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Preface to the First Edition

Developers, manufacturers and marketers of products incorporating short-
range radio systems are experts in their fields—security, telemetry,
medical care, to name afew. Often they add awireless interface just to
eliminate wires on an existing wired product. They may adapt a wireless
subsystem, which is easy to integrate el ectrically into their system, only to
find that the range is far short of what they expected, there are frequent
false alarms, or it doesn't work at all. It is for these adapters of wireless
subsystems that this book is primarily intended.

Other potential readers are curious persons with varied technical
backgrounds who see the growing applications for wireless communica-
tion and want to know how radio works, without delving deeply into a
particular system or device. This book covers practically all aspects of
radio communication including wave propagation, antennas, transmitters,
receivers, design principles, telecommunication regulations and informa-
tion theory. Armed with knowledge of the materia in this book, the reader
can more easily learn the details of specialized radio communication
topics, such as cellular radio, personal communication systems (PCS), and
wireless local area networks (WLAN).

The technical level of this book is suitable for readers with an engi-
neering education or a scientific background, working as designers,
engineering managers, or technical marketing people. They should be
familiar with electrical circuits and engineering mathematics. Elementary
probability theory is needed in some of the early chapters. Readers with-
out an appropriate background or who need to brush up on probability are
advised to jump ahead to chapter 10.

The book is organized as follows:

Chapter 1 is an introduction, presenting the focus of the book and the
types of short-range radio applications that are covered.

Chapter 2 discusses radio propagation and factors that affect commu-
nication range and reliability.

Chapter 3 reviews the antennas used in short-range radio as well as
transmission lines and circuit-matching techniques.
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Chapter 4 covers the various forms of signals used for information
transmission and modulation, and overall wireless system properties.

Chapters 5 and 6 describe the various kinds of transmitters and receivers.
Chapter 7 details the performance characteristics of radio systems.

Chapter 8 presents various component types that can be used to imple-
ment a short-range radio system.

Chapter 9 covers regulations and standards. It gives an overview of the
conditions for getting approval of short-range radio systemsin North
America and Europe.

Chapter 10 is an introduction to probability and communication theory.

Chapter 11 reviews some of the most important new developmentsin
short-range radio.

An introductory section describes the twelve Mathcad worksheets
included on the CDROM accompanying the book, which are helpful for
wireless design engineersin their daily work. A fully searchable pdf
version of the book is also included on the CDROM.

Severa termsin the book are used synonymously for varied expression,
although there are subtle differences. “Wireless’ and “radio” are used
without distinction, although generally “wireless” also includes infrared
communication and power line communication, which are not covered in
this book. “ Short-range radio” and “low-power radio” both refer to the area
of unlicensed radio communication, athough low power can be used to
communicate over thousands of kilometers whereas short range, as used
here, refersto several kilometers at the very most.

The book has a number of schematic diagrams, most of which do not
include component values. Circuit design is more involved than just
copying values from a schematic, and my intent is to explain concepts and
giveinitial direction to engineers who have the ability to design a circuit
to their own specific requirements. Many “cookbook” texts are available
to assist in the actual circuit development as needed.

| wish to thank Professor Moe Bergman, who encouraged and assisted
me from the time of my early interest in radio communication, for review-
ing the manuscript and offering many helpful suggestions.
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Preface to the Second Edition

Deployment of short-range wireless devices has grown steadily since the
appearance of garage door openers and other keyless entry devices, but
there as been no parallel to the increase in quantities of productsin this
category that were produced during the three years since the first edition
of this book was published. WLAN has solidified its acceptance in the
workplace, not only complimenting wired LAN but often displacing it
entirely. While it has been expected for years that WLAN would gain a
foothold in multicomputer homes, the distinction between corporate and
home WLAN requirements has all but been erased, and during this period
we have seen the Wi-Fi standard becoming ubiquitous, pushing out of the
way the HomeRF system that was devel oped specifically for residential
use. Another phenomenon, both nourished by and encouraging the inclu-
sion of Wi-Fi in portable computers, is the spread of hot spots in the
U.S.A., Europe, and other regions. Through these public access points, the
growth of wireless networks is being accelerated by the desire for internet
connections, anytime, anywhere.

Another networking industrial standard, Bluetooth, is rapidly gaining
acceptance. Delayed somewhat in comparison to early expectations, sales
of Bluetooth chips are rising fast, and the devices are finding their way
into more and more cell phone models and associated wirel ess head-
phones, wireless USB adapters, and laptop, notebook and hand held
computers.

Along with the greatly increased density of short-range wireless
transmissions, with virtually no expansion of available frequenciesin the
unlicensed bands, there is naturally greater pressure to adapt newer tech-
nologies to permit higher spectrum utilization. One of theseis ultra-wide
band. Generated at baseband and having a broad noise-like spectrum from
which information can be detected, UWB has been used up to now in
predominantly military applications, such as virtually undetectable com-
munications, and ground and wall penetrating radar. It is necessary for the
regulatory authorities to redefine the way they insure coexistence between
the myriad users of radio communication in order for UWB to get a
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commercia foothold. The FCC did thisin 2002, with an addition to its
regulations relating to unlicensed UWB transmissions, and several compa
nies are meeting the challenge by developing revolutionary products with
breakthroughs in data rates and distance measurement capability.

Inevitably, the requirements for very high functional density, high
production quantities, and low prices that encourage mass acceptance are
fulfilled in large part by changes and improvements in basic components.
Not only the components used directly in the industry standard devices
like Wi-Fi and Bluetooth are affected. Similar technologies are adopted to
raise performance and lower pricesin IC’s and other components used for
proprietary devices aswell. Many of the components that were the heart
of wireless devices three years ago are no longer available. Prominent
companies that produced lines of integrated circuits for unlicensed band
devices have left the field or are concentrating on the mass consumer
products like cellular, Wi-Fi, and Bluetooth, relinquishing the task of
providing IC’s to the alarm, control and short range telemetry product
designersto other, often smaller firms, who have accepted the challengein
vigor.

Considering all said above, a second edition became mandatory for a
book that aims to be an active development tool as well as up-to-date
reference for anyone designing short-range wireless devices or integrating
them into electronic products. These are the principle changes in the book:

= Chapter 8, System Implementation, has been revamped. Discontin-
ued devices were removed, and there are short descriptions of a
wide range of devices from many manufacturers, which demon-
strate the scope of components available and provide a starting
point for developers who need to choose from various options to
meet their requirements.

