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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 vyears, 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
manufacturing 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
designers 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 communication systems in many technical
products, for example, those from the automotive sector,
which once was solely associated with mechanical
engineering. Therefore, the basic principles of radio
frequency technology today are no longer just another side



discipline, but provide the foundations to various fields of
engineering such as electrical engineering, 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
compared 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 | have excluded from this book are active electronic
components—Ilike transistors—and the whole spectrum of
high frequency electronics, such as the design 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:

e ADS (Advanced Design System) from Agilent

Technologies;
e Empire from IMST GmbH;
« EMPro from Agilent Technologies.



As the market of such software products is ever changing,
the readers are highly recommended 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 understanding 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, | 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 | 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
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Chapter 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 technology to an increasing
extent. Figure 1.1 shows a selection of wireless
communication, navigation, identification and detection
applications.

Figure 1.1 (a) Examples of wireless applications (b) RF
components and propagation of electromagnetic waves.
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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.qg. resistors, capacitors, inductors, transmission
lines, transistors), components (e.g. antennas), circuits (e.qg.
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 associated frequency bands [1-3].
The applications include terrestrial voice and data
communication, that is cellular networks and wireless
communication networks, as well as terrestrial 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 numerous 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.

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

1.2 Frequency Bands

For better orientation, the electromagnetic spectrum is
divided into a number of frequency 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].

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...30GHz SHF - Super High Frequency

30 ... 300 GHz EHF - Extremely High Frequency

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

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

frequency bands according to NATO.
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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.

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 (monofrequent) voltage source (internal
resistance R)), which is connected to a load resistor Rp = R|

by an electrically short transmission line. Electrically short
means that the transmission length ¢ of the line is much
shorter than the wavelength A, that is ¢ < A. In vacuum-or
approximately air-electromagnetic waves propagate with
the speed of light ¢p.

co = 299 792 —1-’132 =3-10° ? (Speed of light in vacuum)

1.1 8
Therefore, the free space wavelength Ag for a frequency f

yields:

L&)
}i|] = — 3/

1.2 f

In media other than vacuum the speed of light ¢ is lower
and given by
) LE]

1.3 Vam

where g is the relative permittivity and p, is the relative

permeability of the medium. Typical values for a practical

I[prﬂ of light in ]m':]iu}



coaxial line would be g€ = 2 and yy = 1, resulting in a speed

of light of ¢ = 2.12 - 108 m/s on that line. Given-as an
example-a frequency of f = 1 MHz we get a wavelength of
Ag = 300 m in free space and A = 212 m on the previously

discussed line. A transmission line of ¢ = 1 m would then be

classified as electrically short (¢ < A). For simplicityl, we
assume further on that the load resistance Ra equals the

internal resistance R| of the source.

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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Alternatively, electrically short can be expressed by the
propagation time T a signal needs to pass through the entire
transmission line. Assuming that electromagnetic processes
spread with the speed of light ¢, the transmission of a signal



from the start through to the end of a line requires a time
span T

distance £ 1 &

- — A==

1.4 " velocity oo f f
If the time span T 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 f is
substantially shorter than the wavelength A of the signal's operating

frequency (¢ <= A) or-in other words-if the duration of a signal travelling
from the start to the end of a line T (delay time) is substantially shorter

than its cycle time T(t < 7).

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 7 that we assume to be much greater
than the propagation time T 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 = 7/4). Again after half
the time period (t = 7/2) it passes through zero and reaches
a negative peak at t = 37/4. This sequence repeats
periodically. Since signal delay T 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 ug(t). The input voltage ujn(t) and the output

(load) voltage ua(t) are-at least approximately-equal.
1.5 i (F) 2 up (F)



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 - A = 1.25A (Figure 1.3c). Now signal delay T
compared to period duration T must be taken into
consideration. In Figure 1.3d we can see how far the wave
has travelled 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(f) at the line

termination is no longer equal to that at the line input
voltage ujn(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 Zp and (b) the propagation

constanty. Both must be taken into account when designing RF circuits.

In our example we used a characteristic line impedance Zp
equal to the load and source resistance (Zp = Ra = R)). This

is the most simple case and is often applied when using
transmission lines. However, if the characteristic line
impedance Zp and terminating resistor Rp 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.

Figure 1.4 Electrical characteristic of a geometrical simple
structure: (a) geometry and (b) imaginary part of
admittance.
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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 = jw(C) at /low
frequency values (geometrical dimensions are significantly
below wavelength (¢ < A)). 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 (¢ = A/2), electromagnetic
energy will be radiated into space. Now the structure can be
used as an antenna (patch antenna).



