




RF AND MICROWAVE
ENGINEERING





RF AND MICROWAVE
ENGINEERING
FUNDAMENTALS OF WIRELESS
COMMUNICATIONS

Frank Gustrau
Dortmund University of Applied Sciences and Arts, Germany

A John Wiley & Sons, Ltd., Publication

http://www.wiley.com


First published under the title Hochfrequenztechnik by Carl Hanser Verlag
© Carl Hanser Verlag GmbH & Co. KG, Munich/FRG, 2011
All rights reserved.
Authorized translation from the original German language published by Carl Hanser Verlag GmbH & Co. KG,
Munich.FRG.

This edition first published 2012
© 2012 John Wiley & Sons Ltd, Chichester, UK

Registered office
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, United Kingdom

For details of our global editorial offices, for customer services and for information about how to apply for
permission to reuse the copyright material in this book please see our website at www.wiley.com.

The right of the author to be identified as the author of this work has been asserted in accordance with the
Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in
any form or by any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by
the UK Copyright, Designs and Patents Act 1988, without the prior permission of the publisher.

MATLAB© is a trademark of The MathWorks, Inc. and is used with permission. The MathWorks does not
warrant the accuracy of the text or exercises in this book. This book’s use or discussion of MATLAB© software
or related products does not constitute endorsement or sponsorship by The MathWorks of a particular
pedagogical approach or particular use of the MATLAB© software.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be
available in electronic books.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names
and product names used in this book are trade names, service marks, trademarks or registered trademarks of their
respective owners. The publisher is not associated with any product or vendor mentioned in this book. This
publication is designed to provide accurate and authoritative information in regard to the subject matter covered.
It is sold on the understanding that the publisher is not engaged in rendering professional services. If professional
advice or other expert assistance is required, the services of a competent professional should be sought.

Library of Congress Cataloging-in-Publication Data

Gustrau, Frank.
[Hochfrequenztechnik. English]
RF and microwave engineering : fundamentals of wireless communications / Frank Gustrau.

p. cm.
Includes bibliographical references and index.
ISBN 978-1-119-95171-1 (pbk.)

1. Radio circuits. 2. Microwave circuits. 3. Wireless communication systems–Equipment and supplies. I. Title.
TK6560.G8613 2012
621.382–dc23

2012007565
A catalogue record for this book is available from the British Library.

Paper ISBN: 9781119951711

Typeset in 10/12pt Times by Laserwords Private Limited, Chennai, India

http://www.wiley.com


For Sabine, Lisa & Benni





Contents

Preface xiii

List of Abbreviations xv

List of Symbols xvii

1 Introduction 1
1.1 Radiofrequency and Microwave Applications 1
1.2 Frequency Bands 2
1.3 Physical Phenomena in the High Frequency Domain 4

1.3.1 Electrically Short Transmission Line 4
1.3.2 Transmission Line with Length Greater than One-Tenth of

Wavelength 6
1.3.3 Radiation and Antennas 7

1.4 Outline of the Following Chapters 8
References 9

2 Electromagnetic Fields and Waves 11
2.1 Electric and Magnetic Fields 11

2.1.1 Electrostatic Fields 11
2.1.2 Steady Electric Current and Magnetic Fields 18
2.1.3 Differential Vector Operations 23

2.2 Maxwell’s Equations 24
2.2.1 Differential Form in the Time Domain 25
2.2.2 Differential Form for Harmonic Time Dependence 26
2.2.3 Integral Form 27
2.2.4 Constitutive Relations and Material Properties 29
2.2.5 Interface Conditions 32

2.3 Classification of Electromagnetic Problems 34
2.3.1 Static Fields 34
2.3.2 Quasi-Static Fields 34
2.3.3 Coupled Electromagnetic Fields 35