= Chapter 9, Regulations and Standards, was updated to include
important changes to FCC regulations pertaining to unlicensed
systems. This chapter now includes the definitions for the U-NII
bands, used by the 802.11a version of Wi-Fi. Regulatory limits for
communications applications of UWB are detailed in this edition.
Chapter 9 also includes areview of the basics of the R& TTE
Directive, important for anyone who intends to market wireless
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communication devices in Europe. An important addition to
Chapter 9 isthe inclusion of technical requirements pertaining to
the certification of short-range/low power wireless devicesin

Japan.

= Chapter 11, renamed Applications and Technologies, has been
significantly expanded. Wi-Fi, Bluetooth and the new Zigbee
network are described in considerable detail. The section on
coexistence and compatibility now presents a criterion for estimat-
ing interference between Wi-Fi and Bluetooth transmissions and
describes the methods being proposed to improve coexistence
between networks of different standards operating on the same
frequency band. In tune with the increased importance of UWB,
now that it has been included in the FCC Rules, a more thorough
description of its operation is provided, along with graphic presen-
tations that make the explanation easier to understand.

In addition to these major changes, corrections and minor modifica-
tions were made in several other chapters of the book. There are additions
to the References and Bibliography, including Web site listings. Finaly,
three Mathcad worksheets were added and existing ones updated or
corrected.

| have no illusions that an engineering book dealing with arapidly
evolving subject such as short-range wireless can remain completely up-
to-date for many years after its publication. However, the technology
updatesin this edition, among them new modulation methods such as
CCK and OFDM, and the exposition of the up-and-coming UWB technol-
ogy, should provide the insights a reader requires to understand new and
related devel opments as they come across his path. While I’ve tried to give
a broad but thorough treatment of short-range wireless communication as
we see it now, | hope the second edition will serve as akey to understand-
ing advances and new technologies that will inevitably continue to appear,
some of them due to the work of readers of this book.

Alan Bensky, August 2003
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What’s on the CD-ROM

Radio Engineering Worksheets

Included on the CD-ROM accompanying this book are fifteen radio engineer-
ing worksheets. Throughout the text, sections that have an accompanying
worksheet are indicated by thisicon: . These worksheets will help you
solve awide variety of problems and should be of assistance to you inradio
system design. The worksheets are based on Mathcad, a popular mathematics
program published by MathSoft in which formulas and data are entered in
familiar mathematica format, just as they would be when solving problems
using pencil and paper or writing on the blackboard.

In order to use the worksheets you have to have Mathcad 2000 Profes-
sional or higher installed on your computer. The CD-ROM contains a full
performance evaluation version of Mathcad 11. The program remains
valid for 120 days after installation. Use beyond that time is contingent
upon purchasing a license from Mathsoft and following the activation
procedure that comes with the software. You may want to print out the
worksheets during the evaluation period in order to refer to them later if
you do not opt to obtain the permanent version immediately when the
evaluation copy expires.

To install the evaluation version of Mathcad 11, insert the CD-ROM in
your computer. Open the “AcademicCD” folder and activate “ Setup.exe.”
Click “Mathcad 11,” check “Evaluation Copy,” then go through the install
procedure as displayed. When it has completed, open “Mathcad 11” from
“Start” >> “Programs.” Check “Activate Later” on the screen that is
presented and press “Finish.” It is recommended to go through the tutori-
asif you are not familiar with Mathcad. Then open the worksheet you
want to use from the “Mathcad Worksheets’ folder on the CDROM.”

The Mathcad web site, www.mathcad.com, has alibrary of engineering
worksheets that you can access and work on using the Mathcad 11 evaluation
program.

Using the Worksheets

As stated above, Mathcad formulas appear in normal written form on the
worksheets. There are some small differencesin interpretation of symbols.
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For example, a data entry expression is made up of avariable on the left,
followed by a specia equal sign which looks like a colon and an equals sign
asfollows:=. An equals sign aoneisfollowed by a caculated answer. It's
worthwhile to study the HELP contents in order to benefit most from the
worksheets, aswell asto do your own mathematical calculations.

Text, interspersed with the mathematics, explains the organization of
the worksheet and tells you where to enter data and where the answers are.
All worksheets have default data that you replace with your datato solve
specific problems. Note the following:

= Yellow marked expressions on the worksheet indicate where to
insert your data. Click the cursor on the default data and erase it
using the delete and backspace keys. Type in your numerical data
on the remaining small black rectangle.

= Blue marked expressions are the calculated answers. They change
automatically when you change the data (see below).

Calculations are usually performed by the program automatically as
soon as you change the data and press Enter. This can be annoying when
you originaly enter your data into the worksheet, so you can disable this
feature by pressing “Math” on the upper bar and then “Automatic Calcula-
tion” to remove the check mark. When you finish entering data, press
“Automatic Calculation” again. Now when you change your data, the
answers and graphs will automatically update, as on a spreadsheet. You
can also initiate calculation if it happens to be disabled by pressing F9.

Graphs

A couple of the worksheets have graphs. If you want to find a particu-
lar coordinate and the resolution of the axesis not sufficient, click on the
graph with the right mouse button. Click on Trace. Move the cursor on the
plot and see the coordinates in the Trace window.

Units of Measure

One of the special features of Mathcad is the ease of using units of
measure. You don’'t have to use any conversion factors when changing
units. For example, if the default unit of length in ayellow data input
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expression is cm (centimeters) and you prefer to enter your data in inches,
simply insert the number of inches, then replace “cm” with “in.” Simi-
larly, the units of measure in the blue solution expressions can also be
replaced.

Worksheet Descriptions

Each worksheet has a basic description and text to help you use it. More
detailed descriptions are given in the following sections.

Charge Pump PLL.mcd — “Find Filter Constants for Charge Pump PLL”

The charge pump phase-locked loop is commonly used in the fre-
guency determining block of transmitters and receivers. While the PLL
circuitry is often integrated with other RF components, the filter compo-
nents are usually external to the chip and must be determined by the
system designer. The worksheet can be used to design second or third
order filters. The latter provides higher attenuation of the reference oscil-
lator spurs that appear in the spectrum of the phase locked output
frequency.

