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Preface

Every technical book that is written has a definite lifetime. This is true if it is a
highly theoretical book or a book such as this one, which simplifies a highly
technical field. This is why you see first editions, second editions, and so on.
There is nothing wrong with this arrangement and it actually is a natural pro-
gression since it keeps the reader up-to-date with the most recent advances in
a particular field.

The first edition of this book was published in 1998 and such chapters as
Chapters 2, 5, and 6 (Microwave Applications, Solid State Devices, and
Microwave Materials, respectively) were based on what technology was avail-
able in 1998. This is now the twenty-first century, however, and many things
have changed since 1998. Chapters 2, 5, and 6 are the focus of this second edi-
tion, but Chapters 1, 3, and 4 are also revised to make the field of microwaves
much more understandable to anyone who is not a microwave technician or
engineer. That has always been the objective of Microwaves and Wireless Sim-
plified—to present an easily understandable explanation of the topics of
microwaves and wireless communications to anyone in marketing or adver-
tising or to anyone who just wants to know more about the subjects.



Chapter 1 has some clarification of microwave points and terms to bring
them up-to-date with the rest of the book. Chapter 2 includes many applica-
tions such as wireless local area networks (WLAN), radio frequency identifica-
tion (RFID), and a section on the global positioning system (GPS).

Chapter 3 now includes a section on waveguide and its applications in
microwaves. Chapter 4 is expanded to include typical data sheets for each of
the components that have been presented. When you see what each of the
parameters are and what their definitions are, the components mean even
more to you.

Chapter 5 expands solid-state technology to the twenty-first century to
include heterojunction bipolar transistors, radio frequency integrated circuits
(RFICs), and microelectromechanical systems (MEMS). Chapter 6 updates
materials for the twenty-first century. The Glossary has also been expanded
to include many more terms defined in down-to-earth, everyday language.

With the additions and deletions presented in this second edition, you
will have at your fingertips a reference book that will give you all of the infor-
mation on microwaves and wireless components and systems to allow you to
be very familiar with each of the topics.
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1
Introduction

In instructional materials, the term simple is often tossed around loosely.
Sometimes it may mean that fewer equations are used than in a typical text-
book or paper. Other times, it may mean that the subject is easily understood
by the author. But what does simple really mean? If you looked up the term in
a dictionary, you might find this definition: “not complex or complicated;
easily understood; intelligible, clear.”

For a subject, especially a technical subject like microwaves, to be made
truly simple, it must satisfy all the properties listed in the foregoing defini-
tion. That is what this book sets about to do, in down-to-earth, understand-
able language. And it does so with absolutely no mathematics or formulas of
any kind. Now, that is really simple.

The topics of microwaves, in general, and wireless technology, in particu-
lar, generally are thought of as having a certain air of mystery to them. It is
thought that to completely understand the phenomenon of high-frequency
circuits it is necessary to have a large mathematical background. That is not
the case. Microwaves can be understood by anyone who wants to learn about
the subject. The only prerequisite is the desire to learn.
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The first step in learning about microwaves is being able to define the
word microwave in very easily understood terms, that is: “A radiowave oper-
ating in the frequency range of 500 MHz to 20 GHz that requires printed cir-
cuit components be used instead of conventional lumped components.”

That definition shows that microwaves need to be treated differently
from low-frequency circuits. First of all, the terms megahertz (MHz) and
gigahertz (GHz) indicate frequency in cycles per second (hertz). The term
mega (designated as 106) means that the signal is traveling at a certain number
of million times per second. The term giga (designated as 109) means the sig-
nal is traveling at a certain number of billion times per second. Thus, you can
see that the frequencies we are working with are very high.

To understand how high the frequencies are, let us look at some common
designations for frequency ranges. The first is very high frequency (VHF). This
frequency range is 30 to 300 MHz. This range does not fit the range we
described earlier for microwave application, but it is one that is familiar to
many people because television is in this frequency range. Another common
designation to many people is ultra-high frequency (UHF), which is also a
range in which some television channels are located. This frequency range is
0.3 to 3 GHz. You can see that the upper end of this range is well within the
frequency range that we designated for microwaves (500 MHz to 20 GHz).
Another range that takes in most of the frequency range for microwaves is
super-high frequency (SHF), which is 3 to 30 GHz. Thus, we have taken into
consideration the frequency designations for the microwave and wireless
spectrums that we will be discussing throughout this book.

