Figure 12.48.
It may easily be verified that the points indicated on these circles correspond to
Si1, and Sy, of the two-port network obtained with an inductive termination of
j0.5 at the base terminal. Further, the magnitude of the p-factor of the transistor
(without feedback inductor) in common-base configuration is 0.674. It means that
the transistor is potentially unstable. When the inductor is added to its base, the
magnitude of the p-factor decreases to 0.126. Hence, the inductor enhances the
positive feedback further to facilitate the oscillator design.
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PROBLEMS

12.1. In Figure P12.1, the gain of the amplifier is constant with frequency [i.e.,
Ay(jw) = Ap] and

10~
1 — j(w—2m x 109)

Bjw) =

Use the Barkhausen criteria to determine the frequency of oscillation and
the required value of A,.
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A jo)

v

Bliw)

A

Figure P12.1

12.2. In Figure P12.2, the gain of the amplifier [A,(jw)] and the feedback
factor B(jw) are given as follows:

8.45

Ay(jo) = —
20 = T 8w x 10-10)

and
1

(1+ j5® x 10-10)2

—>L>

Blio) |«

Bjw) =

Figure P12.2

Determine the frequency of oscillation if the circuit oscillates.

12.3. (a) In the circuit shown in Figure P12.3, should the gain of the amplifier
be positive or negative to create the possibility for it to oscillate?

: 10kQ V
— C
0kQ

Figure P12.3

(b) What value should |A| have to cause sinusoidal oscillations?

(¢) Find the capacitance C for the oscillations to occur at 10 kHz.
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12.4. Complete the design of the biased BJT Colpitts oscillator circuit shown
in Figure P12.4 for it to oscillate at 150 MHz.

—_—

5V
& RFC
k'

Figure P12.4

12.5. In the circuit shown in Figure P12.5, the FET is biased such that its g, is
4.5 mS. For this circuit to oscillate at 100 MHz, find C; and C,. An open-
loop gain of 5 ensures the beginning of oscillations, and the unloaded Q
value of a 100-nH inductor is 1000.

Figure P12.5

12.6. In the circuit shown in Figure P12.6 the FET is biased such that its g,
is 4.5mS. For this circuit to oscillate at 100 MHz, find L; and L,. An
open-loop gain of 5 ensures the beginning of oscillations.

Vop

Figure P12.6

12.7. Free-running frequency and the gain factor of a voltage-controlled oscil-
lator are given as 500 MHz and 150kHz/V, respectively. It is being used



12.8.

12.9.

12.10.

I
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in a PLL along with a sinusoidal phase detector with maximum output of
5V at 6, = n/2 radians. If there are no amplifiers or frequency divider
in the loop, what is its hold-in range?

If the phase detector in Problem 12.7 is replaced by a triangular type with
Ve max = A =5V at 0, .« = 7/2 radians, find the new holding range.

In the PLL shown in Figure P12.9, peak amplitudes of the reference input
as well as the VCO output are 1.5 V. An analog multiplier is being used
as the phase detector that has 5V output when its reference input, Vi,
and the oscillator signal, Vs, both are 2 V. The free-running frequency
of the VCO is 50 MHz, which reduces to zero when its control voltage
Vena 18 reduced by 5 V. Find the phase difference between the input and
the VCO output when it is in lock with input frequency of (a) 55MHz
and (b) 45 MHz.

V.
L > PD F(s) V€O

0sc

Figure P12.9

Analyze the PLL system shown in Figure P12.10. By controlling the
frequency divider, its output frequency can be changed from 4 MHz to
6 MHz in steps of 200 kHz. The transfer function of the phase detector,
K4, is 0.5 V/rad. The free-running frequency and gain factor of VCO are
5MHz and 107 rad/s-V, respectively. The voltage gain of the amplifier is
20. Design a passive lead—lag low-pass filter that can be used in the loop.

v -pass Amplifier Vy Voltage-
~——{Phase detector[—— MRS g controlled >/
! oscillator
/
Frequency
divider B
eezeo/N L - eo
N

Figure P12.10

12.11. Design a multiple phase-locked-loop synthesizer to cover the frequency

range 100.0 to 200.0 MHz in 100-Hz increments. The loop frequency

switching time should not exceed 25 ms.
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12.12.

12.13.

12.14.

12.15.

12.16.

12.17.

12.18.

12.19.
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Design a multiple phase-locked-loop synthesizer to cover the frequency
range 35.40 to 40.0 MHz in 10-Hz increments. The reference frequency
is to be 100kHz. No loop should operate with a reference frequency
below 100 kHz.

Design a three-loop synthesizer to cover the frequency range 190 to
200 MHz in steps of 10Hz. The loop frequency switching time should
not exceed 25 ms.

A 2-GHz oscillator is to be designed using a negative resistance diode with
its reflection coefficient I'g as 2.05 £ — 60° (measured with Z, = 50
as reference). Determine its load impedance.

The S-parameters of a GaAs MESFET are measured in the common-
source mode at Vg = 6V and I;; = 50mA at 8§ GHz. The results
are found as follows. S;; = 0.63 £ —150°, S1, =0.07 £ —30°, Sy =
3.10 /40°, and S5, =0.70 /—100°. Determine its S-parameters in
common-gate configuration.

A silicon BJT is biased at Vcg = 18V and I = 30 mA. Its S-parameters
measured at 5.0 GHz in the common-emitter configuration are found to
be S;; = 0.63 £ —150°, S = 0.007 £30°, Sp; = 2.10 £40°, and Sy, =
0.70 £ — 100°. Find its S-parameters in common-base configuration.

A silicon BJT is biased at Vcg = 10V and I = 40 mA. Its S-parameters
measured at 8.0 GHz in the common-base configuration are found to
be S]] =1.32 1880, S12 =0.595 1990, S21 = 1.47 11720, and 522 =
1.03 £ —96°. Find its S-parameters in common-emitter configuration.

Design an oscillator to operate at 8 GHz using the common-gate config-
uration of MESFET given in Problem 12.15. Use an inductor at its gate
terminal to provide positive feedback, if necessary. Determine the value
of the feedback inductor.

Design an oscillator to operate at 5 GHz using the common-base con-
figuration of BJT given in Problem 12.16. Use an inductor at its base
terminal to provide positive feedback, if necessary. Determine the value
of the feedback inductor.
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DETECTORS AND MIXERS

Detector and mixer circuits employ nonlinear electronic devices to process elec-
trical information. For example, if a transmission line is being used to send only
one voice signal at a given time, it can be connected directly without a problem.
On the other hand, if two different voice signals are sent over this line at the
same time, no information can be retrieved at the other end due to their interfer-
ence. In practice, for economic reasons, a large number of telephone subscribers
may need to be connected via a single long-distance communication line. This
requires some means to move each voice channel to a different frequency band.
This solution is frequency-division multiplexing (FDM). A commonly used FDM
hierarchy is illustrated in Figure 13.1. Such multiplexing systems require mixers
and detectors.

Similarly, wireless systems operate at higher frequencies to achieve efficient
and directional radiation from an antenna. In this case, electrical information
is generally superimposed on a high-frequency carrier signal via amplitude or
frequency modulation. In amplitude modulation (AM), the amplitude of a radio-
frequency signal (the carrier) varies according to the information (the modulating)
signal. In the case of frequency modulation (FM), the frequency of carrier signal
varies according to the modulating signal. Figure 13.2 illustrates various wave-
forms associated with these modulations.

The chapter begins with an overview of the characteristics of these modulations
and their detection schemes. Several mixer circuits are then presented that can
be designed using diodes or transistors as nonlinear electronic devices.

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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12 Channels (each with 0—4 kHz bandwidth)

Basic group
60-108 kHz

DETECTORS AND MIXERS

5 Basic groups

3054 kHz

v

£
3
g
552 kHz o
g
s
23
504 kHz =
456 kHz P —»| 1374 kHz

408 kHz

Super group
312-552 kHz

Master group
654-3054 kHz

Figure 13.1 FDM hierarchy.

13.1 AMPLITUDE MODULATION

Consider the AM system illustrated in Figure 13.3. Assume that two inputs to
this circuit are s(t) = ag + bom(¢) and c(¢) = cos(w.t + ). The output signal
cam(?) is then found as

eam(t) = s()e(t) = ao [1 + ?m(l‘)} cos(wet + V) (13.1.1)
0

An analysis of this expression shows that cam(f) represents an amplitude-modu-
lated signal with s(¢) as the modulating signal and c(¢) as the carrier. Further,
the ratio by/ay is called the modulation index.

If the modulating signal is m () = cos w,,¢, (13.1.1) can be simplified as follows:

b
cam(®) = ag (1 + 2 cos oomt> cos(w.t + V)
ap
or

cam(t) = ag cos(w.t + V) + b_zo{cos[(wc + wp)t + U] + cos(we — wpy)t + U}
(13.1.2)
This can easily be graphed to verify that indeed it represents an AM signal
as illustrated in Figure 13.2. Further, it shows that the output has three sinu-
soidal signals, each with different frequencies. Its frequency spectrum is shown
in Figure 13.4. Besides the carrier frequency w,, there are two other frequen-
cies as w, + w,,. The signal spectrum . + w,, represents the upper sideband;
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Figure 13.2 Amplitude- and frequency-modulated waveforms.
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Figure 13.3 Amplitude-modulation system.

,

O O, W, + 0y,

Figure 13.4 Frequency spectrum of cawm ().

w, — W, 1s the lower sideband. Note that each sideband includes the informa-
tion signal w,,. When only one of these signals is used to send the information,
it is called single-sideband (SSB) AM transmission. On the other hand, com-
plete cam(t) represents double-sideband (DSB) AM transmission. It is called
suppressed carrier AM if the carrier component of cap(?) is filtered out before
transmitting.

Example 13.1 A 100-MHz sinusoidal signal is being used as the carrier for
AM transmission. Its amplitude is 1000V and the average power is 10kW.
The modulating signal is s(#) = 3 cos wit + 2cos2 w;t + cos 3 w;¢, where w; =
41 x 10 rad/s. The modulation index is 0.15.

(a) Determine the frequency spectrum of the signal modulated. Find the ampli-
tude of each sinusoidal component, the power in the carrier and each pair of
sidebands, and the total bandwidth of the AM signal.

(b) Determine the peak amplitude and peak instantaneous power of this signal.

SOLUTION Since amplitude of the carrier signal is 1000V and its power
is 10kW, the proportionality constant that relates the two can be determined.
For P = aV?2,

P 10,000

= V2 7 1,000,000

The AM signal can be determined from (13.1.1) as follows:

Cam (1) = 1000[1 + 0.15(3 cos w1t +2cos2 wt + cos3 wit)] cos w.t A%
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TABLE 13.1 Results for Example 13.1(a)

Carrier w.,*t®w; . *x2w; ©®.E30

Frequency (MHz) 100 100 £2 100 £ 4 100 £ 6
Amplitude (V) 1000 225 150 75
Power (W) 10,000  1012.5 450 112.5

or

Cam () = 1000 cos w.t + 225[cos(w. + w1)t + cos(w, — w1)t]
+ 150[cos(w, + 2 w1)t + cos(w,. — 2 w1)t]
+ 75[cos(w. + 3 wq)t + cos(w, — 3 wq)t] \'%

where w; = 47 x 10°rad/s and w, = 27 x 108 rad/s.

(a) From the expression above, the results can be summarized as shown in
Table 13.1.

(b)
peak amplitude, A = 1000 +2 x 225+ 2 x 150 +2 x 75 = 1900 V

peak power = aA? = 36,100 W

Frequency Converters

Frequency converters use nonlinear electronic devices that multiply the input sig-
nals. They can be used to generate high-frequency sinusoidal signals from a low-
frequency reference. Consider the frequency converter shown in Figure 13.5. Let
V: and V|, be two sinusoidal inputs that produce V,, at its output. Mathematically,
V. =acosw;t
Vi = bcos wyt

and

V, = ab cos wt cos wyt

Figure 13.5 Frequency converter.



548 DETECTORS AND MIXERS

BPF ——Pp o, +0,

Figure 13.6 Up-converter circuit.

BPF —Pp o,—-w,

Figure 13.7 Down-converter circuit.

Output V,, can be rearranged as follows:

V, = %{cos[(wl + wp)t] 4 cos[(w; — wy)t]} (13.1.3)

Hence, the output is a sum of two sinusoidal signals. These sum and difference
frequency signals can be filtered out for up or down conversions as illustrated in
Figures 13.6 and 13.7, respectively.