2.4 Skin Effect 36
2.5 Electromagnetic Waves 39

2.5.1 Wave Equation and Plane Waves 39
2.5.2 Polarization of Waves 43



viii Contents

2.5.3 Reflection and Refraction 46
2.5.4 Spherical Waves 53

2.6 Summary 55
2.7 Problems 55

References 57
Further Reading 57

3 Transmission Line Theory and Transient Signals on Lines 59
3.1 Transmission Line Theory 59

3.1.1 Equivalent Circuit of a Line Segment 59
3.1.2 Telegrapher’s Equation 61
3.1.3 Voltage and Current Waves on Transmission Lines 63
3.1.4 Load-Terminated Transmission Line 67
3.1.5 Input Impedance 69
3.1.6 Loss-less Transmission Lines 71
3.1.7 Low-loss Transmission Lines 74
3.1.8 Transmission Line with Different Terminations 75
3.1.9 Impedance Transformation with Loss-less Lines 83
3.1.10 Reflection Coefficient 84
3.1.11 Smith Chart 87

3.2 Transient Signals on Transmission Lines 91
3.2.1 Step Function 91
3.2.2 Rectangular Function 101

3.3 Eye Diagram 102
3.4 Summary 104
3.5 Problems 106

References 107
Further Reading 107

4 Transmission Lines and Waveguides 109
4.1 Overview 109
4.2 Coaxial Line 112

4.2.1 Specific Inductance and Characteristic Impedance 112
4.2.2 Attenuation of Low-loss Transmission Lines 115
4.2.3 Technical Frequency Range 117
4.2.4 Areas of Application 119

4.3 Microstrip Line 119
4.3.1 Characteristic Impedance and Effective Permittivity 119
4.3.2 Dispersion and Technical Frequency Range 123
4.3.3 Areas of Application 124

4.4 Stripline 124
4.4.1 Characteristic Impedance 124
4.4.2 Technical Frequency Range 125

4.5 Coplanar Line 126
4.5.1 Characteristic Impedance and Effective Permittivity 127
4.5.2 Coplanar Waveguide over Ground 128



Contents ix

4.5.3 Coplanar Waveguides and Air Bridges 129
4.5.4 Technical Frequency Range 130
4.5.5 Areas of Application 130

4.6 Rectangular Waveguide 130
4.6.1 Electromagnetic Waves between Electric Side Walls 131
4.6.2 Dominant Mode (TE10) 135
4.6.3 Higher Order Modes 138
4.6.4 Areas of Application 139
4.6.5 Excitation of Waveguide Modes 140
4.6.6 Cavity Resonators 141

4.7 Circular Waveguide 143
4.8 Two-Wire Line 147

4.8.1 Characteristic Impedance 148
4.8.2 Areas of Application 148

4.9 Three-Conductor Transmission Line 149
4.9.1 Even and Odd Modes 149
4.9.2 Characteristic Impedances and Propagation Constants 152
4.9.3 Line Termination for Even and Odd Modes 154

4.10 Problems 154
References 155

5 Scattering Parameters 157
5.1 Multi-Port Network Representations 157
5.2 Normalized Power Waves 159
5.3 Scattering Parameters and Power 161
5.4 S-Parameter Representation of Network Properties 164

5.4.1 Matching 164
5.4.2 Complex Conjugate Matching 165
5.4.3 Reciprocity 167
5.4.4 Symmetry 168
5.4.5 Passive and Loss-less Circuits 168
5.4.6 Unilateral Circuits 169
5.4.7 Specific Characteristics of Three-Port Networks 169

5.5 Calculation of S-Parameters 170
5.5.1 Reflection Coefficients 170
5.5.2 Transmission Coefficients 170
5.5.3 Renormalization 173

5.6 Signal Flow Method 175
5.6.1 One-Port Network/Load Termination 176
5.6.2 Source 176
5.6.3 Two-Port Network 176
5.6.4 Three-Port Network 177
5.6.5 Four-Port Network 178

5.7 S-Parameter Measurement 181
5.8 Problems 184

References 186
Further Reading 186



x Contents

6 RF Components and Circuits 187
6.1 Equivalent Circuits of Concentrated Passive Components 187

6.1.1 Resistor 187
6.1.2 Capacitor 189
6.1.3 Inductor 191

6.2 Transmission Line Resonator 192
6.2.1 Half-Wave Resonator 193
6.2.2 Quarter-Wave Resonator 194

6.3 Impedance Matching 196
6.3.1 LC-Networks 196
6.3.2 Matching Using Distributed Elements 199

6.4 Filter 203
6.4.1 Classical LC-Filter Design 203
6.4.2 Butterworth Filter 205

6.5 Transmission Line Filter 211
6.5.1 Edge-Coupled Line Filter 212
6.5.2 Hairpin Filter 218
6.5.3 Stepped Impedance Filter 218
6.5.4 Parasitic Box Resonance 219
6.5.5 Waveguide Filter 220