The lumped circuits referred to in the definition are the carbon resistors,
mica capacitors, and small inductors you see in your AM-FM radio or televi-
sion set. The reason those components cannot be used is a phenomenon
called skin effect, which is the concept that high frequency energy travels only
on the outside skin of a conductor and does not penetrate into it any great
distance. The concept of skin effect can best be understood by the following
example. If you tie a string to a ball and then twirl the ball around your head
at a slow speed, you will see that the ball just sort of lumbers around and stays
fairly close to your head as you spin it around. If you spin it faster and faster,
it begins to stretch out and be straight out away from your head and body.
The force that causes that to happen is centrifugal force.

2 Microwaves and Wireless Simplified



Now, let us relate the speed of the ball to frequency (slow speed is low fre-
quency, high speed is high frequency). As the frequency gets higher, a centrif-
ugal force also is present. The force is inductance that is set up in the
transmission line simply because a current is flowing in that transmission
line. This force, which we refer to as a microwave centrifugal force, keeps the
energy from penetrating the surface of the transmission line and makes it fol-
low a path along the skin of the line rather than down into the entire
cross-sectional area, as in low-frequency circuits. Thus, we have a skin effect
which determines the properties of microwave signals.

Corresponding to the idea of skin effect is a term called skin depth. This is
how far the microwave energy actually penetrates a conductor. This depth is
dependent on the material being used and on the frequency at which you are
operating. For example, the skin depth in copper at 10 GHz is 0.000025 inch;
for aluminum at 10 GHz, it is 0.000031 inch; for silver, it is 0.000023 inch;
and for gold, it is 0.000019 inch. Thus, it can be seen that the energy truly
does travel along the top edge of the metal. This can be emphasized even
more when you consider that for a microwave circuit board with copper on
it, the thickness of the copper is 0.0014 inch (this is for 1 oz of copper, which
will be further explained in Chapter 6).

Since the high-frequency signals and transmission lines do not allow
energy to penetrate very far into a conductor, it makes no sense to have round
(radial) wire leads on components for microwave applications. The energy
would travel only on the skin of the lead and be very inefficient. That is why
you see ribbon leads or no leads with solder termination points on most
microwave components. It also is why you do not see many physical compo-
nents on a microwave circuit board. They are there, but they are distributed
over a large, thin area and result in the same values as a lumped device that
would be used at lower frequencies; hence, the term distributed element com-
ponents. Those components are what prompt many people to look at a
microwave circuit and ask, “Where are all the parts?” With these facts in
mind, we can see that microwaves are high-frequency waves that require spe-
cial circuit-fabrication techniques.

With a definition set forth, it now is time to get into the terminology of
microwaves and wireless technology, that is, the jargon and the buzz words
used by those in the microwave field.
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The first term we will look at is decibel (dB). A decibel, which is a relative
term with no units, is a ratio of two powers (or voltages). The decibel value
can be positive (gain) or negative (loss). If an output power of a device (or
system) is measured, an input power is measured, the ratio of the two taken,
and the log of the ratio is multiplied by 10, you have a decibel value for that
particular gain or loss. (When using voltages, the multiplication factor is 20.)
The term decibel tells you only how much a device increases or decreases a
power or voltage level. It does not tell you what that power or voltage level
actually is. That is valuable in determining a system’s overall gain or loss. For
example, if we had a filter with a 2-dB loss, an amplifier with a 20-dB gain, an
attenuator with a 6-dB loss, and another amplifier with a 12-dB gain, the
overall setup (or system) would have a +24-dB gain (Figure 1.1). The value is
found simply by adding the positive decibels (+32), then the negative deci-
bels (−8), and taking the difference (+24).

Whereas decibel is a relative term, decibels referred to milliwatts (dBm)
is an absolute number, that is, decibels referred to milliwatts are specific pow-
ers (milliwatts, watts, and so forth). To determine decibels referred to
milliwatts you need only one power. If you have a power of 10 mW (0.010W),
for example, you would take that power, divide it by 1 mW, take the log of the
result, and multiply it by 10 (+10 dBm, in this case). As can be seen, the value
of +10 dBm tells you that a definite 10 mW of power are available from a
source or are being read at a specific point. That differs greatly from +10 dB,
which only means that there is a gain of 10 dB (gain of 10). So whenever you
require absolute power readings, use decibels referred to milliwatts.