Several parameters must be entered in order to find the filter compo-
nent values. f.« is the frequency that is applied to the phase comparator.
Some PLL chips have avariable or fixed-reference divider and f iS the
quotient of the input reference frequency and the internal divisor.

fp is the open-loop unity gain frequency, which should not be greater
than one tenth of the reference frequency f.4. K¢ isthe output current of
the pulses from the charge pump phase comparator, and is generally given
in the specification of the PLL device. VFO sensitivity is Kv. It represents
the slope of the frequency vs. control voltage of the VFO. If not specified,
it can be measured by applying a variable control voltage to the VFO and
measuring the change in output frequency per volt change of control
voltage.

N isthe division ratio of the divider that divides down the output
frequency to the reference frequency. Loop damping is determined by ¢p.
It should be set to 45 or 50 degrees. A higher value will cause over damp-
ing and slower response when changing frequencies, and alower value
will increase overshoot and may lead to instability.
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In addition to computing the loop filter values, the worksheet has
graphs showing open loop, closed loop, and filter responses, and the
idealized time response of the PLL which may be observed on the VCO
control voltage input.

Conversions.med — Impedance Transformations

Thisworksheet isintended for general usein circuit design. Itis
particularly helpful in designing impedance-matching networks, together
with the worksheet “Matching.mcd.” Sections (6) and (7) can be used in
impedance matching when the source and load impedances are not pure
resistances. In these cases, combine the reactance with the adjacent reac-
tance of the matching network.

Diffraction.mcd — Diffraction

Here you can see one reason why radio reception is possible in places
that don’t have aline-of-sight view to the transmitter. Note that the dif-
fraction phenomenon affects the signal strength in line-of-sight paths as
well. This worksheet is more tutorial than practical, since its results are
accurate only where there is only one barrier that has the shape of a knife
edge. In most real situations there are several barriers of various shapes,
and signal strength is also affected by reflections. However, it is interest-
ing and informative to see the effects of changing the frequency on wave
penetration into shadowed regions. The calculations for the plot are
complicated and take time, so be patient!

Helical. mcd — Helical Antennas

Helical antennas are commonly used for portable short-range transmit-
ters and receivers, and you can get a good start on the design of one using
this worksheet. After you insert the global parameters — frequency,
antenna diameter, and wire diameter—you have two choices for the
remaining data. If you know the turns per inch of the winding for the
antenna, start from section (1) and insert the data. The antenna height will
then be calculated. In section (2) right click on the yellow expression for
height, then click “Disable Evaluation” in the pop-up window. Check
sections (3) through (7) to see the results of your design.
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If both the height and the diameter of the antenna are known, enter the
height in the yellow expression under (2). (If the expression had been
disabled as shown above, there will be asmall black rectanglein it. Right
click on it and click “Enable Evaluation.”) The required number of turns
for resonance will be shown in the blue expression. Get more information
from sections (3) through (7).

By changing the form factor of the antenna, you affect the radiation
resistance and efficiency. Section (6) gives the total resistance that has to
be matched.

The formulas in the worksheet assume a perfect ground plane, which
israrely the case for portable devices. So regard the results of the calcula-
tions as starting points in the design. Start with afew more turns than
calculated, then trim the antenna until resonance, or maximum radiation or
reception, is achieved.

Loop.mcd — Loop Antenna

The printed loop antennais one of the most popular for small portable
UHF transmitters. Enter your basic data— dimensions and frequency.
Sections (1), (2) and (3) give results involving radiation efficiency. The
result in (3) is most probably an understatement, since other factors not
taken into account will reduce the efficiency. Among them are lossesin the
dielectric of the board and surrounding components and housing materials.

Section (4) of the worksheet gives an approximation of the loop
inductance, helpful for matching to the transmitter output.

Matching.med — Impedance Matching

This worksheet presents several topologies for matching functional
blocks of aradio circuit — antennato receiver input, transmitter final
stage to antenna, and matching between RF amplifier stages, for example.
R1 isthe resistance seen looking into the network when it is terminated by
R2. If aresistance R1 is connected to the left side, then the resistance
looking into the right side will be R2. Circuits (1) and (2) each have only
one solution for apair of values R1 and R2, whereas in circuits (3) and (4)
the values of the matching components depend on the value chosen for Q.
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The losses of the matching circuit components, particularly the induc-
tors, should be taken into consideration when choosing the matching
circuit configuration. An inductor can be represented as having a small
resistance in serieswith it or alarge resistance in parallel. Theseresis-
tances can be manipulated to be part of the resistances being matched with
the help of worksheet “Impedance Transformations.” See the impedance
matching examplesin Chapter 3.

Microstrip.mcd — Microstrip Transmission Lines

This worksheet tells you the characteristic impedance of a printed
circuit board conductor when the width is known, or the required conduc-
tor width to get a specified characteristic impedance. Note that the
conductor has to be backed by a ground plane on the opposite side. You
have to specify the frequency, dielectric constant of the board insulating
material, and board thickness. The actual dielectric constant needed for
determining characteristic impedance is afunction of the board thickness
and conductor width. In section (2) it is the width we are trying to find, so
we need to follow an iterative process to get atrue solution. That is why
the width that is determined from the first trial is used as the “ guess value”
for a second run that results in a closer estimate of the true width for the
required characteristic impedance.

The results include the wavelength in the board for the particular
conductor width. This value is needed when using the Smith chart for
designing printed circuit matching networks or reactive components.

Miscellaneous.mecd — “Miscellaneous”

Several useful calculations for RF engineers are performed by this
worksheet. They are:

1) For given system impedance and power in dBm find power in watts
(or mW) and volts rms, or knowing V,, find dBm.

2) Find the number of turns for asingle-layer air coil given core
dimensions and inductance, or find inductance when dimensions
and number of turns are known.

3) Find mismatch loss as a function of VSWR.
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4) Find attenuation of the common RG-58C/U coax when length and
frequency are known.

5) Cadlculate receiver sensitivity from noise figure, bandwidth, and
prededection signal-to-noise ratio.