Single-Diode Mixer Circuit Arrangement

Consider the circuit arrangement shown in Figure 13.8. Two inputs, v, and vy,
are added together before applying to a diode. Capacitors C; and C, are used
to block the dc bias of the diode from other sides of the circuit. Thus, these
capacitors are selected such that there is negligible reactance for the ac signal.
Similarly, inductors L; and L, are used to block ac from short-circuiting via the
dc source. Hence, these inductors should have very high reactance at ac, whereas
dc passes through with negligible loss. Thus, the voltage applied to the diode has
both ac and dc components.

To analyze this circuit and determine its output signal, we need to consider the
actual characteristics of the diode. The V —I characteristic of a typical forward-
biased diode is illustrated in Figure 13.9. For the present case, bias voltage V,,
is assumed high enough to keep the diode forward biased. If the current through
this diode is iy and the voltage across its terminals is vy,

ig = L,(e — 1) (13.1.4)
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Figure 13.8 Single-diode mixer circuit.
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Figure 13.9 V[ characteristic of a typical diode.

where
q

= 13.1.5
* nkT ( )

I, is called the reverse-saturation current (on the order of 1078 to 10713 A), g is
the electronic charge (1.602 x 10~' C), n is a number ranging between 1 and 2, k
is the Boltzmann constant (1.38 x 1072* J/K), and T is the temperature in kelvin.

Since the diode has both alternating and direct voltage across it, we can write

Vg = Vh + Vac
where v, = v; + vp. Therefore, current through the diode can be expressed as

iy = Is(e(x(vh"!‘vac) _ 1) — Is(eavbeowac _ 1)
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If vye K V), such that av,. is a small fraction, iy can be expanded as follows.
Further, it can be approximated only by a few terms of the series:

2
ig=1 {e“v” |:1 + OVae + (OLU;C) + .. ] — 1}

After rearranging, we find that

(0Vye)?
2

g = Is(equ -+ IseotV;, |:0wac + + - :| = Iy +ix

Thus, there are two components in the diode current: a dc (/) and an ac (iy).
The ac component i,. through the diode may be approximated as

i~ L [owac + (M;)Z} = g0 + g;%i (13.1.6)
where

ga = ale®” = a(l, + Iy) (13.1.7)
and

gy =0gq (13.1.8)

Parameter g, is known as the dynamic conductance of the diode. It is equal to
the inverse of the junction resistance. Parameter g/, has units of A/V2. A small-
signal equivalent circuit of the diode can be drawn as shown in Figure 13.10. Its
junction capacitance C; appears in parallel with the junction resistance R;. The
lead inductance L, and bulk resistance R, appear in series with this combination.
As illustrated, packaging capacitance C, between the two leads appears in parallel
with the circuit.

Figure 13.10 Small-signal equivalent circuit of the diode.
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Example 13.2 The equivalent-circuit parameters of a diode in an axial lead
package are given as follows: C, =0.1pF, L, =2.0nH, C; =0.15pF, Ry =
10, and I, = 10~® A. Determine its junction resistance if the bias current is
(a) zero and (b) 100 LA. Assume that the diode is at room temperature (7 =
290K) and n = 1.

SOLUTION  From (13.1.7),

1 1
8d OL(Ib + Is)
and
kT 1.38 x 10723 x 290
- = =0.025V
q 1.602 x 10-1°
(a)
0.025
=2 =2500k
10-8
(b)
0.025
R; = Q=2499Q
(100 + 0.01) x 106

Radio-Frequency Detector

Diodes are used for the detection of radio-frequency signals, to convert a part
of RF input to dc. They are used for monitoring the power (relative power
measurement), automatic gain control circuits, and the detection of AM signals.
Assume that the RF signal, a; cos wt, is applied to a diode biased at V,. Hence,
the total voltage V; applied to it is

Vi =V, + a; cos wt

The corresponding diode current i; can be expressed as follows:

/

ig ~ I+ gqa; cos wt + %da% cos’® wt

or
2 /
N at 8a 2
g~ b+gd4 + gqa; cos wt + 4a1 cos2 wt (13.1.9)

The current sensitivity, B;, of the diode is defined as a ratio of the change in
output dc to that of RF input power. Hence,

!

_ g;alz/4 _ &a

Bi = =
gaat/2 28

(13.1.10)

The current sensitivity has units of A/W or V~1.
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Vi, R c T v,

Figure 13.11 Zero-biased diode detector circuit.

An open-circuit voltage sensitivity p, of the diode is defined as the ratio of
change in direct voltage across the junction to that of RF input power. Hence,

gy
, =24 _ @R 13.1.11
B 202 BiR; ( )

Voltage sensitivity has units of V/W or A~!. Its typical range is 400 to 1500 mA~!.
Consider a diode circuit that has no dc bias voltage, as shown in Figure 13.11. If
an amplitude-modulated signal Vi, is applied to this circuit, current through the
diode can be found through (13.1.6).

For Vi, = V,(1 4+ m cos w,,t) cos w.t

Y2
\%
fac X gqV,(1 4+ mcos w,,t) cos w.t + gd—"(l + m cos wy,1)? cos® w.t

or

i ~ 24V, {cos wuf + % cos[ (@, + we)f] + %cos[(wm _ wc)t]}

Ve, m m
+ 1 1+ - + 2m cos w,,t + 700s2wmt

+ cos2 w.t + mcos[(2 w, + w;;)t]
m? m?
+ mcos[(2w, — wy)t] + - cos2 w.t + e cos[2(w, + w,,)1]

m2
+ - cos2(ox - oom)t]} (13.1.12)

Hence, the diode current has several frequency components, shown graphically in
Figure 13.12. It includes the modulating signal frequency w,,. If this current flows

$
IU

20, —p

20 + O
20 + 20, P

©
3

0 —>p
wm_>
20 L

O¢ + Opy | —p

200 — 20 p-
200 — oy P

,

Figure 13.12 Spectrum of the diode current given by (13.1.12).
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through a resistance R, the corresponding voltage contains the same spectrum
as well. A low-pass filter can be used to suppress the undesired high-frequency
signals. Note that there is a second harmonic 2 w,, of the modulating signal
that may sometimes be difficult to suppress. However, it may have relatively
negligible amplitude, especially when the modulation index m is less than unity.
As a special case, if an unmodulated radio-frequency signal is applied to this
circuit, m is zero in (13.1.12). Therefore, the expression for the diode current
simplifies to
2,2

g, Vym

/V2
~ 8o + g4V, cos w.t + Tcoscht

iac 4
Therefore, a capacitor C connected across the output can easily suppress its
sinusoidal components, while its first term represents a direct voltage that is

proportional to the square of the RF amplitude V,. This type of circuit is used in
practice to monitor radio frequency and microwave signals.

Coherent Detection of AM

An alternative technique for detection of amplitude-modulated signals is illus-
trated in Figure 13.13. In this case, the amplitude-modulated signal is multi-
plied with a sinusoidal signal that has the same frequency as the carrier signal.
Assume that

Cam(t) = ao[l + m(1)] cos(w.t + ¢)

The voltage v(¢) at the output of the multiplier is found to be

v(t) = Cam(t)a cos(wet + @) = aay[1 + m(t)] cos(wet + @) cos(w.t + @)

or

29011 + m(0)1[cos® — @) + cos2 wet + 0+ )]

v(t) = >

If the low-pass filter has a cutoff frequency below 2 w,, its output voltage v, is

a

Vo(1) = 211 + m(t)] cos(d — )

2

Hence, this circuit can provide a more efficient way to extract the information
signal from the AM than the one considered earlier. However, the output voltage

Caml®) />.<\ Y0 LPF X0)

a cos(w.f + 0)

Figure 13.13 Simple coherent detector circuit.
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goes to zero if the argument of the cosine function (6 — ¢) is 0.57 (90°). To
ensure maximum output voltage, this phase difference should be zero. In other
words, the local oscillator signal should be phase locked to the carrier. This can
be done using the PLL scheme discussed in Chapter 12. This circuit arrangement
is illustrated in Figure 13.14.

Single-Sideband Generation

As illustrated in Figure 13.4, the modulating signal is included in both of the
sidebands of an AM signal. The precious frequency spectrum can be econo-
mized if only one of these is used to transmit the information. For example, the
FDM hierarchy shown in Figure 13.1 employs only the lower sideband. It can be
achieved with a low-pass filter that passes only the desired component. On the
other hand, it can be done more efficiently using the circuit in Figure 13.15. This

Quadrature
detector

Cam(®) LPF VCO

In-phase -90° /
detector phase shift

LPE |——» V(D

Figure 13.14 PLL-based coherent detection scheme.

Acosw,r AB cos M. cos M,
Lt
B cos w,t
Modulating \ &

. 90°, 3-dB ; 90°, 3-dB
> Carr > s
signal divider o divider
AB cos(®.— m,,)t

B sin .t

A sin ot

»
»

AB sin @t sin 0t

Figure 13.15 SSB generation scheme.
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circuit uses two power dividers and two mixers. A power divider splits the input
signal into two parts equal in amplitude but which differ in phase by 90°. Thus, a
power divider divides the modulating signal into A cos w,,¢ and A sin w,,f. Sim-
ilarly, the carrier is also divided into B cos w.t and B sin w.t. These components
are applied to corresponding mixers, and the output of one is then subtracted
from the other to get the single sideband.

13.2 FREQUENCY MODULATION

As illustrated in Figure 13.2, in frequency modulation the carrier frequency
changes according to the modulating signal. It can be expressed mathemati-
cally as

cpm(t) = A cos[w.t + Aw/x(t)dt + V] (13.2.1)

where A is the carrier amplitude, Aw the frequency deviation coefficient in
rad/s-V, and x(¢) the modulating signal in volts. Therefore, the frequency of
crm, (1), is

w(t) = %[wc.t + Aw / x@)dt + V] = o, + Aw x(t) (13.2.2)

If the modulating signal is a sinusoidal wave that is given by
x(t) = acos(w,t + 6,,)

then
f x(dt = -2 sin(oyt + 6,,)
w

m

Therefore, the frequency-modulated carrier in this case will be given as

a Aw

cem(t) = Acos |:mct + sin(w,,t + 6,,) + 11;} (13.2.3)

W
Modulation index B of the frequency-modulated signal is defined as

_aAu)

B =

(13.2.4)

()

Note that the modulation index is a dimensionless quantity.
In order to determine the frequency spectrum of cpy(#), we need to find an
equivalent expression for the right-hand side of (13.2.3):

cam(t) = A Re[e/ @t HiV+iBsin(@nt+6)y
or

crpm(t) = A Re[e @iV giBsin(ont+0n) (13.2.5)
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From the mathematical tables,

(o)

estinocz Z Jn(ﬁ)ejn(x

n=—00

where J,(B) is the Bessel function of the first kind and order n. Therefore,

o
CFM(t) — A Re { Z Jn(ﬁ)ej[w”t+¢+n(wmt+em)]:|

n=—0o0

or

cem(t) =AY Ju(B) cosl(we + nwy)t + nby + ] (13.2.6)

n=—0o0

where

Jn(B) = (=D"J.(B)

Therefore, the frequency spectrum of this FM signal extends to infinity as
shown in Figure 13.16. As may be observed, the amplitudes of these harmonics
are going down for the higher-order terms. Since these amplitudes include the
Bessel function, a meaningful conclusion can be drawn only after understanding
its characteristics. As illustrated in Figure 13.17, the magnitude of a Bessel func-
tion is much smaller than unity if its order » is much larger than its argument p.
In particular,

J,B) <1 forn > B

Therefore, the infinite series of (13.2.6) can be terminated at finite n. The band-
width B, determined this way, known as the Carson rule bandwidth, takes
n =B + 1 terms of the infinite series into account. It is given by

B.=2B+ Do, rad/s (13.2.7)

If B is very large, B. occupies a bandwidth § + 1 times larger than that which
would be produced by an AM signal. It is known as wideband FM. On the other

Qe =30 Ly ALyP)
Ocm20m Ly AL (B)
D™ Om 3 AL,(B)
el b AB)
R V)
O +20, | VAL
e )

Figure 13.16 Spectrum of the FM signal with sinusoidal modulation.
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Figure 13.17 Bessel function of the first kind for n = 0, 1, 2, and 3.

hand, if p is much smaller than unity, the FM bandwidth is comparable to that
of an AM system and is known as narrowband FM.