To help to understand decibels referred to milliwatts and some of the
powers associated with them, see Table 1.1. The table shows five values of
decibels referred to milliwatts and the powers associated with them.

4 Microwaves and Wireless Simplified

Filter +20 dB -6 dB +12 dB

-2 dB Attenuator

Net gain of +24 dB

Figure 1.1 An illustration of decibels.



The terms decibels and decibels referred to milliwatts can be used
together, as illustrated in Figure 1.2. In the figure, there is an overall gain
of +14 dB. You can also see that we are applying a +10-dBm signal at the
input. By following the decibel and decibel-referred-to-milliwatt levels
throughout, you can see that the output is +24 dBm, which is exactly 14 dBm
higher than the input, just as it was when we were working only with decibels.
Thus, it is shown that decibels and decibels referred to milliwatts can be used
together.

A third term you should be familiar with is characteristic impedance.
When you think of impedance, think of something in the way. A running
back in football is impeded by a group of 300-pound defensive linemen; an
accident on the freeway impedes the flow of traffic; and alcohol impedes
one’s driving skills. All these examples show some parameter in the way of
normal operations. Characteristic impedance is an impedance (in ohms) that
determines the flow of high-frequency energy in a system or through a
transmission line. The characteristic impedance most often used in
high-frequency applications is 50Ω. This value is a dynamic impedance in that
it is not an ohmic value measured with an ohmmeter but rather an
alternating-current (ac) impedance, which depends on the characteristics of
the transmission line or component being used. You would not, for example,
place an ohmmeter between the center conductor and the outer shield of a
coaxial cable and measure anything but an open circuit. (A coaxial cable is a
transmission line with a center conductor surrounded by a dielectric material

Introduction 5

+10 dBm +9 dBm +19 dBm +31 dBm +26 dBm +24 dBm

-1 dB -5 dB -2 dB+10 dB +12 dB

Figure 1.2 Decibels and decibels referred to milliwatts.

Table 1.1
Sample Values of Decibels Referred to Milliwatts

Power 10 µW 100 µW 1 mW 10 mW 100 mW
dBm −20 −10 0 +10 +20



and an outer shield. This type of transmission line is covered in detail in
Chapter 3). Similarly, measuring with an ohmmeter from the conductor of a
microstrip transmission to its ground plane would yield the same result. (A
microstrip transmission line is a printed line on one side of a printed circuit
board with a complete ground on the other. This type of transmission line
also is covered in Chapter 3). This should reinforce the idea that a
characteristic impedance is not a direct-current (dc) parameter but one that
“characterizes” the system or transmission line at the frequencies with which
it is designed to work.

We have mentioned earlier that the characteristic impedance most often
used in high-frequency applications is 50Ω. The question that comes about
is: Where does this 50-Ω figure come from? To understand how this value
was reached, you need to look at Figure 1.3. It can be seen from this chart that

6 Microwaves and Wireless Simplified
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the maximum power handling capability of a particular transmission line or
system is 30Ω, while the lowest attenuation for a transmission line or system
is 77Ω. The ideal characteristic impedance, therefore, is a compromise
between these two values, or 50Ω. Thus, you can see that this is not an arbi-
trary number, but one that has some semblance of order to it.

Another point to be brought out for this parameter is that the value of
characteristic impedance is the same at the input of a transmission line or
device as it is 30 cm away, 1m away, or 1 km away. It is a constant that can be
relied on to produce predictable results in your system.

The term voltage standing wave ratio (VSWR) is used to characterize
many areas of microwaves. It is a number between 1.0 and infinity. The best
value you can get for the VSWR is 1:1 (notice that it is expressed as a ratio),
which is termed a matched condition. (A matched condition is one in which
systems have the same impedance, so no signals are reflected back to the
source of energy.) To understand the concept of a standing wave, consider a
rope tied to a post. If you hold the rope in your hand and flip your wrist up
and down, you see a wave going down the rope to the post. If the post and the
rope were matched to each other, the wave going down the rope would be
completely absorbed into the post and you would not see it again. In reality,
however, the post and the rope are not matched to each other and the wave
comes right back to your hand. If you could move the rope at a high enough
rate, you would have one wave going down the rope and one coming back at
the same time. That would result in the waves adding at some points and sub-
tracting at others. There would be a wave on the line that was “standing still,”
which is where the term standing wave comes about.