6.6 Circulator 222
6.7 Power Divider 223

6.7.1 Wilkinson Power Divider 223
6.7.2 Unequal Split Power Divider 224

6.8 Branchline Coupler 227
6.8.1 Conventional 3 dB Coupler 227
6.8.2 Unequal Split Branchline Coupler 229

6.9 Rat Race Coupler 231
6.10 Directional Coupler 231
6.11 Balanced-to-Unbalanced Circuits 234
6.12 Electronic Circuits 236

6.12.1 Mixers 238
6.12.2 Amplifiers and Oscillators 240

6.13 RF Design Software 242
6.13.1 RF Circuit Simulators 242
6.13.2 Three-Dimensional Electromagnetic Simulators 242

6.14 Problems 246
References 247
Further Reading 248

7 Antennas 249
7.1 Fundamental Parameters 249

7.1.1 Nearfield and Farfield 249
7.1.2 Isotropic Radiator 252
7.1.3 Radiation Pattern and Related Parameters 252
7.1.4 Impedance Matching and Bandwidth 257



Contents xi

7.2 Standard Types of Antennas 259
7.3 Mathematical Treatment of the Hertzian Dipole 262
7.4 Wire Antennas 266

7.4.1 Half-Wave Dipole 266
7.4.2 Monopole 268
7.4.3 Concepts for Reducing Antenna Height 270

7.5 Planar Antennas 271
7.5.1 Rectangular Patch Antenna 272
7.5.2 Circularly Polarizing Patch Antennas 278
7.5.3 Planar Dipole and Inverted-F Antenna 280

7.6 Antenna Arrays 280
7.6.1 Single Element Radiation Pattern and Array Factor 280
7.6.2 Phased Array Antennas 285
7.6.3 Beam Forming 290

7.7 Modern Antenna Concepts 293
7.8 Problems 293

References 294
Further Reading 294

8 Radio Wave Propagation 295
8.1 Propagation Mechanisms 295

8.1.1 Reflection and Refraction 295
8.1.2 Absorption 296
8.1.3 Diffraction 296
8.1.4 Scattering 298
8.1.5 Doppler Effect 300

8.2 Basic Propagation Models 302
8.2.1 Free Space Loss 302
8.2.2 Attenuation of Air 305
8.2.3 Plane Earth Loss 305
8.2.4 Point-to-Point Radio Links 310
8.2.5 Layered Media 312

8.3 Path Loss Models 314
8.3.1 Multipath Environment 314
8.3.2 Clutter Factor Model 317
8.3.3 Okumura–Hata Model 317
8.3.4 Physical Models and Numerical Methods 319

8.4 Problems 321
References 321
Further Reading 322

Appendix A 323
A.1 Coordinate Systems 323

A.1.1 Cartesian Coordinate System 323
A.1.2 Cylindrical Coordinate System 324
A.1.3 Spherical Coordinate System 325



xii Contents

A.2 Logarithmic Representation 326
A.2.1 Dimensionless Quantities 326
A.2.2 Relative and Absolute Ratios 327
A.2.3 Link Budget 328

Index 331



Preface

This textbook aims to provide students with a fundamental and practical understanding
of the basic principles of radio frequency and microwave engineering as well as with
physical aspects of wireless communications.

In recent years, wireless technology has become increasingly common, especially in
the fields of communication (e.g. data networks, mobile telephony), identification (RFID),
navigation (GPS) and detection (radar). Ever since, radio applications have been using
comparatively high carrier frequencies, which enable better use of the electromagnetic
spectrum and allow the design of much more efficient antennas. Based on low-cost man-
ufacturing processes and modern computer aided design tools, new areas of application
will enable the use of higher bandwidths in the future.