Noise Figure.mcd — “Noise Figure”

Knowing receiver composite noise figure is a prerequisite for calculat-
ing sensitivity. In the worksheet, stage noise figure and gain are input to
matrices. The worksheet noise figure calculations can account for the
location of the image rejection filter, or lack of it, in the receiver front
end. A “modification flag” is entered into the second column of the noise
fixture matrix according to the instructions in the document. Mixer noise
figure should be single sideband. The worksheet can perform conversions
between single and double-sideband noise figure values.

Patch.mcd — Microstrip Patch Antennas

You can design a square half-wave microstrip patch antenna using this
worksheet. The formulas account for the “fringing distance,” which makes
the patch length somewhat smaller than a half wavelength in the board. A
result of the worksheet is the impedance at the center of a board edge to
which you have to match the input impedance of areceiver or output
impedance of atransmitter. This matching is usually done by printed
microstrip distributed components. If you want to match directly to a
coaxia cable, solder the cable's shield to the groundplane on the opposite
side of the board. Connect the center connector through a viainsulated
from the groundplane to the patch at the distance “x” from the center,
which isdisplayed as aresult in the last section of the worksheet.

Radiate.mcd — Radio Propagation Formulas

This worksheet is very handy for anyone dealing with wave propaga-
tion and antennas. Note that in section (1) afactor “L” isincluded, which
contains circuit and system losses. This factor is not explicit in the other
sections but such losses should be incorporated in the gain factors. For
example, section (3) may be used to find the transmitter power needed to
meet the FCC regulations for maximum field strength at a distance of 3
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meters. When aloop antennais used, the antenna losses may be 10 dB or
more so G, should be at the most 0.1 in this case.

Range.mcd — Open Field Range

Estimating the range of alow-power wireless communication system
under open field conditions is much more relevant than using the free
space equations. Using this worksheet you can see the nulls and the peaks
of signal strength that are so often experienced in practice, and how they
are influenced by operating frequency and antenna heights.

To use the worksheet you enter the operating frequency, transmitting
and receiving antenna heights above ground, and polarity of the transmit-
ting antenna. You also indicate the maximum distance for the plot. The
calculations vectorily add the direct line-of-sight received signal strength
and that of the signal reflected from the ground. “Normal” ground con-
ductivity and permittivity are used, which you could change if you wish
but usually it isn’'t necessary. It's assumed that the antennas have constant
gainin elevation. The result isaplot of the isotropic path gain (the nega-
tive of the path loss) in decibels, representing the ratio of the power at the
input of areceiver relative to the radiated transmitter power in the direc-
tion of the receiver with receiver antenna gain equal to zero dB. The open
field path gain is calculated relative to the free space power at areference
distance, d,, set to 3 meters. Then transmitter power isfound from the free
space power at d,. Free space path gain is also plotted, for reference.

The last sections of the worksheet let you find, for a given transmitted
power, the required receiver sensitivity for a given range in an open field,
or the open field range when receiver sensitivity is known. Finding the
sensitivity when power and range are known is straightforward, but to get
the range from given power and sensitivity you have to find the abscissa of
the curve (the distance) when the ordinate (path gain) is known. The
worksheet has instructions for doing it.

Translines.mcd — Transmission Lines

This worksheet solves various useful formulas for working with
transmission lines. First you enter the operating frequency and transmis-
sion line parameters. The calculations account for line loss, whose value
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you have to enter, but if you don’t know it, you can enter O dB with little
effect on short low-loss lines. If you do use line loss, you have to know it
for the frequency of operation, as the loss increases with frequency. From
the cable velocity factor and frequency, which you provide, the wave-
length in the cableis calculated and displayed.

Section (1) gives relationships between often-used matching param-
eters and uses only the line characteristic impedance that was entered.
Section (2) gives the transformation of the load impedance to the imped-
ance seen looking into the line from the source, as well as the required
load impedance for a specified impedance in the line at the source. You
only have to enter the line length. Section (3) lets you find line lengths
needed, for shorted or open lines, to get desired inductive or capacitive
reactances.

Probabilities.mcd — Probability of Detection

It's very useful to be able to find the probability of errorless detection,
or the probability of error, of sending a sequence of a particular number of
bits over a transmission system. You can do this, when the probability of
error of each bit is known, using this worksheet. You can also find from
the worksheet how much an error-correcting code can improve (reduce)
the probability of error. The calculations use the Hamming bound for the
minimum number of code letters required to correct all errors up to a
given number.

The worksheet states that because of the increase of error-correcting
bits in the sent message, the time to send the information is increased
when bit rate is constant. Increasing the bit rate to bring the information
rate up to its value without error correction entails increased bandwidth
and a consequential reduction of signal-to-noise ratio. The effect on bit
error rate depends on the type of modulation used and, when the new
probability of bit error is known, you can input it to the data sheet and get
a better solution for the probability of error with error-correction coding.

The worksheet also calcul ates the probability of false alarms. False
alarms occur when noise changes received bits so that a randomly received
sequenceisidentical to an expected message when this message is not
being sent.
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A common way to improve the probability of detection of messages
without using error-correction coding is to send the same message con-
secutively several times. You can see the degree of improvement of the
probability of detection from the repetition of messages from the results
displayed in the last section of the worksheet.

S-parameters.mcd — S-Parameters

Often manufacturers of active and passive components provide sets of
s-parameters, which range over bands of operating frequencies and biasing
currents and voltages. By plugging the relevant set of s-parametersinto
this worksheet, you can find the input and output impedances that you
need to design the matching networks for these devices. The worksheet
finds reflection coefficients and input and output impedances according to
the corresponding load or source impedances applied to the components.
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CHAPTER

Introduction

1.1 Historical Perspective

A limited number of short-range radio applications were in use in the
1970s. The garage door opener was one of them. An L-C tuned circuit
oscillator transmitter and superregenerative receiver made up the system.
It suffered from frequency drift and susceptibility to interference, which
caused the door to open apparently at random, leaving the premises
unprotected. Similar systems are till in use today, although radio technol -
ogy has advanced tremendously. Even with greatly improved circuits and
techniques, wireless replacements for wired applications—in security
systems for example—still suffer from the belief that wirelessisless
reliable than wired and that cost differentials are too great to bring about
the revolution that cellular radio has brought to telephone communication.