Example 13.3 A frequency modulator is connected with a carrier, f. = 5 MHz,
and an audio signal V,, = 1V of f,, = 1kHz. It produces frequency deviation of
+10kHz at the output of the modulator.

(a) An FM wave from the modulator is passed through a series of frequency
multipliers with a total multiplication factor of 12; that is, f, = 12 f;,. What is
the frequency deviation at the output?

(b) The output of the modulator (f, = 5SMHz, Af = 10kHz) is input to a
mixer stage along with a 55-MHz signal from an oscillator. Find the sum fre-
quency output f, of the mixer and the frequency deviation Af,.

(¢) What is the modulation index at the output of the modulator?

(d) The audio input to the modulator is changed to V,, =2V and f,, =
500 Hz. At the modulator output, what will be the modulation index and fre-
quency deviation Af?

SOLUTION The problem can be solved as follows:

(a) Since the input frequency is multiplied by a factor of 12, the frequency
deviation at the output of the multiplier will be £10kHz x 12 = £120 kHz.
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5MHz + 10 kHz 55 MHz + (5 MHz + 10 kHz)

Figure 13.18 Setup for Example 13.3.

(b) The arrangement is illustrated in Figure 13.18. Therefore, the sum fre-
quency in the output is given as

55MHz + 5MHz + 10kHz = 60.01 MHz

The frequency deviation is & 5.01 MHz.
(¢) From (13.2.4),

aAoo_aAf_lxlOkHZ_lO

b= fn 1kHz

(d) The frequency deviation in this case increases by a factor of 2. Therefore,

alAow aAf 2x10kHz

= =40
Wy fm 500Hz

B:

FM Detector

A PLL is frequently employed for the detection of FM signals. Consider that the
reference signal v, (¢) in Figure 13.19 is an FM signal:

v (t) = A, sinfw.t + 0,(2)]

where

0,(1) = Amflm(t) dt

Z10)

At
el PD F(s) (1)

v,(1)

VCO

Figure 13.19 FM detection scheme using a PLL.
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In the transform domain it can be expressed as

M(s)

0,(5) = Aw

The transfer function of the system shown in Figure 13.19 is

Va(s) K F(s) _ SK4F(s)
0,(5) 14+ Ka(K,/$)F(s) s+ KqK,F(s)

Hence, the output voltage in the frequency domain is found to be

sK F(s) A M(s) _ Ao K F(s)M(s)

Va(s) = _
) = T K Fe) T s+ K,K,F(s)

Assuming that M (s) has a bandwidth B and |F(s)| = 1 in the passband, this
expression can be simplified as

Aw KsM(s) Ao M(s)/K,  Aw M(s)
s+ KqK,  1+s/K4K, K,

Va(s) =

Hence, for K;K, very large such that

«1

‘KdKo

we have
Aw M(s)

\% ~
2(s) X,
Switching back to the time domain, we find that the output voltage will be

given as

Aw
0~

m(t)

o

Hence, the output voltage v,(¢) is proportional to the information signal m(¢).

13.3 SWITCHING-TYPE MIXERS

It can easily be shown from (13.1.9) that the output of a single-diode mixer
circuit contains both the local oscillator and RF input frequencies. Sometimes it
may be hard to filter these out from the desired signal. In this section we present
efficient ways to accomplish this. It is assumed for simplicity that the diodes
used in these circuits are ideal. Hence, it turns the circuit on or off depending
on whether it is forward or reverse biased. Because of this characteristic, these
circuits are termed switching-type mixers.



560

DETECTORS AND MIXERS

Switching-type mixers can be divided into two categories. In single-balanced
mixers the local oscillator or the RF input can be balanced out such that it does not
appear in the output. On the other hand, the output of a double-balanced mixer
contains neither of the input frequencies. Consider the single-balanced mixer
circuit shown in Figure 13.20. The transformer and diodes are assumed ideal for
simplicity. Further, it is assumed that the local oscillator voltage v, is a square
wave with a large amplitude compared with v;. Therefore, only the local oscillator
signal determines the conduction through a given diode. An equivalent of this
circuit is shown in Figure 13.21. When v, is positive, diode D, is on and D, is
off. The reverse is true if vy switches to its negative polarity. Mathematically,

or

where

o — vp+v, vy >0
T v, —v; v <0

/
UOZUL—I-Ui

vl = v;s(t)
] 1 v >0
S(t)_{—l v, <0
Dl

=+l =+

Figure 13.21 Equivalent of the circuit shown in Figure 13.20.

(13.3.1)

(13.3.2)

(13.3.3)
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Hence, the switching frequency of s(¢) is w;, the same as the local oscilla-
tor frequency.
Using Fourier series representation, s(¢) may be expressed as follows:

4o (=D nm
)= — —————sin — t 13.3.4
s(t) T[Z " sin 2 COSnwy, ( )

n=1

If v; is a sinusoidal signal,
v; = V cos w;t

then

X 1yt
v[ = 2—V Z & sin E{cos[(nooL + w;)t] + cos[(nw; — w;)t]} (13.3.5)
T = n 2

Therefore, the output voltage can be expressed as

) 2V o (=D oam
Vo =V + VU, = v + — ——— sin —{cos[(nw; + w;)t]
T = n 2

+ cos[(nowy, — w1t} (13.3.6)

Thus, output consists of the local oscillator frequency w; and an infinite number
of sum and difference frequencies of w; with odd multiples of w,. Frequency
components w;, + w; and w; — w; represent the upper and lower sidebands,
respectively, each with amplitudes equal to 2V /m. These components can be
separated from the other higher-order terms, known as spurious signals.

Note that this formulation is based on the ideal switching characteristic of
the diode. In other words, it assumes that the local oscillator switches the diode
current instantaneously. Deviation from this characteristic increases the distortion
in its output. A major disadvantage of this mixer circuit is that the local oscillator
signal appears in its output. Frequency components w; and w; £ w; may be very
close if the local oscillator frequency is high. In this situation, it may be difficult
to separate the signals.

An alternative circuit that blocks the local oscillator signal from appearing at
its output is depicted in Figure 13.22. As before, it can be analyzed easily by
assuming that the diodes are ideal and that the local oscillator voltage controls
its switching. A simplified equivalent of this circuit is shown in Figure 13.23. In
this circuit, both diodes conduct (on) when the local oscillator voltage is positive
and they do not conduct (off) otherwise. Hence, the output voltage v, can be
written as

v, = v;5(t) (13.3.7)
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o

+

Vi/‘\ .

AV )=
A "
v; -

Figure 13.23 Equivalent of the single-balanced mixer shown in Figure 13.22.

where

_J1 vy >0
s(t) = {0 vy <0 (13.3.8)

This s(¢) can be expressed in terms of the Fourier series as

) 1+§:2 in .= ¢ (13.3.9)
S = — — S1INn — COSnw .
2 a2 L

For v; = V cos w;?, the output voltage is found to be

1% Veal
v, = — COS w;t + — Z — sin E{cos[(nooL + w;)t] 4 cos[(nwy — w;)t]}
2 T i=n 2

(13.3.10)

Thus, the output of this mixer circuit does not contain the local oscillator signal.
However, it includes the input signal frequency w; that appears with the sidebands
and spurious signals. It can be a problem in certain applications. For example,
consider a case where the input and the local oscillator signal frequencies at
a receiver are 60 and 90 MHz, respectively. As illustrated in Figure 13.24, the
difference signal frequency at its output is 30 MHz. If a 30-MHz signal is also
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Filter and IF
section

Figure 13.24 Single-balanced mixer of Figure 13.22 at the receiver.

present at the input, it will get through the mixer as well. A preselector (bandpass
filter) may be used to suppress the undesired input.

Note from (13.3.10) that the amplitude of the sidebands is only V /7, whereas it
was twice this in (13.3.6). It influences the sensitivity of the receiver employing
this mixer. In the following section we consider another mixer circuit, which
solves most of these problems.

Double-Balanced Mixer

A double-balanced mixer circuit requires four diodes and two transformers with
secondary sides center-tapped, as shown in Figure 13.25. As before, it is assumed
that the local oscillator voltage v, is high compared with the input v;. Hence,
diodes D; and D, conduct when the local oscillator voltage is positive while the
other two are in the off state. This situation turns the other way around when
the voltage v, reverses its polarity. Thus, diodes D; and D, conduct for the
positive half cycle of v, and D3 and D4 conduct for the negative half. Equivalent
circuits can be drawn separately for these two states. Figure 13.26 shows one such
equivalent circuit, which represents the case of positive v;. Diode resistance in
the forward-biased condition is assumed to be r;. The equivalent circuit can be
simplified further to facilitate the analysis.

Consider the simplified equivalent circuit shown in Figure 13.27. The currents
in the two loops are i; and i,. Using Kirchhoff’s voltage law, loop equations can

Local
oscillator

Figure 13.25 Switching-type double-balanced mixer.
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Figure 13.27 Simplified equivalent circuit of Figure 13.26.

be written as

Vi = R (i) —ip) +rgip —vg
and

Vi = R (i) —ip) —rgia +vg

Equations (13.3.11) and (13.3.12) can be solved for i; — i,. Hence,

. . (%
i1 —ih= ———
Ry +rq/2
But from Ohm’s law, ’
i1 — iy = —R—L
Combining (13.3.13) and (13.3.14) yields
Vo RL

v R 4ry2

Local
oscillator

(13.3.11)

(13.3.12)

(13.3.13)

(13.3.14)

(13.3.15)
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Similarly, an equivalent circuit can be drawn for the negative half cycle of vy.
Diodes D3 and D4 are conducting in this case, and following an identical analysis
it may easily be found that
R

Vo4 L (13.3.16)

v; Ry +ry/2
Equations (13.3.15) and (13.3.16) can be expressed by a single equation after
using the function s(¢) as defined in (13.3.3). Hence,

R o — L
Ry +ry/2 ! R; +ry/2

Vo vis(t) (13.3.17)

Now using the Fourier series representation for s(¢) as given in (13.3.4), (13.3.17)
can be expressed as

R 4 x -1 n+1
__ R A EDT T s neyt (13.3.18)
Ry +ry/2 = ~ n 2

Vo

In case of a sinusoidal input, v; = V cos w;t, the output voltage v, can be found as

RL oV 00 (_1)'1+1 . nw
—_ L 2r sin — {cos[(nw; + w;)¢]
R+ (rq/2) m = n 2

+ cos[(nwr — w;)t]} (13.3.19)

Vo

Hence, this mixer circuit produces the upper and lower sidebands along with
an infinite number of spurious signals. However, the w; and w; signals are both
isolated from the output. This analysis assumes that the diodes are perfectly
matched and the transformers are ideal. Variations of these characteristics may
not perfectly isolate the output from the input and the local oscillator. These
double-balanced mixers are commercially available for applications in the audio
through microwave frequency bands.

13.4 CONVERSION LOSS

Since mixers are used to convert the frequency of an input signal, a circuit
designer would like to know if there is some change in its power as well. This
information is especially important in receiver design where the signal received
may be fairly weak. Conversion loss (or gain) of the mixer is defined as a ratio
of the power output in one of the sidebands to the power of its input signal. It
can be evaluated as follows.

Consider the double-balanced mixer circuit shown in Figure 13.24. Using its
equivalent circuit illustrated in Figure 13.26, the input resistance Rj, can be found
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with the help of (13.3.13) as follows:

V;
Rn=—— =R, + 2 ~R, (13.4.1)
1 —1 2

It is assumed here that load resistance R; is much larger than the forward resis-
tance r, of the diode.

If there is maximum power transfer from the voltage source vg at the input
to the circuit, the source resistance R; must be equal to the input resistance Rj,.
Since the input resistance is equal to the load R;, the following condition must
be satisfied:

R =R_

If the sinusoidal source voltage vs has a peak value of Vp, it divides between
two equal resistances R; and Rj,, and only half of voltage Vp appears across
the transformer input. Hence,

7

=— 13.4.2
SR, ( )

From (13.3.19), the peak output voltage V, of the sideband is

2V \%
Vo|ooL:i:ooi = ? = ?P (1343)

Therefore, the output power P, is found as

Y
2T[2RL

o

(13.4.4)

If G is defined as the conversion gain, which is a ratio of its output to input
power, then from (13.4.2) and (13.4.4) we find that

P, V2 8R 4
G=0—-_"°p 2L _ 7 (13.4.5)
Pi 2m’R, V3 2

Since G is less than unity, it is really not a gain but a loss of power. Hence, the
conversion loss, L, is

2
L =10log % —3.92dB ~ 4dB (13.4.6)

Hence, approximately 40% of the power of the input signal is transferred to
the output of an ideal double-balanced mixer. Circuit loss and mismatch reduce
it further.