If we look at circuit technology today, we can see that high-speed digital circuits with
their high data rates reach the radio frequency range. Consequently, digital circuit design-
ers face new design challenges: transmission lines need a more refined treatment, parasitic
coupling between adjacent components becomes more apparent, resonant structures show
unintentional electromagnetic radiation and distributed structures may offer advantages
over classical lumped elements. Digital technology will therefore move closer to RF
concepts like transmission line theory and electromagnetic field-based design approaches.

Today we can see the use of various radio applications and high-data-rate communica-
tion systems in many technical products, for example, those from the automotive sector,
which once was solely associated with mechanical engineering. Therefore, the basic prin-
ciples of radio frequency technology today are no longer just another side discipline,
but provide the foundations to various fields of engineering such as electrical engineer-
ing, information and communications technology as well as adjoining mechatronics and
automotive engineering.

The field of radio frequency and microwave covers a wide range of topics. This full
range is, of course, beyond the scope of this textbook that focuses on the fundamentals
of the subject. A distinctive feature of high frequency technology compared to classical
electrical engineering is the fact that dimensions of structures are no longer small com-
pared to the wavelength. The resulting wave propagation processes then lead to typical
high frequency phenomena: reflection, resonance and radiation. Hence, the centre point of
attention of this book is wave propagation, its representation, its effects and its utilization
in passive circuits and antenna structures.

What I have excluded from this book are active electronic components – like
transistors – and the whole spectrum of high frequency electronics, such as the design



xiv Preface

of amplifiers, mixers and oscillators. In order to deal with this in detail, the basics of
electronic circuit design theory and semiconductor physics would be required. Those
topics are beyond the scope of this book.

If we look at conceptualizing RF components and antennas today, we can clearly see
that software tools for Electronic Design Automation (EDA) have become an essential
part of the whole process. Therefore, various design examples have been incorporated
with the use of both circuit simulators and electromagnetic (EM) simulation software.
The following programs have been applied:

• ADS (Advanced Design System) from Agilent Technologies;
• Empire from IMST GmbH;
• EMPro from Agilent Technologies.

As the market of such software products is ever changing, the readers are highly recom-
mended to start their own research and find the product that best fits their needs.

At the end of each chapter, problems are given in order to deepen the reader’s under-
standing of the chapter material and practice the new competences. Solutions to the
problems are being published and updated by the author on the following Internet address:

http://www.fh-dortmund.de/gustrau_rf_textbook

Finally, and with great pleasure, I would like to say thank you to my colleagues and
students who have made helpful suggestions to this book by proofreading passages or
initiating invaluable discussions during the course of my lectures. Last but not the least
I express gratitude to my family for continuously supporting me all the way from the
beginning to the completion of this book.

Frank Gustrau
Dortmund, Germany

http://www.fh-dortmund.de/gustrau_rf_textbook
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1
Introduction

This chapter provides a short overview on widely used microwave and RF applications
and the denomination of frequency bands. We will start out with an illustrative case on
wave propagation which will introduce fundamental aspects of high frequency technology.
Then we will give an overview of the content of the following chapters to facilitate easy
orientation and quick navigation to selected issues.

1.1 Radiofrequency and Microwave Applications

Today, at home or on the move, every one of us uses devices that employ wireless tech-
nology to an increasing extent. Figure 1.1 shows a selection of wireless communication,
navigation, identification and detection applications.

In the future we will see a growing progression of the trend of applying components
and systems of high frequency technology to new areas of application. The development
and maintenance of such systems requires an extensive knowledge of the high frequency
behaviour of basic elements (e.g. resistors, capacitors, inductors, transmission lines, tran-
sistors), components (e.g. antennas), circuits (e.g. filters, amplifiers, mixers) including
physical issues such as electromagnetic wave propagation.

High frequency technology has always been of major importance in the field of radio
applications, recently though RF design methods have started to develop as a crucial factor
with rapid digital circuits. Due to the increasing processing speed of digital circuits, high
frequency signals occur which, in turn, create demand for RF design methods.

In addition, the high frequency technology’s proximity to electromagnetic field theory
overlaps with aspects of electromagnetic compatibility (EMC). Setups for conducted and
radiated measurements, which are used in this context, are based on principles of high
frequency technology. If devices do not comply with EMC limits in general a careful
analysis of the circumstances will be required to achieve improvements. Often, high
frequency issues play a major role here.