Few people will dispute the assertion that cellular radio isin aclass
with asmall number of other technological advancements—including the
proliferation of electric power in the late 19th century, mass production of
the automobile, and the invention of the transistor—that have profoundly
affected human lifestyle in the last century. Another development in
el ectronic communication within the last 10 or so years has al so impacted
our society—satellite communication—and its impact is coming even
closer to home with the spread of direct broadcast satellite television
transmissions.

That wireless techniques have such an overwhelming reception is not
at all surprising. After all, the wires really have no intrinsic use. They only
tie us down and we would gladly do without them if we could still get
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reliable operation at an acceptable price. Cellular radio today is of lower
quality, lower reliability, and higher price generally than wired telephone,
but its acceptance by the public is nothing less than phenomenal. Imagine
the consequences to lifestyle when electric power is able to be distributed
without wires!

Considering the ever-increasing influence of wireless systemsin
society, this book was written to give a basic but comprehensive under-
standing of radio communication to a wide base of technically oriented
people who either have a curiosity to know how wireless works, or who
will contribute to expanding its uses. While most chapters of the book will
be a gateway, or even a prerequisite, to understanding the basics of all
forms of radio communication, including satellite and cellular systems, the
emphasis and implementations are aimed at what are generally defined as
short-range or low-power wireless applications. These applications are
undergoing afast rate of expansion, in large part due to the technological
fall-out of the cellular radio revolution.

1.2 Reasons for the Spread of Wireless Applications

One might think that there would be alimit to the spread of wireless
applications and the increase in their use, since the radio spectrum isa
fixed entity and it tends to be depleted as more and more use is made of it.
In addition, price and size limitations should restrict proliferation of wire
replacement devices. However, technological developments defy these
axioms.

= We now can employ higher and higher frequencies in the spectrum
whose use was previoudy impossible or very expensive. In particu-
lar, solid-state devices have recently been devel oped to amplify at
millimeter wavelengths, or tens of gigahertz. Efficient, compact
antennas are a so available, such as planar antennas, which are often
used in short-range devices. The development of surface acoustic
wave (SAW) frequency-determining components allow generation
of UHF frequencies with very smple circuits.

= Digital modulation techniques are replacing the analog methods of
previous years, permitting a multiplication of the number of
communication channels that can occupy a given bandwidth.
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We have seen much progress in circuit miniaturization. Hybrid
integrated circuits, combining analog and digital functions on one
chip, and radio-frequency integrated circuits are to alarge part
responsible for the amazingly compact size of cellular telephone
handsets. This miniaturization is not only a question of conve-
nience, but also a necessity for efficient design of very
short-wavelength circuits.

1.3 Characteristics of Short-range Radio

“Short-range” and “low-power” are both relative terms, and their scope
must be asserted in order to see the focus of this book. Hardly any of the
applications that we will discuss will have all of these characteristics, but
all of them will have some of the following features:

RF power output of several microwatts up to 100 milliwatts

Communication range of several centimeters up to several
hundred meters

Principally indoor operation
Omnidirectional, built-in antennas

Simple construction and relatively low price in the range of con-
sumer appliances

Unlicensed operation
Noncritical bandwidth specifications
UHF operation

Battery-operated transmitter or receiver

Our focus on implementation excludes cellular radios and wireless
telephones, although an understanding of the material in this book will
give the reader greater comprehension of the principles of operation of
those ubiquitous devices.
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Short-range radio applications

The following table lists some short-range radio applications and charac-
teristics that show the focus of this text.

Application Frequencies (MH?z) Characteristics

Security Systems 300-500, 800, 900 | >mplicity, easy
installation
Emergency Medical Convenient carrying,
Alarms 300-500, 800 long battery life, reliable
Computer Accessories— High data rates, very
UHF

mouse, keyboard short range, low cost

RF ID (Ra.(hO Frequency 100 KHz — 2.4 GHz Very shF)IT range, active
Identification) or passive transponder

High continuous data
900 MHz, 2.4 GHz |rates, spread-spectrum
modulation, high price

Analog high-fidelity voice
VHF, UHF modulation, moderate
price

WLAN (Wireless Local
Area Network)

Wireless microphones;
Wireless Headphones

Mini tr itt
Keyless Entry—Gate Imature fransmittet,

UHF special coding to prevent
openers o
duplication
Wireless bar code 900 MHz, 2.4 GHz Industrial use, spr.ead
readers spectrum, expensive

A new direction in short-range applications is appearing in the form of
high-rate data communication devices for distances of several meters. This
is being developed by the Bluetooth consortium of telecommunication and
PC technology leaders for eliminating wiring between computers and
peripherals, as well as wireless internet access through cellular phones.
Mass production will eventually bring sophisticated communication
technology to a price consumers can afford, and fallout from this devel op-
ment will surely reach many of the applications in the table above,
improving their reliability and increasing their acceptance for replacing
wiring.
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1.4 Elements of Wireless Communication Systems

Figure 1-1 isablock diagram of a complete wireless system. Essentially
all elements of this system will be described in detail in the later chapters
of the book. A brief description of them is given below with special
reference to short-range applications.

TRANSMITTER

ANTENNA
DATA RF
SOURCE » MODULATOR » AMPLIFIER
7Y
POWER RF
SUPPLY SOURCE RADIO
CHANNEL
RECEIVER
ANTENNA
DETECTOR RF LNA
<— DOWNCONVERTER [«

!

UTILIZATION

POWER
SUPPLY

Figure 1-1: The Wireless System
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Data source

Thisisthe information to be conveyed from one side to the other. Each of
the devices listed in the table on page 4 has its own characteristic data
source, which may be analog or digital. In many of the cases the data may
be simple on/off information, asin a security intrusion detector, panic
button, or manually operated remote control unit. In this case, a change of
state of the datawill cause a message frame to be modulated on an RF
carrier wave. In its simplest form the message frame may look like Figure
1-2. An address field identifies the unit that is transmitting and the data
field conveys the specific information in on/off form. A parity bit or bits
may be appended to allow detecting fal se messages.

ADDRESSBITS DATA PARITY

Figure 1-2: Message Frame

Other digital devices have more complex messages. Computer acces-
sories and WLANS send continuous digital data over the short-range link.
These data are organized according to protocols that include sophisticated
error detection and correction techniques (see Chapter 10).