In the case of a single-balanced mixer where the local oscillator is isolated
from the output, the sideband voltage can be found from (13.3.10). Hence, the
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power output in one of the sidebands is given as

1 (V) V2
Po=—(—) =2 13.4.7
? ZRL (T[) 8]‘[2RL ( )

Since the input power is still given by (13.4.2), its conversion gain may be
found as

P, V2 S8R, 1 (13.4.8)
—_— = — X ——— = — S
Pl' 8T52RL VS2 T[2

Again, the output is less than the input power, and therefore, it represents a loss
of signal power. The conversion loss for this case is

L = 10log m* = 9.943 ~ 10dB (13.4.9)

Hence, the conversion loss in this single-balanced mixer is 6 dB (four times)
larger than that of the double-balanced mixer considered earlier. It may be noted
that the mixer circuit shown in Figure 13.19 has a conversion loss of only 4 dB.

These results show that the maximum possible power transferred from the
input to the output of a diode mixer is less than 40%. Therefore, these circuits
always have conversion loss. A conversion gain is possible only when a transistor
(BJT or FET) circuit is used as the mixer. FET mixers are described briefly later
in the chapter.

13.5 INTERMODULATION DISTORTION IN DIODE-RING MIXERS

As discussed in Chapter 2, the noise level defines the lower end of the dynamic
range of a system, whereas the distortion determines its upper end. Therefore, a
circuit designer needs to know the distortion introduced by the mixer and whether
there is some way to limit that. We consider here the mixer circuit depicted in
Figure 13.28, which has a resistance R in series with each diode.

Local
oscillator

Figure 13.28 Mixer circuit with resistance R in each branch.
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Figure 13.29 Simplified equivalent of the circuit shown in Figure 13.28 for vy > 0.

Assuming that vy is large enough that the local oscillator alone controls the
conduction through the diodes, an equivalent circuit can be drawn for each half
cycle. In the case of a positive half period of v;, the simplified equivalent circuit
may be drawn as illustrated in Figure 13.29. Diodes D; and D, conduct for this
duration while the other two are in the off state. Assume that i; is current due to
vy and i is due to v;. Hence, currents through the diodes are given as follows:

current through diode D| = i3 =iy —i

current through diode D, = igq =iy +i

Since the V-1 characteristic of a diode is given as

ig=I(e™ —1) ~ [*™ (13.5.1)
where
. (13.5.2)
nkT
we find that )
1 lg
vg=—1In— (13.5.3)
a I

Note that net current flowing through the load resistance R, is the difference of
two loop currents: i; — i and iy + i. Hence, the LO current through R; cancels
out, and two components of current due to v; are added to make it 2i. Loop
equations for the circuit can be found to be

vy = (L —i)R4+vs3+v, — Ry -2i (13.5.4)
and

v = RL - 20 —V; +R(iL+i)+Ud4 (1355)
Subtracting (13.5.5) from (13.5.4), we have

0=—2(R+2Rp)i 4+ 2v; + vy43 — vy4
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or
L L
2(R+2Ry)i — 2v; = — ll'llL l—lnlL+l =__1nl.L+l.
o I I o Qg —i
or 1 . + .
vi=(R+2R.)i+—In " (13.5.6)
200 i —1i

Since the LO current i, is very large compared with i, it can be expanded as an
infinite series:

1. I 5 J .
vi=(R+2R,+— )i+ i+ A4 (13.5.7)

g, 3ai; Sai;
An inverse series solution to this can easily be found with the help of computer

software (such as Mathematica) as follows:

V; U-3

i = — — ! + .- (13.5.8)
R+2R, + 1/aip  3ai; (R4 2R, + 1/aiy)*
Therefore, the output voltage v, can be written as
2R.i = 2R [ v i + ]
- i — _ ...
o k “LR+2R. + air  30id (R + 2R, + 1/aip)*

(13.5.9)
On comparing it with (2.5.31), we find that the term responsible for the inter-
modulation distortion (IMD) is

2R;
ky =— = — (13.5.10)
3aiy (R+ 2Ry + 1/0ir)

Since the IMD is directly proportional to the cube of k3, (13.5.10) must be
minimized to reduce the intermodulation distortion. One way to achieve this
objective is to use a large local oscillator current i;. Another possible way is
to employ the resistance R in series with each diode. Sometimes an additional
diode is used in place of R. This permits higher local oscillator drive levels and
a corresponding reduction in IMD.

Example 13.4 In the mixer circuit shown in Figure 13.30, transformer and
diodes are ideal. The transformer has 400 turns on its primary and 800 turns
with a center tap on its secondary side. Find the output voltage and the value of
load R, that provides maximum power transfer from v;.

SOLUTION  For maximum power transfer, the impedance when transformed to
the primary side of the transformer must be equal to 50 Q2. Since the number of
turns on either side of the center tap is the same as on its primary side and only
one of the diodes is conducting at a given time, the load resistance R; must be
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. % :
(0 v

Sl

Figure 13.30 Mixer circuit for Example 13.4.

50 €2 as well. Under this condition, only half of the signal voltage appears across
the primary. Hence, v; = v,/2.

Assume that v; is large compared with v; such that diode switching is con-
trolled solely by the local oscillator. Therefore,

v — vy + v; for v; > 0
7 —=(r+v) forvy <0

This output voltage can be expressed as follows:
= (vr + v;)s(?)

where
vy >0

1
S(t):{—l VL <0

We already know the Fourier series representation for this s(¢), given by (13.3.4)
as

o0
1n+1
s(t) = — Z( ) sin%cosnmg (13.3.4)

If v; and v, are sinusoidal voltages

v; = V;cosw;t
and

v, = Vocoswpt
then the output voltage will be

( 1)n+1

= (V; cos w;t + V| cos mLt); Z

n=1

sin - cosnwpt
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or

2 K (=) oam
Vv, = — ————sin T{Vi[cos(nu)L + w;)t + cos(nw; — w;)t]
n

+ Vi[cos(nwy + wp)t + cos(nwy — wr)t]}

13.6 FET MIXERS

Diodes are commonly used in mixer circuits because of certain advantages,
including a relatively low noise. A major disadvantage of these circuits is the
conversion loss, which cannot be reduced below 4 dB. On the other hand, tran-
sistor circuits can provide a conversion gain, although they may be noisier. A
well-designed FET mixer produces less distortion than do BJT circuits. Further,
the range of its input voltage is generally much higher (10 times or so) with
respect to BJT mixers. The switching and resistive types of mixer have been
designed using the FET. In this section we present an overview of selected FET
mixer circuits.

Figure 13.31 shows a FET mixer circuit. Local oscillator signal v is applied
to the source terminal of the FET via capacitor C; while the input v, is connected
to its gate. For the FET operating in saturation, we can write

1% 2
iD=b“(L-f) (13.6.1)
p

where ip is the drain current of the FET, V,, the gate-to-source voltage, V,, its
pinch-off voltage, and Ipss the drain current for V,; = 0. For the circuit shown
in Figure 13.31, the total gate voltage Vi, is

Ves = vi —vr + Vs

Figure 13.31 FET mixer circuit.
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where Vg is the gate-to-source dc bias voltage. Therefore, the drain current ip
in this case is

i~ Vos '\’
ip = Ipss (1 — w) (13.6.2)
Vp
For sinusoidal v; and v, given as
v; = V; cosw;t
and
v, = Vocoswpt
the drain current ip can be found from (13.6.2). Hence,
. Vicosw;t — Vycoswpt + Vs 2
ip=1Ipss|1—
Vo
or
. 2
ip=1Ipssil— V[Vi cosw;t — Vycoswpt + Visl
P
Ipss . » 5 2.2 2
+ W[VGS + 2VgsVicos wit + V7 cos” wit — 2V Vgscoswpt
p
+ VL2 cos® wpt — 2V; Vy cos w;f cos wf] (13.6.3)

Equation (13.6.3) can be rearranged in the following form and then the amplitudes
of sum and difference frequency components can easily be identified as follows:

ip =Ipc+ajcosw;t +aycoswpt + bycos2wt+2cos2wyt

— c{cos[(wr + w;)t] + cos[(w; — w;)t]}

where
o IpssViVi

(13.6.4)
2

Vo
The ratio of amplitude c to input voltage V; is defined as the conversion transcon-

ductance g.. Hence,

¢ IpssViL
For high conversion gain, g. must be large. It appears from (13.6.5) that the
FET with high Ipgs should be preferable, but that is generally not the case. Ipgs
and V, of a FET are related such that the device with high Ipgs also has high
V,. Therefore, it may result in a lower g. than that of a low Ipgs device. Vp
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is directly related to the conversion gain. Hence, higher local oscillator voltage
increases the conversion gain. Since the FET is to be operated in its saturation
mode (the constant-current region), V, must be less than the magnitude of the
pinch-off voltage.

As a special case, if V; =|V,|/2, the conversion transconductance may be
found as

I
L= D58 (13.6.6)
2V,
Since the transconductance g,, of a JFET is given as
ai 21 V
g = 2 = PSS (2GS (13.6.7)
Vs Vo, Vo,
and
21
Emlvgemo = — =223 (13.6.8)
Vp

the conversion transconductance is one-fourth of the small-signal transconduc-
tance evaluated at Vg = 0 (provided that V; = 0.5V),). For a MOSFET, it can
be shown that the conversion transconductance cannot exceed one-half of the
small-signal transconductance.

Note from (13.6.3) that there are fundamental terms of input as well as local
oscillator frequencies, their second-order harmonics, and the desired w; + wp
components. Unlike the diode mixer, higher-order spurious signals are not present
in this output. In reality, there is some possibility for those terms to be present
because of the circuit imperfections.

An alternative to the circuit shown in Figure 13.31 combines the local oscillator
signal with the input before applying it to the gate of FET. The analysis of this
circuit is similar to the one presented above. In either case, one of the serious
problems is isolation among the three signals. There have been numerous attempts
to address those problems.

Example 13.5 A given JFET has Ipgs = S0mA and transconductance g,, =
200 mS when its gate voltage Vg is zero. If it is being used in a mixer that has
a 50-2 load, find the conversion gain of the circuit.

SOLUTION  Since

| _2Ipss
gm V(;s:() Vp

then

V_2><50><10*3_1_05V
P o200x 1073 T 2
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If the local oscillator voltage V;, is kept at approximately 0.25 V, the conversion
transconductance g. may be found as

50 x 1073
2x0.5

g = =50 x 107°S = 50mS

Therefore, the magnitude of voltage gain A, is
Ay~ gR; =50 x 1073 x 50 = 2.5

Since a common-gate configuration of the FET is generally used in the mixer
circuit, its current gain is close to unity. Therefore, the conversion power gain
of this circuit is approximately 2.5.

A dual-gate FET is frequently employed in a mixer circuit. There are sev-
eral circuit configurations and modes of operation for dual-gate FET mixers.
Figure 13.32 illustrates a circuit that usually performs well in most receiver
designs. The working of this circuit can be explained considering that a dual-
gate FET represents two single-gate transistors connected in cascode. Hence, the
upper FET works as a source follower and the lower one provides mixing. An
RF signal is applied to a gate that is close to the ground while the local oscillator
is connected at the other gate (one close to the drain in common-source config-
uration). If RF is connected to the other gate, the drain resistance of the lower
transistor section appears as source resistance and thus reduces the signal.

This circuit is used as a mixer when both transistors are operating in their triode
(nonsaturation) mode. A bypass circuit is needed before its output to block the
input (RF) and the local oscillator signals. Further, another bypass circuit may
be needed across the local oscillator to block the output frequencies. This circuit
has lower gain and higher noise, but a properly designed mixer can achieve a
modestly higher third-harmonic intercept compared with a single-gate mixer.