The amplitude of a standing wave depends on how well the output is
matched to the input. In high-frequency microwave applications, the stand-
ing wave ratio depends on the value of the impedance at the output of a trans-
mission line compared to the characteristic impedance of the transmission
line. It also can be shown that the standing wave ratio is a comparison of
the impedance at the input of a device compared to the impedance at the out-
put of the device that is driving it. A perfect match is indicated by no stand-
ing waves. A drastic mismatch like an open circuit or a short circuit shows a
large amplitude standing wave on the transmission line or device. That would
indicate a very large mismatch between devices or between the transmis-
sion line and the load that was at its output. Remember that the larger the
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mismatch, the larger the VSWR on the transmission line or at the input or
output of a device.

A term that goes along with standing wave ratio is return loss. The return
loss (in decibels) indicates the level of power being reflected from a device
due to a mismatch. If we have a perfect match between a transmission line
and a load at its output, very little, if any, power is reflected, and the differ-
ence between the input level and the reflected power is a large number of
decibels. If there is a short circuit or an open circuit at the output of the trans-
mission line, basically all the power is reflected back, and there is very little
difference in decibels between the two. Thus, the return loss for a matched, or
near-matched, condition is a large negative number of decibels; the value for
a large mismatch is basically 0 dB. It is important to point out that the return
loss is a negative number, because it is a loss. Sometimes it is difficult to
understand that we have a much better match in a circuit when we have a
higher value of return loss. Usually you do not want more loss in your cir-
cuits, but in this case, it is a good situation.

Another term used to describe a matched or mismatched condition in
microwaves is reflection coefficient. The reflection coefficient is the percentage
of power reflected from a mismatch at the end of a transmission line or at the
input or output of a circuit. If there is a perfectly matched condition, the
reflection coefficient is 0 (0%); if there is an open circuit or a short circuit at
the end of a transmission line, the reflection coefficient is 1 (100%). Any
mismatch condition between those two extremes is between 0 and 1. The
designation for the reflection coefficient is either ρ or Γ, depending on the
text you are using. This text uses ρ to designate reflection coefficient. So, if we
want to have a good match for a system or a transmission line, we want to
have a low reflection coefficient. If a high reflection coefficient appears, it is
an indication of a large mismatch somewhere and, consequently, a high
VSWR at that point.

Another term that comes into play with both microwaves and wireless
applications is wavelength. A wavelength is the length of one cycle of a signal,
as illustrated in Figure 1.4. Wavelength is designated by the symbol λ. As can
be seen in Figure 1.4, one wavelength is the distance between two points that
have a repeat value. If, for example, we measure 0.1V at one point on the
wave, one wavelength will be where the wave has 0.1V again. Values used
throughout high-frequency applications are λ/2 (half-wavelength) and λ/4
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(quarter-wavelength). Those terms are discussed in more detail later, but for
now we can say that a signal repeats itself every half-wavelength and is exactly
the opposite every quarter-wavelength. A 0V signal will be zero volts every
half-wavelength and maximum voltage every quarter-wavelength. The most
important point to remember about wavelengths is that you should always
look for points that have the same value to determine how long a wavelength
is. That does not necessarily need to be where the signal is at zero, although it
helps to get a good reference at those points.

A term concerning wavelength is frequency. This simply means how
many times the electromagnetic wave repeats itself in 1 second. As an exam-
ple, at the low end of the microwave spectrum, we have a frequency of 1.0
GHz. This says that the wave repeats itself 1,000 million times in 1 second (1
billion times per second). We have previously defined such terms concerning
frequency as gigahertz and megahertz, so we have now completed the defini-
tion and characterization of one of the more fundamental terms used in
microwaves and wireless technology: frequency.

A term that usually means you have a problem is short circuit. For
high-frequency work, however, a short circuit is an intentional condition, an
actual short circuit that has 0Ω if measured with a meter. A short circuit
comes in handy to establish an accurate reference point along transmission
lines. Care must be taken in the use of a short circuit for any application; it
still is a short to dc and will short your current to ground. Remember that a
short circuit is a short at 0 Hz (dc), at 1 kHz, at 10 MHz, at 20 GHz, and so on.
It is always a short, so remember to correct for it.