Audio devices such as wireless microphones and headsets send analog
data to the modulator. However, these data must be specially processed for
best performance over awireless channel. For FM transmission, which is
universally used for these devices, a preemphasis filter increases the high
frequencies before transmission so that, in the receiver, deemphasizing
these frequencies will also reduce high-frequency noise. Similarly, dy-
namic range is increased by the use of a compandor. In the transmitter
weak sounds are amplified more and strong signals are amplified less. The
opposite procedure in the receiver reduces background noise while return-
ing the weak sounds to their proper relative level, thus improving the
dynamic range.

A quite different aspect of the data source is the case for RFIDs. Here,
the data are not available in the transmitter but are added to the RF signal
in an intermediate receptor, called atransducer. See Figure 1-3. This
transducer may be passive or active, but in any case the originaly trans-
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HOST READER TAG

L A

<

Figure 1-3: RFID

mitted radio frequency is modified by the transducer and detected by a
receiver that deciphers the data added and passes it to a host computer.

Radio frequency generating section

This part of the transmitter consists of an RF source (oscillator or synthe-
sizer), amodulator, and an amplifier. In the simplest short-range devices,
all three functions may be included in acircuit of only one transistor.
Chapter 5 details some of the common configurations. Again RFIDs are
different from the other applications in that the modulation is carried out
remotely from the RF source.

RF conduction and radiation

Practically all short-range devices have built-in antennas, so their trans-
mission lines are relatively short and simple. However, particularly on the
higher frequencies, their lengths are a high enough percentage of wave-
length to affect the transmission efficiency of the transmitter. Chapter 3
discusses the transmission lines encountered in short-range systems and
the importance and techniques of proper matching. The antennas of short-
range devices al so distinguish them from other radio applications. They
must be small—often afraction of a wavelength—and omnidirectional for
mMost Uses.



Chapter One

Radio channel

By definition, the radio channel for short-range applications is short, and
for alarge part the equipment is used indoors. The allowed radio fre-
guency power isrelatively low and regulated by the telecommunication
authorities. Also, the devices are often operated while close to or attached
to a human (or animal) body, afact which affects the communication
performance. Reliable operating range is difficult to predict for these
systems, and lack of knowledge of the special propagation characteristics
of short-range radio by manufacturers, sellers, and users alike is a domi-
nating reason for its reputation as being unreliable. Short-range devices
are often used to replace hard wiring, so when similar performanceis
expected, the limitations of radio propagation compared to wires must be
accounted for in each application. Chapter 2 brings this problem into
perspective.

Receivers

Receivers have many similar blocks to transmitters, but their operation is
reversed. They have an antenna and transmission line, RF amplifiers, and
use oscillatorsin their operation. Weak signal signals intercepted by the
antenna are amplified above the circuit noise by alow noise amplifier
(LNA). The desired signal is separated from all the others and is shifted
lower in frequency in a downconverter, where it may be more effectively
amplified to the level required for demodulation, or detection. The detec-
tor fulfulls the ultimate purpose of the receiver; conversion of the data
source which was implanted on the RF wave in the transmitter back to its
original form.

While the transmitted power is limited by the authorities, receiver
sensitivity is not, so the most obvious way to improve system performance
is by improving the sensitivity and the selectivity to reduce interference
from unwanted sources. This must be done under constraints of physics,
cost, size, and often power consumption. Chapter 7 deals with these matters.
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An important factor in low-power system design, and sometimes a
controversia one, is the type of modulation to use. In the case of the
simpler systems—security and medical alarms, for example—the choiceis
between amplitude shift keying (ASK), parallel to amplitude modulation
in analog systems, and frequency shift keying (FSK), analogous to fre-
guency modulation (FM). In Chapter 4 we'll look at the pros and cons of
the two systems.

Power supplies

In most short-range devices, at least one side of the wireless link must be
completely untethered—that’s what wirelessis for! When sizeislimited,
asit isin hand-operated remote control transmitters and security detectors,
battery size and therefore energy islimited. The need to change batteries
often is not only highly inconvenient but also expensive, and thisisan
impediment to more widespread use of radio in place of wires. Thus, low-
current consumption is an important design aim for wireless devices. This
isusually harder to achieve for receivers than for transmitters. Many
short-range applications call for intermittent transmitter operation, in
security systems, for example. Transmitters can be kept in avery low-
current standby status until data needs to be sent. The receiver, on the
other hand, usually doesn’t know when data will be sent so it must be alert
all the time. Even so, there are techniques to reduce the receiver duty
cycle so that it doesn’t draw full current all the time. Another way to
reduce receiver power consumption isto operate it in a reduced power
standby mode, wherein operation goes to normal when the beginning of a
signal is detected. This method often entails reduced sensitivity, however.



Chapter One

1.5 Summary

Short-range radio is developing as an expanding and distinct adjunct to
wireless communication in general. While its basic operating characteris-
tics are the same as all radio systems, there are many features and specific
problems that justify dealing with it as a separate field. Among them are
low power, low cost, small size, battery operation, uncertainty of indoor
propagation, and unlicensed operation on crowded bands. The rest of this
book will delve into the operational and design specialties of short-range
radio communication from the electromagnetic propagation environment
through antennas, receivers and transmitters, regulations and standards,
and a bit of relevant information theory. The last chapter describes in
detail current developments that are bringing wireless to the home at an
unprecedented extent. Electronic worksheets contained on the accompany-
ing CD-ROM and referred to throughout the book can be used to work out
examples given in the text, and to help the reader solve his own specific
design problems.

10
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Radio Propagation

It isfitting to begin a book about wireless communication with alook at
the phenomena that lets us transfer information from one point to another
without any physical medium—the propagation of radio waves. If you want
to design an efficient radio communication system, even for operation
over relatively short distances, you should understand the behavior of the
wireless channel in the various surroundings where this communication is
to take place. While the use of “brute force”—increasing transmission
power—could overcome inordinate path losses, limitations imposed on
design by required battery life, or by regulatory authorities, make it
imperative to develop and deploy short-range radio systems using solu-
tions that a knowledge of radio propagation can give.