Figure 13.33 shows a FET mixer circuit that employs two transistors and trans-
formers. A local oscillator signal is applied to both transistors in the same phase
while one RF input is out of phase with respect to the other. The resulting out-
put is a differential of the two sides, and therefore the local oscillator signal is

Matching Output
i i twork v
Local oscillator Matching networ o
VL network
=<
RF input Matching
v; network

Figure 13.32 Dual-gate FET mixer.
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Figure 13.33 FET balanced mixer.

canceled out while the RF is added. The nonlinear characteristic of the transistors
generates the upper and lower sideband signals.

If the dc bias voltage at the source is Vs, the RF input is V; cos w;¢, and the
local oscillator voltage is V; cos wyt, the output voltage of this circuit is

(4RLVi 4R V; Vs 2RLV;VL
v, = _—

+ cos w;t +
Vp V2 ) Vi

X [cos(wr + w;)t 4+ cos(wy — w; )] (13.6.9)

This shows that the output of this circuit contains the RF input frequency along
with two sidebands. Asymmetry and other imperfection can add more frequency
components as well.

Figure 13.34 illustrates an active double-balanced circuit, known as the Gilbert
cell mixer, commonly employed in radio-frequency integrated circuits (RFICs).
Transistors Q; and Q, are used to convert the RF voltage to current, and Q3
to Qg are used for the switching. RF and local oscillator signals are applied to
the circuit via the corresponding matching networks (baluns). Similarly, the IF
output requires a matching network as well. A detailed analysis of the circuit is
beyond the scope of this book; only a qualitative analysis is presented here.

Assume that the local oscillator signal is a large square wave that can turn on
the transistors when it is high and turn them off when it is low. Note that the
current i;; 1S the sum of i3 and is, and iy is the sum of iy and ig. Further, the
RF current i; is the sum of i3 and i4 and the sum of is and i¢ is equal to i;. The
bias current [, is the sum of i; and i,. Since a transistor is on only when the
local oscillator signal is high, transistors Q4 and Qs will be on while Q3 and Qg
will be in off conditions. Therefore,

lif] =I5 = Iy
and

lip = i4 = I
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? Voo
<, L
Rp
iify fir
e Balun [~ IF

LO —»| Balun

RF —pf

Figure 13.34 Gilbert cell mixer circuit.

Similarly, when the local oscillator signal is low, transistors Q3 and Qg will be
on and Q4 and Qs will be off. Therefore,

lifg = i3 =1
and

lifp = g = I
Hence the IF output v can be found to be

o RD(iz — ll) vy > 0
Vi = {RD(i1 “i) w20 (13.6.10)

or

Vit = Rp(ia —i1)s(¢) (13.6.11)

where s(f) is defined by (13.3.3) and (13.3.4). Further, the conversion gain G,
of this circuit can be found after assuming that it is symmetrical, and therefore
the transconductance g,, of Q; is the same as that of Q,. It is given as

4
G.=—guRp (13.6.12)
T
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PROBLEMS

13.1. In an AM signal, the carrier output is 1 kW. If the wave modulation is
100%, determine the power in each sideband. How much power is being
transmitted?

13.2. Assume that an AM transmitter is modulated with a video signal given
by m(¢) = —0.154 0.7 sin w ¢, where f; is 4 MHz. Let the unmodulated
carrier amplitude be 100 V. Evaluate and sketch the spectrum of modu-
lated signal.

13.3. An AM broadcast station that uses 95% modulation is operating at total
output power of 100 kW. Find the power transmitted in its sidebands.

13.4. With a modulation index of 80% an AM transmitter produces 15kW.
How much of this is carrier power? Find the percentage power saving if
the carrier and one of the sidebands are suppressed before transmission.

13.5. When an AM station transmits an unmodulated carrier, the current through
its antenna is found to be 10 A. It increases to 12 A with a modulated
signal. Determine the modulation index used by the station.

13.6. In the circuit arrangement shown in Figure P13.6, V,, = V| — V; is the
output signal, where V; = 10V 4+ 0.2V V,, and V, = 6V — 0.2V V,.

\

Ve=Ccos 0.t Vi V,

V=M cos o,

Figure P13.6
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13.7.

13.8.

13.9.

13.10.

13.11.

13.12.

DETECTORS AND MIXERS

(a) Calculate the value of M that results in a modulation index of 0.8.

(b) Determine the value of C that results in an unmodulated output volt-
age amplitude of 8 V.

(¢) If this Vi, is applied to a 50-€2 load, find the power in the carrier and
in each sideband.

The circuit shown in Figure P13.7 uses a zero-biased diode with R; =
500€, and n =1 at 290 K. If the signal applied to this circuit is

vin (1) = 0.5[1 + 0.3 cos(4n x 10*t 4+ 0.15)] cos(m x 10°7 —0.15) V

find the output voltage v,y Also, sketch the frequency spectra of vy, and

Vout-
{
I 1L
1 kO 31.83 pF
Vin Vout
Figure P13.7
A 1-MHz carrier signal is amplitude-modulated simultaneously with 300-

Hz, 800-Hz, and 2-kHz sinusoidal signals. What frequencies are present
in the output?

An AM broadcast transmitter radiates S0kW of carrier power. If the
modulation index is 0.85, find the power radiated.

An FM broadcast station uses a 10-kHz audio signal of 2V peak value
to modulate the carrier. If the allowed frequency deviation is 20 kHz,
determine the bandwidth requirement.

A frequency modulator is supplied with a carrier of 10 MHz and a 1.5-
kHz audio signal of 1V. The frequency deviation at its output is found
to be +=9kHz.

(@) An FM wave from the modulator is passed through a series of fre-
quency multipliers with a total multiplication of 15 (i.e., f, = 15 f,).
Determine the frequency deviation at the output of the multiplier.

(b) An output of the modulator is mixed with a 58-MHz signal. Find the
sum frequency output of the mixer and its frequency deviation.

(c) Find the modulation index at the output of the modulator.

(d) The audio input to the modulator is changed to 500 Hz with its ampli-
tude at 2 V. Determine the modulation index and frequency deviation
at the output of the modulator.

An FM signal,

vem () = 1500 cos[2m x 10%7 4+ 2sin(3w x 10°)] Y,
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is applied to a 75-2 antenna. Determine (a) the carrier frequency, (b) the
transmitted power, (c¢) the modulation index, and (d) the frequency of the
modulating signal.

When the modulating frequency in FM is 400 Hz and the modulating
voltage is 2.4V, the modulation index is 60. Calculate the maximum
deviation in frequency. What is the modulation index when the mod-
ulating frequency is reduced to 250Hz and the modulating voltage is
simultaneously raised to 3.2 V?

The ip—V, characteristics of a FET are given by
2V \°
ip=1 (1 - T") mA

If it is being used in a mixer that has a 50-2 load, find the conversion
gain of the circuit.

Calculate the conversion loss of the double-balanced mixer shown in
Figure P13.15. The diode on resistance is much less than the load resis-
tance R;. What value of R, is required for maximum power transfer if
the transformer employed in the circuit has 400 turns in its primary and
800 turns with a center tap on its secondary side?

50Q

Figure P13.15

In the mixer circuit shown in Figure P13.16, the transformer and diodes
are ideal. The transformer has 200 turns on each side. Find the value of
R that provides maximum power transfer from the source.

75Q

|¢
|‘

Figure P13.16



APPENDIX 1

DECIBELS AND NEPER

Consider the two-port network shown in Figure Al.1. Assume that V| and V, are
the voltages at its ports. The voltage gain (or loss) G, of this circuit is expressed
in decibels as

1%
G, =2010ng2 dB (Al.1)
1

Similarly, if P; and P, are the power levels at the two ports, the power gain
(or loss) of this circuit in decibels is given as

P
G, = 10log,, F? dB (A1.2)

Thus, the dB unit provides a relative level of the signal. For example, if we are
asked to find P, in watts for G, as 3 dB, we also need P;. Otherwise, the only
information we can deduce is that P, is twice P;.

Sometimes power is expressed in logarithmic units, such as dBW and dBm.
These units are defined as follows. If P is power in watts, it can be expressed
in dBW as

G = 10log,, P dBW (A1.3)

On the other hand, if P is in milliwatts, the corresponding dBm power is found as

G =10log,, P  dBm (Al.4)

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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_*—_f_

v, Two-port v,
network

Figure A1.1 Two-port network.

Thus, the dBW and dBm units represent power relative to 1 W and 1 mW, respec-
tively.

Another decibel unit that is commonly used to specify phase noise of an
oscillator or strengths of various sidebands of a modulated signal is dBc. It
specifies the signal strength relative to the carrier. Consider a 100-MHz oscillator
that has an output power of —10 dBm. Suppose that its output power is —30 dBm
in the frequency range 105 to 106 MHz; then power per hertz in the output
spectrum is —90 dBm and the phase noise is —80 dBc.

In general, if amplitudes of the sideband and the carrier are given as V, and
V., respectively, the sideband in dBc is found as

1%
G, = 20log 72 (A1.5)

c

Consider now a 1-m-long transmission line with its attenuation constant a. If V|
is the signal voltage at its input port, the voltage V, at its output is given as

[Va| = [Vi]e™ (AL.6)
Therefore, the voltage gain G, of this circuit in nepers is

V2l
G,(Np) = In = ¢ Np (A1.7)
1

On the other hand, G, in decibels is found to be

V.
G,(dB) =20log :72: =20loge™ = —20aloge = —8.6859% dB
1

Therefore,
INp = 8.6859dB (A1.8)

The negative sign indicates that V, is smaller than V; and there is loss of signal.



APPENDIX 2

CHARACTERISTICS OF SELECTED
TRANSMISSION LINES

COAXIAL LINE

Consider a coaxial line with its inner and outer conductor radii a and b, respec-
tively, as illustrated in Figure A2.1. Further, ¢, is the dielectric constant of the
insulating material. The line parameters L, R, C, and G of this coaxial line are
found as follows:

55.63¢,

~ In(b/a)

pF/m (A2.1)

and )
L=200ln=  nH/m (A2.2)
a

If the coaxial line has small losses due to imperfect conductor and insulator, its
resistance and conductance parameters can be calculated as follows:

11 B}

R~ 10 <— + —> Jou Q/m (A2.3)
a b o

and

_0.3495¢, fgu, tand

G In(b/a)

S/m (A2.4)
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CHARACTERISTICS OF SELECTED TRANSMISSION LINES 583

Figure A2.1 Coaxial line geometry.

where tand is the loss tangent of the dielectric material, o the conductivity of
the conductors in S/m, and fgy, the signal frequency in GHz. The characteristic
impedance and propagation constant of the coaxial line can be calculated easily
using the formulas given in Chapter 3.

Attenuation constants o, and o, due to conductor and dielectric losses, respec-
tively, may be determined from

R, 11
o = S (; + Z) (A2.5)
0y = %mtans (A2.6)
where
= \/% (A2.7)
STRIP LINE

Strip line geometry is illustrated in Figure A2.2. Insulating material of thickness
h has a dielectric constant ¢,. The width and thickness of the central conducting
strip are w and ¢, respectively. For the case of ¢ = 0, its characteristic impedance
can be found as follows:

—1
1 /
296.1 (0.6931 + In —¥-* 0<x<07
1 1 — /%
Zo = v (A2.8)
VEr 1+ Jx
30 (0.6931 + In 07<x<1
1—./x
x' = tanh =2 (A2.9)
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Figure A2.2 Strip line geometry.

and
x=+1—-x? (A2.10)

For the design of a strip line, the following convenient formulas can be used:

% — 0.6366 tanh~" V& (A2.11)
where
n/y _ 9 /Yy 4 2)1? 0<vyv<l
I G Y ) <Y<l o
JT= 1@ =2/ +2)F 1<y
Nz
_z A2.13
R FYRT (A2.13)
Fort #0,
%:m—Az (A2.14)
Je' +0.568
A1==25465(1—-A)—f1§t—T—— (A2.15)
-
and
A _A 1 —-0.51 A 2-% 007964 \* (A2.16)
2= 3 S\ TA A, —0.26A '
where
A=l (A2.17)
=2 ,

2

5 = A2.18
1+ 2[A/(1 = A)] ( )

and y is as defined in (A2.13).