Table 1.1 shows a number of standard RF and microwave applications and their associ-
ated frequency bands [1–3]. The applications include terrestrial voice and data communi-
cation, that is cellular networks and wireless communication networks, as well as terrestrial

RF and Microwave Engineering: Fundamentals of Wireless Communications, First Edition. Frank Gustrau.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.



2 RF and Microwave Engineering

Radar

GPS

UMTS

Radio
broadcasting

Bluetooth

WLAN

RFID

Sat-TV

(a) (b)

Antennas

Circuit elements

Figure 1.1 (a) Examples of wireless applications (b) RF components and propagation of electro-
magnetic waves.

and satellite based broadcasting systems. Wireless identification systems (RFID) within
ISM bands enjoy increasing popularity among cargo traffic and logistics businesses. As
for the field of navigation, GPS should be highlighted, which is already installed in numer-
ous vehicles and mobile devices. Also in the automotive sector, radar systems are used
to monitor the surrounding aresa or serve as sensors for driver assistance systems.

1.2 Frequency Bands

For better orientation, the electromagnetic spectrum is divided into a number of fre-
quency bands. Various naming conventions have been established in different parts of the
world, which often are used in parallel. Table 1.2 shows a customary classification of
the frequency range from 3 Hz to 300 GHz into eight frequency decades according to the
recommendation of the International Telecommunications Union (ITU) [4].

Figure 1.2a shows a commonly used designation of different frequency bands according
to IEEE-standards [5]. The unsystematic use of characters and band ranges, which has
developed over the years, can be regarded as a clear disadvantage. A more recent naming
convention according to NATO is shown by Figure 1.2b [6, 7]. Here, the mapping of
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Table 1.1 Wireless applications and frequency ranges

Cellular mobile telephony
GSM 900 Global System for Mobile Communication 880 . . . 960 MHz
GSM 1800 Global System for Mobile Communication 1.71 . . . 1.88 GHz
UMTS Universal Mobile Telecommunications System 1.92 . . . 2.17 GHz
Tetra Trunked radio 440 . . . 470 MHz
Wireless networks
WLAN Wireless local area network 2.45 GHz, 5 GHz
Bluetooth Short range radio 2.45 GHz
Navigation
GPS Global Positioning System 1.2 GHz, 1.575 GHz
Identification
RFID Radio-Frequency Identification 13.56 MHz, 868 MHz,

2.45 GHz, 5 GHz
Radio broadcasting
FM Analog broadcast transmitter network 87.5 . . . 108 MHz
DAB Digital Audio Broadcasting 223 . . . 230 MHz
DVB-T Digital Video Broadcasting - Terrestrial 470 . . . 790 MHz
DVB-S Digital Video Broadcasting - Satellite 10.7 . . . 12.75 GHz
Radar applications
SRR Automotive short range radar 24 GHz
ACC Adaptive cruise control radar 77 GHz

Table 1.2 Frequency denomination according to ITU

Frequency range Denomination

3 . . . 30 kHz VLF - Very Low Frequency
30 . . . 300 kHz LF - Low Frequency
300 kHz . . . 3 MHz MF - Medium Frequency
3 . . . 30 MHz HF - High Frequency
30 . . . 300 MHz VHF - Very High Frequency
300 MHz . . . 3 GHz UHF - Ultra High Frequency
3 . . . 30 GHz SHF - Super High Frequency
30 . . . 300 GHz EHF - Extremely High Frequency

characters to frequency bands is much more systematic. However, the band names are
not common in practical application yet.

A number of legal foundations and regulative measures ensure fault-free operation
of radio applications. Frequency, as a scarce resource, is being divided and carefully
administered [8, 9]. Determined frequency bands are allocated to industrial, scientific and
medical (ISM) applications. These frequency bands are known as ISM bands and are
shown in Table 1.3. As an example, the frequency range at 2.45 GHz is for the operation
of microwave ovens and WLAN systems. A further frequency band reserved for wireless
non-public short-range data transmission (in Europe) uses the 863 to 870 MHz frequency
band [10], for example for RFID applications.
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(a)

(b)

1 2 4 8 12 18 26 40 75 110

L S C X Ku K Ka V W

0 0.25 0.5 1 2 3 4 6 8 10
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20 40 60 100 f /GHz

f /GHz

Figure 1.2 Denomination of frequency bands according to different standards. (a) Denomina-
tion of frequency bands according to IEEE Std. 521–2002 (b) Denomination of frequency bands
according to NATO.