The overall behavior of radio waves is described by Maxwell’s equa-
tions. In 1873, the British physicist James Clerk Maxwell published his
Treatise on Electricity and Magnetism in which he presented a set of
equations that describe the nature of electromagnetic fields in terms of
gpace and time. Appendix 2-A gives a brief description of those equations.
Heinrich Rudolph Hertz performed experiments to confirm Maxwell’s
theory, which led to the development of wireless telegraph and radio.
Maxwell’s equations form the basis for describing the propagation of
radio waves in space, as well as the nature of varying electric and mag-
netic fields in conducting and insulating materials, and the flow of waves
in waveguides. From them, you can derive the skin effect equation and
the electric and magnetic field relationships very close to antennas of all
kinds. A number of computer programs on the market, based on the
solution of Maxwell’s equations, help in the design of antennas, anticipate

11
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electromagnetic radiation problems from circuit board layouts, calculate
the effectiveness of shielding, and perform accurate simulation of ultra-
high-frequency and microwave circuits. While you don’'t have to be an
expert in Maxwell’s equations to use these programs (you do in order to
write them!), having some familiarity with the equations may take the
mystery out of the operation of the software and give an appreciation for its
range of application and limitations.

2.1 Mechanisms of Radio Wave Propagation

Radio waves can propagate from transmitter to receiver in four ways:
through ground waves, sky waves, free space waves, and open field waves.

Ground waves exist only for vertical polarization, produced by vertical
antennas, when the transmitting and receiving antennas are close to the
surface of the earth (see Polarization under Section 3.2 in Chapter 3). The
transmitted radiation induces currents in the earth, and the waves travel
over the earth’s surface, being attenuated according to the energy absorbed
by the conducting earth. The reason that horizontal antennas are not
effective for ground wave propagation is that the horizontal electric field
that they create is short circuited by the earth. Ground wave propagation is
dominant only at relatively low frequencies, up to afew MHz, so it
needn’t concern us here.

Sky wave propagation is dependent on reflection from the ionosphere,
aregion of rarified air high above the earth’s surface that is ionized by
sunlight (primarily ultraviolet radiation). The ionosphere is responsible for
long-distance communication in the high-frequency bands between 3 and
30 MHz. It is very dependent on time of day, season, longitude on the
earth, and the multi-year cyclic production of sunspots on the sun. It
makes possible long-range communication using very low-power trans-
mitters. Most short-range communication applications that we deal with in
this book use VHF, UHF, and microwave bands, generally above 40 MHz.
There are times when ionospheric reflection occurs at the low end of this
range, and then sky wave propagation can be responsible for interference
from signals originating hundreds of kilometers away. However, in gen-
era, sky wave propagation does not affect the short-range radio applications
that we are interested in.

12



Radio Propagation

The most important propagation mechanism for short-range communi-
cation on the VHF and UHF bands is that which occurs in an open field,
where the received signal is avector sum of adirect line-of-sight signal
and asignal from the same source that is reflected off the earth. We
discuss below the relationship between signal strength and range in line-
of-sight and open-field topographies.

The range of line-of-sight signals, when there are no reflections from
the earth or ionosphere, is afunction of the dispersion of the waves from
the transmitter antenna. In this free-space case the signal strength de-
creases in inverse proportion to the distance away from the transmitter
antenna. When the radiated power is known, the field strength is given by
equation (2-1):

30[PR [G
E=-NT" "t (2-1)
d
where P, is the transmitted power, G, is the antenna gain, and d isthe
distance. When P, isin watts and d is in meters, E is voltsmeter.

To find the power at the receiver (P,) when the power into the
transmitter antennais known, use (2-2):

PG,G \?
P - _t—t—r
" (4ma)’ (2-2)

G, and G, arethe transmitter and receiver antenna gains, and A isthe
wavel ength.

Range can be calculated on this basis at high UHF and microwave
frequencies when high-gain antennas are used, located many wavel engths
above the ground. Signal strength between the earth and a satellite, and
between satellites, also follows the inverse distance law, but this caseisn’t
in the category of short-range communication! At microwave frequencies,
signal strength is also reduced by atmospheric absorption caused by water
vapor and other gases that constitute the air.

13
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2.2 Open Field Propagation

Although the formulas in the previous section are useful in some circum-
stances, the actual range of aVHF or UHF signal is affected by reflections
from the ground and surrounding objects. The path lengths of the reflected
signas differ from that of the line-of-sight signal, so the recelver seesa
combined signal with components having different amplitudes and phases.
The reflection causes a phase reversal. A reflected signal having a path
length exceeding the line-of-sight distance by exactly the signal wave-
length or amultiple of it will aimost cancel completely the desired signal
(“almost” because its amplitude will be slightly less than the direct signal
amplitude). On the other hand, if the path length of the reflected signal
differs exactly by an odd multiple of half the wavelength, the total signal
will be strengthened by “almost” two times the free space direct signal.

In an open field with flat terrain there will be no reflections except the
unavoidable one from the ground. It isinstructive and useful to examinein

depth the field strength versus distance in this case. The mathematical details

are given in the Mathcad worksheet “ Open Field Range”

In Figure 2-1 we see transmitter and receiver antennas separated by
distance d and situated at heights h, and h,. Using trigonometry, we can
find the line of sight and reflected signal path lengths d, and d,. Just asin
optics, the angle of incidence equals the angle of reflection 6. We get the
relative strength of the direct signal and reflected signal using the inverse
path length relationship. If the ground were a perfect mirror, the relative
reflected signal strength would exactly equal the inverse of d,. In this case,
the reflected signal phase would shift 180 degrees at the point of reflec-
tion. However, the ground is not a perfect reflector. Its characteristicsas a
reflector depend on its conductivity, permittivity, the polarization of the
signal and its angle of incidence. In the Mathcad worksheet we have
accounted for polarization, angle of incidence, and permittivity to find the
reflection coefficient, which approaches —1 as the distance from the
transmitter increases. The signals reaching the receiver are represented as
complex numbers since they have both phase and amplitude. The phaseis
found by subtracting the largest interval of whole wavelength multiples
from the total path length and multiplying the remaining fraction of a
wavelength by 2mtradians, or 360 degrees.
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Figure 2-1: Open Field Signal Paths
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Figure 2-2: Field Strength vs. Range at 300 MHz