CHARACTERISTICS OF SELECTED TRANSMISSION LINES 585

MICROSTRIP LINE

The geometry of a microstrip line is illustrated in Figure A2.3. Dielectric substrate
on the conducting ground is # meters high and its dielectric constant is €,. The
width and thickness of the conducting strip on its top are w and ¢, respectively.
The characteristic impedance of this line can be found as follows:

60 8h  w, w,
In{ —+ — for — <1
z Ere w, 4h h
0 =
376.7 rw, . i )
[w— +1.393 +0.667In (w— + 1.444)] for 2 > 1
Ere h h h
(A2.19)
where
Y 4 03979% [1 +ln (12 56643)] w_ 1
We h 7 h T h = 2n
= . N 1 (A2.20)
w w
2 403979= [141n(22 w.o 2
W h[+n(t)] K= 2m

The effective dielectric constant ¢,, of a microstrip line ranges between ¢, and 1
because of its propagation characteristics. If the signal frequency is low such that
the dispersion is not a problem, it can be determined as follows:

w e —1t |h
&0 =0.5 [e, F14 @6 —DF (ﬁ)] -y (A2.21)
where
h 7045
(1 + 12-) +0.04 (1 - E) Y
F (E) - v h (A2.22)
h/ AN w .
(1 + 12—) —>1
w h

Figure A2.3 Microstrip line geometry.
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If dispersion cannot be ignored, the effective dielectric constant may be found

as follows: )
\/a - Ere
e =X e A2.23
&re(f) (1+4FV_1,5 + e (A2.23)
where
40 2
F = 3 fonhy/e —1 {0.5 +[1+210g (1+ %)] } (A2.24)

The corresponding characteristic impedance is determined from the following

formula: (F)—1
€re - [ Ere
ZO(f) - ZO €re — 1 8re(f) (AZZS)

Attenuation constants o, and oy for the conductor and dielectric losses, respec-
tively, are determined as follows:

32— (w,/ h)?
9.0805_2 [fome 32 = We/ )\ oy
hZoV o 32+ (w,/h)? h
o =
Zotre Tw.  0.667(w./h
44.1255 x 10-5 208 [Jame fwe - 0667Cwe/1) |0, ow
o | h T woh) + 1444 h
(A2.26)
where
h 125t 125 1
14+ = 1+—+—ln<4n£> Yo o
w, Tw b t h 27
¢ = (A2.27)
L R 1as 125 w_ 1
w, Th o1 t h — 2n

o is conductivity of the conductor and fgy, is the signal frequency in GHz.

—1
X fou,tand  Np/m (A2.28)

€ €re

ay = 10.4766—7— %

For the design of a microstrip line that has negligible dispersion, the following
formulas may be more convenient. For A > 1.52,

e (A2.29)
” = .

For A <1.52,

w g — 1

= 0.6366{B —1-1n@2B 1)+

0.61
[ine — 1+ 039 - 21|}

&
(A2.30)

s
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where
023—{—0'11 (A2.31)
84 8528 +1 " ’
and
592.2
= (A2.32)
ZoA/er

Experimental verification indicates that (A2.29) and (A2.30) are fairly accurate
as long as t/h < 0.005.



APPENDIX 3

SPECIFICATIONS OF SELECTED
COAXIAL LINES AND WAVEGUIDES

TABLE A3.1 Selected Computer, Instrumentation, and Broadcast Cables

Core Attenuation

Cable Type 0.D. Cable Z,  Capacitance (dB/100ft) at
RG(—) Insulation (in.)  O.D. (in.) () (pF/ft) 400 MHz
8/U Polyethylene  0.285 0.405 50 26.0 3.8
9/U Polyethylene  0.280 0.420 51 30.0 4.1
11/0 Polyethylene  0.285 0.405 75 20.5 4.2
58/U Polyethylene 0.116 0.195 53.5 28.5 9.5
59/U0 Polyethylene  0.146 0.242 75 17.3 5.6
122/U Polyethylene  0.096 0.160 50 30.8 16.5
141A/U Teflon 0.116 0.190 50 29.0 9.0
142B/U Teflon 0.116 0.195 50 29.0 9.0
174/U Teflon 0.060 0.100 50 30.8 20.0
178B/U Teflon 0.034 0.072 50 29.0 28.0
179B/U Teflon 0.063 0.100 75 19.5 21.0
180B/U Teflon 0.102 0.140 95 15.0 17.0
213/U Polyethylene  0.285 0.405 50 30.8 4.7
214/U Polyethylene  0.285 0.425 50 30.8 4.7
223/U Polyethylene 0.116 0.206 50 30.8 10.0
316/U Teflon 0.060 0.098 50 29.0 20.0
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TABLE A3.2 Selected Semirigid Coaxial Lines

Center

Maximum

Nominal Dielectric ~ Conductor ~ Operating Attenuation
MIL-C-17F  Impedance  Diameter Diameter Frequency  Capacitance at 1 GHz
Designation () (in.) (in.) (GHz) (pF/ft) (dB/100 ft)
129 50 0.209 0.0641 18 29.6 7.5
130 50 0.1175 0.0362 20 29.9 12
133 50 0.066 0.0201 20 32 22
151 50 0.037 0.0113 20 32 40
154 50 0.026 0.008 20 32 60
TABLE A3.3 Standard Rectangular Waveguides

Recommended

EIA Nomenclature

Inside Dimension

TE ;o Mode Cutoff

Frequency Band for TE;,

WR (—) (in.) Frequency (GHz) Mode
2300 23.0 x 11.5 0.2565046 0.32-0.49
2100 21.0 x 10.5 0.2809343 0.35-0.53
1800 18.0 x 9.0 0.3277583 0.41-0.62
1500 15.0 x 7.5 0.3933131 0.49-0.75
1150 11.5 x 5.75 0.5130267 0.64-0.98

975 9.75 x 4.875 0.6051054 0.76-1.15
770 7.7 x 3.85 0.7662235 0.96-1.46
650 6.5 x 3.25 0.9077035 1.14-1.73
510 5.1 x2.55 1.1569429 1.45-22
430 4.3 x 2.15 1.3722704 1.72-2.61
340 34 x 1.7 1.7357340 2.17-3.30
284 2.84 x 1.34 2.0782336 2.60-3.95
229 2.29 x 1.145 2.5779246 3.22-4.90
187 1.87 x 0.872 3.1530286 3.94-5.99
159 1.59 x 0.795 3.7125356 4.64-7.05
137 1.372 x 0.622 4.3041025 5.38-8.17
112 1.122 x 0.497 5.2660611 6.57-9.99
90 0.9 x 0.4 6.5705860 8.20-12.5
75 0.75 x 0.375 7.8899412 9.84-15.0
62 0.622 x 0.311 9.4951201 11.9-18.0
51 0.51 x 0.255 11.586691 14.5-22.0
42 0.42 x 0.17 14.088529 17.6-26.7
34 0.34 x 0.17 17.415732 21.7-33.0
28 0.28 x 0.14 21.184834 26.4-40.0
22 0.244 x 0.112 26.461666 32.9-50.1
19 0.188 x 0.094 31.595916 39.2-59.6
15 0.148 x 0.074 40.058509 49.8-75.8
12 0.122 x 0.061 48.54910 60.5-91.9
10 0.1 x 0.05 59.35075 73.8-112
8 0.08 x 0.04 74.44066 92.2-140

7 0.065 x 0.0325 91.22728 114-173

5 0.051 x 0.0255 116.47552 145-220

4 0.043 x 0.0215 137.93866 172-261

3 0.034 x 0.017 174.43849 217-330




APPENDIX 4

SOME MATHEMATICAL FORMULAS

sin(A + B) =sin Acos B + cos Asin B
sin(A — B) =sin Acos B — cos Asin B
cos(A + B) =cos Acos B —sin Asin B
cos(A — B) = cos Acos B 4+ sin Asin B

tan A 4 tan B
tan(A+B) = ————

1 —tan Atan B

tan A — tan B
tan(A — B) =

1 4+ tan A tan B
sinf® A +cos’A =1
tan’ A + 1 = sec’ A

cot? A+ 1 =csc’A
. . . A+ B A—B
sin A + sin B = 2 sin cos

2 2
. . A+B . A—B
sin A — sin B = 2 cos sin

2 2
A—B

2

+ B
cos A + cos B = 2cos 5 cos
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SOME MATHEMATICAL FORMULAS

. A+B .  B—-A
CcosS A — cos B = 2sin 5 sin 5

2sin A cos B = sin(A + B) + sin(A — B)

2cos Asin B = sin(A + B) — sin(A — B)
2cos Acos B = cos(A + B) + cos(A — B)
2sin Asin B = cos(A — B) — cos(A + B)

A 1—cosA
sin — =&/ ———
2 2

sin2A = 2sin A cos A

cos2A =cos’ A —sin® A =2cos’A—1=1—2sin’ A

2tan A

tan2A = ——
1 —tan® A

A /1 —cosA sin A 1—cosA
tan—::l: = = -
2 1+ cosA 14+cosA sin A

e/ =cosA+ jsinA

e/ =cosA— jsinA
sinA=————=A— — 4+ — — — +.-.
2j 3! 5! 7!
elA 4 e7/A A A* AC
€08 2 TR
e /A _ piA 3 5
tmA=j——  =—=A+ —+2— + 17—+ ---
T it emih + 3 + 15+ +
A_ —A
sinhA:e ¢
2
A —A
coshd = & T¢”
2
sinhA ¢4 —e 4
tanhAZ =
cos A e +e A
hA A —A
cothA:COS e +e

sinhA €4 —e A
sinh(A + B) = sinh A cosh B + cosh A sinh B

cosh(A + B) = cosh A cosh B + sinh A sinh B
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sinh(A — B) = sinh A cosh B — cosh A sinh B

cosh(A — B) = cosh A cosh B — sinh A sinh B
tanh A 4 tanh B

1 + tanh A tanh B

tanh A — tanh B

1 — tanh A tanh B

cos jA = cosh A

tanh(A 4+ B) =

tanh(A — B) =

sin jA = jsinh A
cosh? A —sinh?> A = 1
sinh jA = jsin A
cosh jA =cos A
tanh jA = jtan A

2 3 4
Amipar i AL
20 T3 T
2 3 4
e*Azl_A_i_A__A__i_A__...
2 3 T4
eA—e_A AS AS A7
mhA=2"¢ a2 22 L
st 2 T
€A+€_A A2 A4 A6
ha=%"¢ 42 A8
cos 2 Tatate "

log, xy = log, x +log, y
loga i = loga X = loga y
y

log, x* = ylog, x

log, x
log, x =log, x x log, b = @
Inx =log;yx x In10 = 2.302585 x log;, x
log,gx =Inx x log,ge = 0.434294 x Inx

e =72.718281828



APPENDIX 5

VECTOR IDENTITIES

1. A«(B x C) =B+(C x A) = C«(A x B)
2. Ax(B x C) = B(A.C) — C(A-B)

3. V(6192) = 61V + 62V by

4. Vo(A x B) =B+(V x A) — A+«(V x B)
5. VxdA = VoxA + ¢(V x A)

6. VedA = VoA + ¢(V.A)

7. Vo(VxA)=0

8. Vx(Vd) =0

9.

VxVxA=V(V.A) — VA
Stokes’s Theorem. The circulation around a simple closed curve is equal
to the integral over any simple surface spanning the curve, of the normal
component of the curl, the positive sense on the curve being counter-
clockwise as seen from the side of the surface toward which the positive
normal points. Mathematically,

f Aedl = f (V x A)eds
C S

11. Divergence Theorem (also known as Gauss’s theorem). The integral of
the divergence of a vector field over a region of space is equal to the

_
e
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594 VECTOR IDENTITIES

integral over the surface of that region of the component of the field in the
direction of the outward directed normal to the surface. Mathematically,

/ (V.A)dv = %A-ds
\%4 S

12. Helmholtz’s Theorem. A vector is specified uniquely if its divergence
and curl are given within a region and its normal component is given over
the boundary.