One term that is used often but usually not defined is wireless, which
means exactly what it says, “without wires.” In a wireless communications
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system, there is no physical connection between the transmitter and the
receiver. Although wireless technology is now a very large business, there is
nothing new about the concept. Think back to your childhood walkie talkies.
Nothing connected them other than air. They were (and still are) a wireless
communications system. We have come a long way past that application;
today, wireless local area networks (LANs), personal communication systems
(PCSs), pagers, and many other systems that have no connecting wires are
commonplace.

Three more terms are associated with many wireless applications: time
division multiple access (TDMA), frequency division multiple access (FDMA),
and code division multiple access (CDMA).

TDMA is a term used with many digital circuits in communications. It is
a time-sharing scheme in which stations are allocated specific time slots in
which to operate. Figure 1.5 shows the relationship of time and frequency for
TDMA operation. It can be seen that there are specific times for each system,
with guard times between so there is no interaction between stations. In a
TDMA scheme, each channel is assigned specific times to transmit and to
receive. During the times not allotted to them, they cannot perform their
assigned functions. That may sound serious, but remember that the times we
are talking about are not 10 minutes; they are in the millisecond and micro-
second range, so you will not see any interruption in your transmissions or
receptions.

The next term, FDMA, is illustrated in Figure 1.6. Using the same time
and frequency references as in Figure 1.5, Figure 1.6 shows that each station
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in the FDMA case is on all the time but is assigned certain frequencies in
which to operate. There also are spaces between stations in this scheme,
called guard bands, which serve the same purpose as the guard times in
TDMA. FDMA is the method with which most people are familiar (although
they may not realize it), because it is used for AM and FM radio and televi-
sion. Each station, or channel, is assigned a specific frequency on which to
transmit. The stations are on all the time at their assigned frequencies. There
also are bands between stations so you do not get an easy listening radio sta-
tion moving in on a rock station or a television sitcom interfering with the
evening news.

Finally, CDMA is the scheme used for spread spectrum secure communi-
cations systems. Figure 1.7 shows the same time and frequency references as
were used in Figures 1.5 and 1.6, but this time no specific time or frequency is
allocated. CDMA uses chips, which are specific times and frequencies. That is
where the concept of secure communications comes into effect. Usually, a
pseudorandom code is established at the transmitter and is received only by
those receivers that have the same code, so they can receive the signal and
demodulate it. This is an important part of the cellular telephone operation,
because it makes the telephones, and consequently your conversations,
secure, something not available in the first cellular telephones. In the early
days of cellular telephone operation, anyone with a regular scanner could
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pick up and listen in on a conversation. With a CDMA approach, conversa-
tions are secure.

Using the basic terms presented in this chapter, managers, marketing
personnel, and sales personnel should be able to converse with microwave
personnel to establish requirements for particular applications. Other terms
come up throughout the text, and they will be defined and explained as they
appear. There is also a glossary in the back of the text. Now it is time to get
into the actual microwave and wireless applications and operations.

Reference
[1] Laverghetta, T.S., Modern Microwave Measurements and Techniques,

Norwood, MA: Artech House, 1988.
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2
Microwave Applications

Now it is time to get into some common applications of microwave and wire-
less systems. When most people hear the term microwave, they immediately
think of microwave ovens. That is natural and perfectly all right, since micro-
wave ovens operate at 2.45 GHz, which is in the microwave and wireless fre-
quency band. Also, a microwave oven is a small variation of radar, an
application covered in this chapter. So, you can see how natural the asso-
ciation really is to someone who does not have a background in high
frequencies.

The microwave oven is a device with a high-power tube (magnetron)
that sends energy into food to be prepared. It does so by heating the moisture
inside the food. That is why the food cooks from the inside to the outside. If
you ever happened to put your finger on the center conductor of a coaxial
cable with microwave energy propagating along it, you would notice a white
mark on your finger. The mark would be below the skin, and the skin would
not be broken. The microwave energy would use the moisture in your body
and heat it to begin a cooking process below the skin. That is what happens
when you put food into a microwave oven and turn it on. (If you look for the
microwave oven on a microwave frequency chart, you will not find it desig-
nated as such. What you will find is a section called “microwave heating.”)
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Let us take a look at the electromagnetic spectrum and, in particular, the
microwave spectrum, to further understand what frequencies we are talking
about when we discuss applications or other aspects of microwaves. Figure
2.1 is a drawing of the electromagnetic spectrum. Notice that it covers a wide
range of frequencies, from a few megahertz to the visible light spectrum and
higher. You can see from this spectrum representation that there are many
applications for radio frequency (RF) and microwave signals. This chart
shows only a few of them. (Notice the absence of microwave ovens and no
reference to microwave heating. That is because this text concentrates on the
commercial applications of microwaves that are related to wireless technol-
ogy. The microwave oven certainly is not wireless, by any stretch of the
imagination).