Figure 2-2 gives aplot of relative open field signal strength versus
distance using the following parameters:

Polarity — horizontal

Frequency — 300 MHz

Antenna heights — both 3 meters
Relative ground permittivity — 15

Also shown isaplot of free space field strength versus distance (dotted
line). In both plots, signal strength is referenced to the free space field
strength at arange of 3 meters.
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Notice in Figure 2-2 that, up to arange of around 50 meters, there
are several sharp depressions of field strength, but the signal strength is
mostly higher than it would be in free space. Beyond 100 meters, signal
strength decreases more rapidly than for the free space model. Whereas
there is an inverse distance law for free space, in the open field beyond
100 meters (for these parameters) the signal strength follows an inverse
square law. Increasing the antenna heights extends the distance at which
the inverse square law starts to take effect. This distance, d,,, can be
approximated by

d,, = (12 x h, x hy)/A (2-3)

where h, and h, are the transmitting and receiving antenna heights above
ground and A is the wavelength, al in the same units as the distance d,,

In plotting Figure 2-2, we assumed horizontal polarization. Both
antenna heights, h, and h,, are 3 meters. When vertical polarization is
used, the extreme local variations of signal strengths up to around 50
meters are reduced, because the ground reflection coefficient isless at
larger reflection angles. However, for both polarizations, the inverse
square law comes into effect at approximately the same distance. This
distancein Figure 2-2 where A is 1 meter is, from equation (2-3):

d,, = (12 x 3 x 3)/A = 108 meters. In Figure 2-2 we see that thisis
approximately the distance where the open-field field strength falls
below the free-space field strength.

2.3 Diffraction

Diffraction is a propagation mechanism that permits wireless communica-
tion between points where there is no line-of-sight path due to obstacles
that are opaque to radio waves. For example, diffraction makesit possible
to communicate around the earth’s curvature, as well as beyond hills and
obstructions. It also fills in the spaces around obstacles when short-range
radio is used inside buildings. Figure 2-3 is anillustration of diffraction
geometries, showing an obstacle whose extremity has the shape of aknife
edge. The obstacle should be seen as a half plane whose dimension is
infinite into and out of the paper. The field strength at a receiving point
relative to the free-space field strength without the obstacle is the diffrac-
tion gain. The phenomenon of diffraction is due to the fact that each point
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Figure 2-3: Knife-edge Diffraction Geometry
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on the wave front emanating from the transmitter is a source of a second-
ary wave emission. Thus, at the knife edge of the obstacle, as shown in
Figure 2-3a, thereisradiation in al directions, including into the shadow.

The diffraction gain depends in a rather complicated way on a param-
eter that is afunction of transmitter and receiver distances from the
obstacle, d, and d,, the obstacle dimension h, and the wavelength. Think
of the effect of diffraction in an open space in a building where a wide
metal barrier extending from floor to ceiling exists between the transmitter
and the receiver. In our example, the space is 12 meters wide and the
barrier is 6 meters wide, extending to the right side. When the transmitter
and receiver locations are fixed on aline at aright angle to the barrier, the
field strength at the receiver depends on the perpendicular distance from
the line-of-sight path to the barrier’s edge. Figure 2-4 isaplot of diffraction
gain when transmitter and receiver are each 10 meters from the edge of the

17



Chapter Two

10

2 0 b~ Av, T~

g \

Z

© -10 ; \

=

3 \

é -20 \_\

a j ; \’\_,\
—30-g -4 -2 0 2 4 6

"h" METERS

Figure 2-4: Example Plot of Diffraction Gain vs. “h”

obstruction and on either side of it. The dimension “h” varies between —6
meters and 6 meters—that is, from the |eft side of the space where the
dimension “h” is considered negative, to the right side where “h” is positive
and fully in the shadow of the barrier. Transmission frequency for the plot is
300 MHz. Note that the barrier affects the received signal strength even
when thereis aclear line of sight between the transmitter and receiver (“h”
is negative as shown in Figure 2-3b). When the barrier edge is on the line of
sight, diffraction gain is approximately —6 dB, and as the line-of-sight path
gets farther from the barrier (to the left in this example), the signal strength
variesin acyclic manner around O dB gain. Asthe path from transmitter to
receiver gets farther from the barrier edge into the shadow, the signal attenu-
ation increases progressively.

Admittedly, the situation depicted in Figure 2-4 isidedlistic, since it !.
deals with only one barrier of very large extent. Normally there are severd
partitions and other obstacles near or between the line of sight path and a
calculation of the diffraction gain would be very complicated, if not impos-

sible. However, a knowledge of the idealistic behavior of the defraction gain

and its dependence on distance and frequency can give qualitative insight.

The Mathcad worksheet “Defraction” lets you see how the various param-

eters affect the defraction gain.
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2.4 Scattering

A third mechanism affecting path loss, after reflection and diffraction, is
scattering. Rough surfaces in the vicinity of the transmitter do not reflect
the signal cleanly in the direction determined by the incident angle, but
diffuseit, or scatter it in all directions. As aresult, the receiver has access
to additional radiation and path loss may be less than it would be from
considering reflection and diffraction alone.

The degree of roughness of a surface and the amount of scattering it
produces depends on the height of the protuberances on the surface com-
pared to a function of the wavelength and the angle of incidence. The
critical surface height h, is given by [Gibson, p. 360]

A
8cos6,

= (2-4)
where A is the wavelength and 6, is the angle of incidence. It isthe

dividing line between smooth and rough surfaces when applied to the

difference between the maximum and the minimum protuberances.

2.5 Path Loss

The numerical path lossisthe ratio of the total radiated power from a
transmitter antenna times the numerical gain of the antennain the direc-
tion of the receiver to the power available at the receiver antenna. Thisis
the ratio of the transmitter power delivered to alossless antenna with
numerical gain of 1 (0 dB) to that at the output of a0 dB gain receiver
antenna. Sometimes, for clarity, theratio is called the isotropic path loss.
An isotropic radiator is an ideal antennathat radiates equally in all direc-
tions and therefore has again of 0 dB. Theinverse path lossratio is
sometimes more convenient to use. It is called the path gain and when
expressed in decibels is a negative quantity. In free space, the isotropic
path gain PG is derived from (2-2), resulting 