Cartesian Coordinates

JOf Lof | Lof

Vf=x— - -

= Ty T

2f  9*f 9 f

Vif=—L 4 4=

f ax2  9y? + 072

VoA — dAx | 0A,  0A;

ax ay 0z
Xy oz
VxA d a 9
XA=|— — —
dx dy 0z
A, Ay A

Cylindrical Coordinates

LOf L 10f L 0f
Vi=p-+d—+2i-

Z
ap pod 9z

19 [ of 1 0%2f  9%f
Vif= (0o t5o 5t 55
pdp \ dp p= 0¢ 0z

1 0(pA 10A 0A
_(p—‘))+__¢+ <

VoA:
p dp p od 0z
b opd 2
vxa=|2 0 2
dp b oz
A, pA, A,

Spherical Coordinates

f A9f - 1 of
vi=rd 1% o
R e TRRTT TR

1 0 [ ,0f d (. df 1 9%f
Vz = 0— Lhil — 06— - _J
F= o [Sm or (r ar) * 30 (Sm ae) * 6 992




VoA: —_
r2sin©

1

VxA= -
r2sin6

VECTOR IDENTITIES

R 9 9A

_sin GE(rZA,) 755 (Sin0Ag) + ra—(;):|
) rsin6d3
9 3

f
ad
ar 06 b
A, 1A¢ rsinBA,
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APPENDIX 6

SOME USEFUL NETWORK

TRANSFORMATIONS

This appendix contains transformations of networks that are commonly encoun-
tered. These transformations can save time of analysis and design. Figure A6.1
shows a series-connected R, — L circuit transformed to a parallel-connected R,— L ,
circuit. Resistors in the two circuits may represent loss associated with the inductor.
These two circuits are equivalent if their impedance (as well as their admittance)

values are equal. This equality gives

(wLy)?
R, =R, + R,
and

2

S
L,=L,+ L.

Transforming the other way gives

R,(wL,)?

R, =

and
L,(R))?

s

R2 + (wL,)?

Rf, + (oL ))?

(A6.1)

(A6.2)

(A6.3)

(A6.4)
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SOME USEFUL NETWORK TRANSFORMATIONS 597

<—> L R

Figure A6.1 Transformation of a series R—L to a shunt R—L circuit, or vice versa.

L.
g
RS

Figure A6.2 Transformation of a series R—C to a shunt R—C circuit, or vice versa.

Similarly, a series R,—C; circuit can be transformed to a parallel R,-C,
circuit, or vice versa, as illustrated in Figure A6.2. By equating their impedance
(or admittance) expression, following relations may be found:

1+ (0CsRy)°

R, = A6.5
! Ry(0Cy)? (A63)
and
Cs
Ch=———— A6.6
"7 14 (0GyR)? (A0
Transforming other way gives
Ry
= (A6.7)
1+ (wC,R,)?
and
1 C,R,)?
c, = 1T (@GR, (A6.8)

oo2CpR127

The inductor-tapped circuit shown in Figure A6.3 may be transformed to a
parallel R,—L, circuit. This type of transformation facilitates the analysis of a
Hartley oscillator. Again, the impedance of an inductor-tapped circuit must be
equal to that of a parallel R,—L, circuit. Therefore,

_ (oLyLy)* + R*(Ly + Ly)?

A6.9
R (A6.9)

R,

and
I - (wLiLy)* + R*(Ly + Ly)?
P WAL L2+ RX(Ly + L)

(A6.10)
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L > L, R,

Figure A6.3 Transformation of an inductor-tapped circuit.

c, T~ — G, R,

Figure A6.4 Transformation of a capacitor-tapped circuit.

Similarly, a capacitor-tapped circuit can be transformed to a shunt R,-C,
circuit as illustrated in Figure A6.4. In this case, the following relations must
hold if the two circuits are equal:

1+ Q)ZRZ(C] + C2)2
R, = oIRC? (A6.11)

and
Ci[l + o’R*C2(Cy + Cp)]

C, =
i’ 1+ w2R%(Cy + C>)?

(A6.12)



APPENDIX 7

PROPERTIES OF SOME MATERIALS

TABLE A7.1 Conductivity of
Some Materials

Material Conductivity (S/m)
Aluminum 3.54 x 107
Brass 1.5 x 107
Bronze 1.0 x 107
Copper 5.813 x 107
Gold 4.1 x 107
Iron 1.04 x 107
Nichrome 0.09 x 107
Nickel 1.15 x 107
Silver 6.12 x 107
Stainless steel 0.11 x 107
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600 PROPERTIES OF SOME MATERIALS

TABLE A7.2 Dielectric Constant and Loss Tangent
of Some Materials at 3 GHz

Dielectric Loss Tangent,

Material Constant, ¢, tan §
Alumina 9.6 0.0001
Glass (Pyrex) 4.82 0.0054
Mica (ruby) 5.4 0.0003
Nylon (610) 2.84 0.012
Polystyrene 2.55 0.0003
Plexiglas 2.60 0.0057
Quartz (fused) 3.8 0.00006
Rexolite (1422) 2.54 0.00048
Styrofoam (103.7) 1.03 0.0001
Teflon 2.1 0.00015

Water (distilled) 77 0.157




APPENDIX 8

COMMON ABBREVIATIONS

AAU analog audio

ABCMOS advanced bipolar CMOS

ABR available bit rate

ACI adjacent channel interference

ACTS advanced communication technology satellite
ADC analog-to-digital converter

ADPCM adaptive differential pulse code modulation
ADSL asymmetric digital subscriber line

AFC automatic frequency control

AGC automatic gain control

AM amplitude modulation

AMPS advanced mobile phone service

ANSI American National Standards Institute
ARDIS advanced radio data information service
ASCII American Standard Code for Information Interchange
ASIC application-specific integrated circuit

ASK amplitude-shift keying

ATM asynchronous transfer mode

AWGN additive white Gaussian noise

B-CDMA  broadcast CDMA

BER bit error rate

BIFET bipolar field-effect transistor
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BIMOS
BIOS

BJT
BONDING
BPSK

CAD
CBR
CCD
CCIR
CDMA
CDPD
CIR
CMOS
CNR
COB
Codec
CRC
CSDN
CSMA/CD
CT
CwW

DAB
DAC
DAS
DBS
DCE
DCP
DCPSK
DCS-1800
DDS
DECT
DFT
DIP
DMR
DPCM
DPSK
DQPSK
DRAM
DRO
DSMA
DSO
DSP
DUT
DWT

COMMON ABBREVIATIONS

bipolar metal-oxide semiconductor
basic input—output system

bipolar junction transistor

bandwidth on demand interoperability
biphase-shift keying

computer-aided design

continuous bit rate

charge-coupled device

International Radio Consultative Committee
code-division multiple access

cellular digital packet data
carrier-over-interference ratio
complementary metal-oxide semiconductor
carrier-over-noise ratio

chip on board

coder—decoder

cyclic redundancy check

circuit-switched digital network

carrier sense multiple access with collision detection
cordless telephone

continuous wave

digital audio broadcast

digital-to-analog converter

data acquisition system

direct broadcast satellite

data communication equipment

data communication protocol
differentially coherent phase-shift keying
digital communication system 1800
direct digital synthesis

digital European cordless telecommunications
discrete Fourier transforms

dual-in-line package

digital mobile radio

differential pulse code modulation
differential phase-shift keying
differential quadrature phase-shift keying
dynamic random access memory
dielectric resonator oscillator

digital sensed multiple access

digital sampling oscilloscope

digital signal processing

device under test

discrete wavelet transforms



EBS
EDA
EIA
EIRP
EMC
EMI
ERC
ESD
ESDI
ETN
ETSI

FCC
FDD
FDDI
FDMA
FET
FFT
FH
FIFO
FIR
M
FPGA
FSK

GEO
GFSK
GIGO
GMSK
GPIB
GPS
GSM
GUI

HBT
HDTV
HEMT

HF
HIPERLAN

Iand Q
IC

IDE

IF
IGBT
1T

COMMON ABBREVIATIONS 603

emergency broadcast system
electronic design automation
Electronics Industries Association
effective isotropic radiated power
electromagnetic compatibility
electromagnetic interference
European Radio Commission
electrostatic discharge

enhanced small device interface
electronic tandem network
European Telecommunication Standard Institute

Federal Communications Commission
frequency-division duplex
fiber-distributed data interface
frequency-division multiple access
field-effect transistor

fast Fourier transforms

frequency hopping

first-in first-out system

finite impulse response filter
frequency modulation
field-programmable gate array
frequency-shift keying

geosynchronous satellite

Gaussian frequency shift keying

garbage in, garbage out

Gaussian minimum shift keying

general-purpose interface bus

global positioning system

(Groupe Special Mobile) global system for mobile communication
graphical user interface

heterojunction bipolar transistor
high-definition television
high-electron mobility transistor
high frequency
high-performance radio LAN

in-phase and quadrature phase
integrated circuits

integrated device electronics
intermediate frequency
insulated gate bipolar transistor
infinite impulse response filter



604

IMD
IMPATT
INTELSAT
1P

1P

P2

1P3
ISDN
ISI

ISM
ITU

IDC
JFET
JPEG

LAN
LATA
LCD
LED
LEOs
LHCP
LNA
LO
LOS
LUT

MAC
MAN
MAU
MBE
MDS
MDSL
MEOs
MESFET
MIDI
MIPS
MLC
MMI
MMIC
MMSI
MODEFET
MOSFET
MPEG
MPP
MPSK

COMMON ABBREVIATIONS

intermodulation distortion

impact ionization avalanche transit time diode
International Telecommunication Satellite Consortium
intermodulation product

Internet protocol

second-order intercept

third-order intercept

integrated services digital network
intersymbol interference

industrial, scientific, and medical bands
International Telecommunication Union

Japanese digital cellular standard
junction field-effect transistor
Joint Photographic Experts Group

local area network

local access and transport area
liquid-crystal display
light-emitting diode
low-Earth-orbit satellite
left-hand circular polarization
low-noise amplifier

local oscillator

line of sight

lookup table

medium access control

metropolitan area network

multistation access unit

molecular beam epitaxy

minimum detectable signal
medium-bit-rate digital subscriber line
medium-Earth-orbit satellite
metal-semiconductor field-effect transistor
musical instrument digital interface
million instructions per second

multilayer ceramics

man—machine interface

monolithic microwave integrated circuit
multimode stereoscopic imaging
modulation doped field-effect transistor
metal-oxide-semiconductor field-effect transistor
Motion Picture Experts Group

massively parallel processing

minimum phase-shift keying



MSK
MSP
MSS
MTI
MTSO
MUX

NADC
NF
NMT
NTSC
NTT

OFDM
OOK
(00)

PAD
PAL
PAM
PAMR
PBX
PCB
PCM
PCMCIA
PCN
PCS
PDA
PDC
PDIP
PGA
PHP
PHS
PID
PIN
PLC
PLL
PM
PMR
POTS
PPGA
PQFP
PSK
PSTN
PVC

COMMON ABBREVIATIONS 605

minimum shift keying

mixed signal processor

mobile satellite service
moving-target indicator

mobile telephone switching office
multiplexing

North American Digital Cellular/Cordless
noise figure

Nordic Mobile Telephone

National Television Standards Committee
Nippon Telephone and Telegraph

orthogonal frequency-division multiplexing
on—off keying
object-oriented programming

packet assembler and disassembler

phase alternating line

pulse amplitude modulation

public access mobile radio

private branch exchange

printed circuit board

pulse code modulation

Personal Computer Memory Card International Association
personal communication network

personal communication service

personal digital assistant

personal digital cellular

plastic dual-in-line package

programmable gain amplifier; also pin grid array
personal handy phone

personal handyphone system (formerly PHP)
proportional integrating differentiating
p-type, intrinsic, n-type diode
programmable logic controller

phase-locked loop

pulse modulation

private mobile radio

plain old telephone service

plastic pin grid array

plastic quad flat pack

phase-shift keying

public switched telephone network
permanent virtual connection
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PWB printed wire board

PWM pulse width modulation

QAM quadrature amplitude modulation
QCELP Qualcomm coded excited linear predictive coding
QDM quadrature demodulator

QMFSK quadrature modulation frequency-shift keying
QPSK quadrature phase-shift keying
RADAR radio detection and ranging

RAID redundant array of independent disks
RBDS radio broadcast data system

RCS radar cross section

RES Radio Expert Systems Group

RF radio frequency

RFI radio-frequency interference

RHCP right-handed circular polarization
RMS root mean square

RPE-LTP  regular pulse excitation long-term predictor
RTD resistive thermal detector

RTMS radio telephone mobile system

SAW surface acoustic wave

SCSI small computer systems interface
SDH synchronous digital hierarchy

SDIP shrink dual-in-line package

SDN switched digital network

SFDR spur-free dynamic range

SINAD signal-over-noise and distortion

SIP single-in-line package

SLICs standard linear integrated circuits
SMD surface-mount device

SMR specialized mobile radio

SNR signal-to-noise ratio

SOI silicon on insulator

SOIC small outline integrated circuit
SONET synchronous optical network

SOT small outline transistor

SPLIC special-purpose linear integrated circuit
SQPSK staggered quadriphase-shift keying
SQUID superconducting quantum interface
SSB single sideband