Table 1.3 ISM frequency bands

13.553 . . . 13.567 MHz 26.957 . . . 27.283 MHz
40.66 . . . 40.70 MHz 433.05 . . . 434.79 MHz

2.4 . . . 2.5 GHz 5.725 . . . 5.875 GHz
24 . . . 24.25 GHz 61 . . . 61.5 GHz

122 . . . 123 GHz 244 . . . 246 GHz

1.3 Physical Phenomena in the High Frequency Domain

We will now take a deeper look at RF engineering through two examples that introduce
wave propagation on transmission lines and electromagnetic radiation from antennas.

1.3.1 Electrically Short Transmission Line

As a first example we consider a simple circuit (Figure 1.3a) with a sinusoidal (monofre-
quent) voltage source (internal resistance RI), which is connected to a load resistor
RA = RI by an electrically short transmission line. Electrically short means that the
transmission length � of the line is much shorter than the wavelength λ, that is � � λ.
In vacuum–or approximately air–electromagnetic waves propagate with the speed of
light c0.

c0 = 299 792 458
m

s
≈ 3 · 108 m

s
(Speed of light in vacuum) (1.1)

Therefore, the free space wavelength λ0 for a frequency f yields:

λ0 = c0

f
� � (1.2)

In media other than vacuum the speed of light c is lower and given by

c = c0√
εrμr

(Speed of light in media) (1.3)

where εr is the relative permittivity and μr is the relative permeability of the medium.
Typical values for a practical coaxial line would be εr = 2 and μr = 1, resulting in a
speed of light of c ≈ 2.12 · 108 m/s on that line. Given–as an example–a frequency of
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uin (t) uA(t)

l << λRI = RA

RA

u0(t) =
U0 sin(ωLFt)

(a)

uin(t) uA(t)Z0 = RI = RA,γ

l = 1.25λRI = RA

RAU0 sin(ωRFt)

(c)
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Figure 1.3 Network with voltage source, transmission line and load resistor. Transmission line is
electrically short in (a), (b) and electrically long in (c), (d).
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f = 1 MHz we get a wavelength of λ0 = 300 m in free space and λ = 212 m on the
previously discussed line. A transmission line of � = 1 m would then be classified as
electrically short (� � λ). For simplicity1, we assume further on that the load resistance
RA equals the internal resistance RI of the source.

Alternatively, electrically short can be expressed by the propagation time τ a signal
needs to pass through the entire transmission line. Assuming that electromagnetic pro-
cesses spread with the speed of light c, the transmission of a signal from the start through
to the end of a line requires a time span τ

τ = distance

velocity
= �

c
� T = 1

f
↔ λ = c

f
� � (1.4)

If the time span τ needed for a signal to travel through the whole line is substantially
smaller than the cycle time T of its sinusoidal signal, it seems as if the signal
change appears simultaneously along the whole line. Signal delay is thus surely
negligible.

A transmission line is defined as being electrically short , if its length � is substantially
shorter than the wavelength λ of the signal’s operating frequency (� � λ) or–in other
words–if the duration of a signal travelling from the start to the end of a line τ (delay
time) is substantially shorter than its cycle time T (τ � T ).