STP shielded twisted pair

SVD simultaneous voice and data

SWR standing wave ratio



TACS
TCP
T-DAB
TDD
TDMA
TDR
TE
TEM
TETRA
THD-+N
TIA
™
TNC
TSAPI
TTL
TVG
TVRO
TVS
TWTA
Tx

UART
UDPC
UHF
UNC
UNI
UPS
USART
USB
UTC
UTP

VCO
VDT
VHDL
VHF
VLF
VLSI
VPSK
VSAT
VSELP
VSWR
VXCO

WAN
WATS

COMMON ABBREVIATIONS

total access communication system
transmission control protocol
terrestrial-digital audio broadcasting
time-division duplex

time-division multiple access
time-domain reflectometry

transverse electric

transverse electromagnetic wave
trans-European trunked radio system
total harmonic distortion plus noise
Telecommunications Industry Association
transverse magnetic

threaded Neil-Councilman connector

607

telephony services—oriented application programming interface

transistor—transistor logic
time-variable gain

TV receive-only

transient voltage suppression
traveling wave tube amplifier
transmitter

universal asynchronous receiver/transmitter
universal digital personal communications
ultrahigh frequency

universal control network

user-to-network interface

uninterruptible power supply

universal synchronous—asynchronous receiver transmitter

universal serial bus
universal time code
unshielded twisted pair

voltage-controlled oscillator

video display terminal

very high definition language

very high frequency

very low frequency

very-large-scale integration

variable phase-shift keying

very small aperture (satellite ground) terminal
vector sum excited linear predictive coding
voltage standing wave ratio
voltage-controlled crystal oscillator

wide area network
wide area telecommunication network
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WDM
WER
WFAU
WLAN
WLL
WORM
WPABX

COMMON ABBREVIATIONS

wavelength-division multiplexing
word error rate

wireless fixed access unit
wireless local area network
wireless local loop

write once, read many

wireless private branch exchange



APPENDIX 9

PHYSICAL CONSTANTS

Permittivity of free space, € 8.8542 x 1072 F/m
Permeability of free space, | 4 x 107" H/m
Impedance of free space, g 376.7 Q2

Velocity of light in free space, ¢ 2.997925 x 103 m/s
Charge of electron, g, 1.60210 x 107 C
Mass of electron, m, 9.1091 x 1073 kg
Boltzmann’s constant, k 1.38 x 10723 J/K
Planck’s constant, & 6.6256 x 1073*J-s

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,
By Devendra K. Misra
ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.
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1/f noise, 34
Acquisition of lock, 509
Admittance matrix, 289
Admittance parameters, 289
AM, see Amplitude modulation
Ampere’s law, 105
Amplitude modulation, 544

DSB, 546

modulation index, 544

SSB, 546

suppressed carrier AM, 546
Antenna efficiency, 21
Antennas, 18

Cassegrain reflector, 18

directive gain, 19

electric dipole, 18

isotropic antenna, 19

lens, 18

power gain, 19

pyramidal horn, 18
Attenuation constant, 62, 116
Available power gain, 411

Balanced amplifier, 468
Bandpass filter, 371
Bandstop filter, 375
Barkhausen criterion, 480

Radio-Frequency and Microwave Communication Circuits: Analysis and Design, Second Edition,

By Devendra K. Misra

Bessel function, 143, 180, 556
Binomial filter, 354

Binomial transformers, 244
Bisected m-section, 346
Black-body radiation law, 34
Bode—Fano constraints, 280
Broadband amplifiers, 466
Butterworth filter, 354

c 7

Carson rule bandwidth, 556

Cellular telephones, 17

Chain matrix, 298

Chain scattering parameters, 325

Characteristic impedance, 59
experimental determination of, 75

Chebyshev filter, 355

Chebyshev polynomials, 250, 356

Chebyshev transformers, 248, 255

Clapp oscillator, 488

Closed-loop gain, 480

Coaxial line, 582

Coefficient of coupling, 166

Coherent detector, 553

Colpitts oscillator, 484

Complex permittivity, 112

Composite filters, 346

ISBN 0-471-47873-3 Copyright © 2004 John Wiley & Sons, Inc.



612 INDEX

Conductivity, 59, 112 Frequency scaling, 360
Conservation of charge, 107 Frequency-shift keying, 9
Constant gain circles, 439 Friis transmission formula, 26
Constant noise figure circles, 457

Constant-k, 337 Gain compression, 48
Constitutive relations, 111 Geosynchronous, 13

Cordless telephones, 17 Gilbert cell, 575

Critically damped, 153 Global positioning system, 15
Current reflection coefficient, 73 Group velocity, 65

Current sensitivity, 551 Gunn diodes, 520

Cutoff frequency, 337, 338, 354, 360, 369
Cylindrical cavity, 179

Cylindrical waveguide, 137, 142 Half-power beam width, 20

Hankel functions, 144
) . Hartley oscillator, 484
Damping ratio, 153 HBT. 422

dB, 580 Helmholtz’s equations, 62

dBc, 581 Helmholtz’s theorem, 128
dBW, 580 HEMT, 422
Dibit, 9 High-pass filter, 338, 369

Directivity, 19, 27
Distortion, 33, 45
Distortionless line, 75
Distributed amplifiers, 468
Distributed elements, 58
Doppler radar, 11, 32
Divergence theorem, 593
Double-balanced mixer, 563
Double-stub tuner, 202

DR, see Dielectric resonators
Dynamic conductance, 550
Dynamic range, 5, 11, 47

Hybrid parameters, 296

Image impedance, 334

Image parameter method, 334
IMD, 569

IMPATT diode, 520

Impedance matrix, 284

Impedance parameters, 284
Impedance scaling, 361

Incident wave, 64, 123

Indirect frequency synthesizer, 516
Input node, 396

Input reflection coefficient, 68
Input stability circle, 427

Insertion loss, 72

Insertion loss method, 353
Intercept point, 50

Intermediate frequency, 12
Intermodulation distortion, 45, 567
Intermodulation distortion ratio, 49
Intrinsic impedance, 115

IP, see Intercept point

IR, 2

Isotropic antenna, 19

EIRP, 24

Electric charge density, 105
Electric current density, 105
Electric field intensity, 104, 112
Electric flux density, 105, 111
Electric scalar potential, 128
Electric vector potential, 129
Electrical susceptibility, 111
Equation of continuity, 107

Faraday’s law of induction, 105
FDM, 543

FET mixer, 571

Flicker noise, 34

FM, see Frequency modulation

Johnson noise, 33

FM detector, 558 Klopfenstein taper, 276

Fractional bandwidth, 236 Kuroda’s identities, 384

Frequency bands, 2, 3

Frequency converter, 547 Leontovich impedance boundary condition, 121
Frequency division multiplexing, 543 LEOS, 15, 16

Frequency modulation, 2, 9, 543, 555 Line-of-sight propagation, 5

modulation index, 555 Load reflection coefficient, 70, 80



Lock-in range, 510

Loop, 398, 480

Loop gain, 398, 480
Loop-filters, 500

Lorentz condition, 128, 130
Loss-tangent, 112

Low-pass filter, 337, 354
Low-pass filter synthesis, 358

Low-pass ladder network prototype, 358

Magnetic charge, 126
Magnetic current, 126
Magnetic field intensity, 104
Magnetic flux density in, 105
Magnetic scalar potential, 129
Magnetic susceptibility, 112
Magnetic vector potential, 127
Magnetization density, 112
Maximally flat filter, 354
Maximally flat low-pass filters, 355
Maxwell’s equations, 109, 110
m-derived filter, 341
MEOS, 15
Microstrip line, 585
Microwave transistor oscillator, 523
Minimum detectable signal, 44
Minkowski inequality, 424
Mixer, 9, 12
Mixers:

conversion loss, 565

diode ring, 567

dual gate FET, 574

FET mixers, 571

intermodulation distortion, 569

single diode, 548

switching type, 559

Negative resistance, 489

Neper, 581

Neumann function, 143

Noise, 33

Noise factor, 37

Noise figure, 38

Noise figure of a cascaded system, 40
Noise figure parameter, 458

Noise in two-port networks, 39
Noise temperature, 35
Nonredundant circuit synthesis, 380
Normalized image impedance, 344
Normalized input impedance, 68
Notch-filter, 333

Nyquist criterion, 480

Nyquist noise, 33

INDEX

On-off keying, 9
Operating power gain, 414
Output node, 396
Output stability circle, 426
Overdamped, 153

Parallel-plate waveguide, 133

Path, 398

Path gain, 398

Personal communication networks, 16

Personal handy phone, 17

Phase constant, 62, 114

Phase detector, 498

Phase modulation, 9

Phase velocity, 65, 115

Phase-locked loop, 497

Phase-shift keying, 9

Pierce oscillator, 494

Pink noise, 34

Polarization, 23

Polarization density, 111

Power density, 19

Power flow, 113

Power loss ratio, 353

Poynting’s vector, 113

Propagation constant, 62, 116
experimental determination of, 75

Pull-in range, 510

Pulling figure, 494

Q, see Quality factor

Quadrature phase-shift keying, 9
Quality factor, 155
Quarter-wavelength transformer, 70

Radar, 4

Radar cross-sections, 29

Radar range equation, 29
Radiation efficiency, 22
Radiation field, 19

Radiation intensity, 19

Radiation pattern, 20

Radio frequency detector, 551
Radio frequency identification, 2
Rayleigh—Jeans approximation, 34
Reactive L-section matching, 209
Receiver, 8

Rectangular cavity, 177
Redundant filter synthesis, 380
Reflected wave, 64

Reflection coefficient, 68

Remote sensing, 7

Repeater, 12

Resistive L-section matching, 207
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Resonant frequency, 179
Return-loss, 72
Reverse-saturation current, 549
Richard’s transformation, 384

Sampling theorem, 272
Satellite communication, 13
Scattering matrix, 306
Scattering parameters, 306

shifting of reference planes, 311
Scattering transfer parameters, 325
Second harmonic distortion, 48
Self-loop, 398
Semirigid coaxial lines, 589
Shot noise, 33
Shunt matching element, 190
Shunt stub matching, 190
Signal flow graph, 392

branches, 392

junction points, 392

Mason’s rule, 399

nodes, 663

rules of reduction, 398
Signal-to-noise ratio, 37
Skin depth, 115
Simultaneous conjugate matching, 432
Single-balanced mixer, 560
Single-diode mixer circuit, 548

Small-signal equivalent circuit of a BJT, 469
Small-signal equivalent circuit of a MESFET,

471

Small-signal equivalent circuit of a MOSFET,

470
Smith chart, 85
Space loss, 25
Spurious-free dynamic range, 51
SSB, 546
Stability circle, 427
Stokes’ theorem, 593
Strip line, 583
Stub, 189
Switching-type mixers, 559
Synchronization range, 507

Terrestrial communication, 12

Three-port S-parameter description of the

transistor, 530
Time-harmonic fields, 110

INDEX

Time-period, 64
Tracking range, 507
Transducer power gain, 412
Transmission line:
attenuation constant, 62
characteristic impedance, 59
distributed network model, 61
line parameters, 58
phase constant, 62
propagation constant, 62
Transmission line equations, 61
Transmission lines, 4
Transmission parameters, 298
Transmitter, 8
Transponder, 14
Traveling wave amplifiers, 468
Traveling wave tube, 14
Tuning sensitivity, 496

UHF, 3

Undamped natural frequency, 153
Underdamped, 153

Unilateral figure of merit, 437
Unilateral transducer power gain, 413

Varactors, 495

VCO, see Voltage-controlled oscillator
Vector wave equation, 114

VHF, 3

Voltage-controlled oscillator, 496, 497
Voltage reflection coefficient, 72
Voltage sensitivity, 552

Voltage standing wave, 82

VSAT, 15

VSWR, 82

Wavelength, 64
Wave number, 114
Wire antennas, 18
electric dipole, 18
loop antennas, 18
Wireless communication, 8, 16

Y -factor method, 36

Zero-biased diode detector, 552
ZY-Smith chart, 219
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