Let us have a look at Figure 1.3b where the current changes slowly in a sinus-like
pattern. The term slowly refers to the period T that we assume to be much greater than
the propagation time τ along the line. The sine wave starts at t = 0 with a value of zero
and reaches its peak after a quarter of the time period (t = T/4). Again after half the
time period (t = T/2) it passes through zero and reaches a negative peak at t = 3T/4.
This sequence repeats periodically. Since signal delay τ can be omitted compared to the
time period T , the signal along the line appears to be spatially constant . According to the
voltage divider rule the voltage along the line equals just half of the value of the voltage
source u0(t). The input voltage uin(t) and the output (load) voltage uA(t) are–at least
approximately–equal.

uin(t) ≈ uA(t) (1.5)

1.3.2 Transmission Line with Length Greater than One-Tenth
of Wavelength

In the next step, we significantly increase the frequency f , so that the line is no longer
electrically short. We choose the value of the frequency, such that the line length will equal
� = 5/4 · λ = 1.25λ (Figure 1.3c). Now signal delay τ compared to period duration T

must be taken into consideration. In Figure 1.3d we can see how far the wave has travelled

1 The reason for this determination will become clear when we discuss the fundamentals of transmission line theory
in Chapter 3.
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at times of t = T/4, t = T/2 and so forth. The voltage distribution is no longer spatially
constant. After t = 5/4T the signal reaches the end of the line.

If the transmission line is not electrically short, the voltage along the line will not
show a constant course any longer. On the contrary, a sinusoidal course illustrates the
wave-nature of this electromagnetic phenomenon.

Also we can see that the electric voltage uA(t) at the line termination is no longer equal
to that at the line input voltage uin(t). A phase difference exists between those two points.

In order to fully characterize the transmission line effects, a transmission line must be
described by two additional parameters along with its length: (a) the characteristic
impedance Z0 and (b) the propagation constant γ . Both must be taken into account
when designing RF circuits.

In our example we used a characteristic line impedance Z0 equal to the load and
source resistance (Z0 = RA = RI). This is the most simple case and is often applied
when using transmission lines. However, if the characteristic line impedance Z0 and
terminating resistor RA are not equal to each other, the wave will be reflected at the end
of the line. Relationships resulting from these effects will be looked at in Chapter 3 which
deals in detail with transmission line theory .

1.3.3 Radiation and Antennas

Now let us take a look at a second example. Here we have a geometrically simple
structure (Figure 1.4a), which consists of a rectangular metallic patch with side length
� arranged above a continuous metallic ground plane. Insulation material (dielectric
material) is located between both metallic surfaces. Two terminals are connected to feed
the structure.

The geometric structure resembles that of a parallel plate capacitor, which has a
homogeneous electrical field set up between the metal surfaces. Therefore, we see
capacitive behaviour ((Figure 1.4b) Admittance Y = jωC) at low frequency values
(geometrical dimensions are significantly below wavelength (� � λ)). By further
increasing the frequency, we can observe resonant behaviour due to the unavoidable
inductance of feed lines.

At high frequency levels a completely new phenomenon can be observed: with the
structure’s side length approaching half of a wavelength (� ≈ λ/2), electromagnetic
energy will be radiated into space. Now the structure can be used as an antenna (patch
antenna).

This example clearly illustrates that even a geometrically simple structure can display
complex behaviour at high frequency levels. This behaviour cannot yet be described
by common circuit theory and requires electromagnetic field theory.
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Figure 1.4 Electrical characteristic of a geometrical simple structure: (a) geometry and
(b) imaginary part of admittance.

1.4 Outline of the Following Chapters

The last two examples have given us some insight into the fact that problems involving
RF cannot simply be treated with conventional methods, but need a toolset adjusted to
the characteristics of RF technology. Chapters 2 to 8 therefore give an in-depth insight
into how best to solve RF-problems and show the methods we commonly apply.

First, the principles of electromagnetic field theory and wave propagation are reviewed
in Chapter 2, in order to understand the mechanisms of passive high-frequency circuits
and antennas. The mathematical formulas used in this chapter mainly serve the purpose
of illustrating mathematical derivations and are not intended for further calculations.
Nowadays, in work practice, modern RF circuit and field simulation software packages
provide approximate solutions based on the above mentioned theories. Nonetheless, an
engineer needs to understand these mathematical foundations in order to evaluate such
given solutions of different commercial software products with respect to their plausibility
and accuracy.

Transmission lines are a major and important component in RF circuits. The simple
structure of a transmission line may be used in a variety of very different applications.
Chapter 3 will therefore deal with the detailed relationships of voltage and current waves
on transmission lines. Calculations in this context can be easily followed and form a safe
foundation for treating the ever-occurring issue of transmission lines. This chapter gives a