Some of the more recognizable applications shown in Figure 2.1 are AM
and FM broadcast bands for radio, television channels, cellular phones, global
positioning systems (GPSs), PCSs, and direct broadcast satellites (DBSs). Each
of these applications has a different frequency of operation. That is, they
operate in an FDMA mode, for the most part. You will recall that, when in the
FDMA mode, a system operates over a specific band of frequencies all the
time. There is no time gap planned, and no time sharing of stations or chan-
nels. They are there all the time under normal operating conditions. Some
applications are TDMA devices, in which there is time sharing, and those will
be pointed out as we get to them.

The applications presented in this chapter are divided into three sections:
radar; telephones and telephone systems; and telecommunications, specifi-
cally wireless. Each type of application is presented and discussed in enough
detail to give the reader a general knowledge of each topic. Terms are pre-
sented and defined, and examples of each application are presented.

2.1 Radar

Until recently, whenever microwaves were mentioned, most people thought
either of the microwave oven (as we have said) or of radar. To some extent,
that perception has changed. Many radar applications with new variations
are being used everyday, for example, in the areas as medicine and collision
avoidance systems, to name only two. Actually, the term radar has taken on
different meanings as new and improved applications are found.
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The term radar was originally short for radio detection and ranging.
With the changing technology, the definition has been altered slightly to the
following: “an electromagnetic device for detecting the presence and location
of objects.” That is really a much more valid definition for radar in the mod-
ern world. The basic principle behind radar is that of a transmitter sending
out a very short duration pulse at a high power level. The pulse is controlled
by a pulse-forming network and begins the time sequence when it is trans-
mitted. The pulse strikes an object or target and reflects the energy back to the
radar receiver. The time it takes for the pulse to be transmitted, bounce off an
object, and be received determines the distance that object is away from the
radar antenna. The concept is illustrated in Figure 2.2.

An additional block in Figure 2.2 is the duplexer, or transmit/receive
(T/R) switch. The duplexer is a circuit that switches the antenna from the
transmitter to the receiver at the proper time so the signal can be transmitted
to perform its tasks without destroying the receiver in the process. At the
same time, the switch allows the very low level signal coming back from a
reflection to be sent to the receiver and not back into the transmitter. The
duplexer can be a physical switch or a series of transmission lines that per-
forms the switching functions. Such a switch is important for proper opera-
tion of the radar system, because it protects the system’s receiver.
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To further understand the concepts and operations of radar, it is neces-
sary to understand some of the terminology that is used to refer to the param-
eters of a system. The first term we will look at is continuous wave (CW). This
term, which is illustrated in Figure 2.3(a), refers to a signal that is on continu-
ously. As can be seen in the figure, there is no time that the signal is off. Basi-
cally, all signal generators use CW to supply signals to individual systems.
This type of signal is what is being generated in a lab when systems or compo-
nents are being tested, or when you want to test your television amplifier to
make sure it is still working. It is ideal for systems that need to have power to
them at all times.

The second type of transmission, shown in Figure 2.3(b), is the heart of a
radar system and what actually makes the whole concept work, the pulse. A
pulse type of signal supplies power for only very short amounts of time,
which allows for some very high powers. That usually is not possible with CW
systems, because it would take a lot to have megawatt powers that were on at
all times. Also, if the power is on all the time, there is a potential problem with
the components in the system being able to dissipate all that power. If, how-
ever, the signal is on only 5 to 10% of the time or less, it is possible to obtain
higher powers over a short duration. That is possible because either you have
a certain amount of energy available, spread it over a long period of time, and
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have it be a small amplitude, or you take the same amount of energy, have it
on for a short period of time, and have it be a much higher amplitude. That is
the idea behind the short-duration, high-amplitude pulse systems.

To understand a pulse system, you must be familiar with some terms.
The first is the pulse width, which is designated as τ, tells how long the signal is
on (in seconds, milliseconds, microseconds, and so forth). The pulse width is
an important term to know, since it determines the actual operation of the
pulsed system. How long the device actually is on helps to determine many
parameters for the entire system. A second term that goes along with the
pulse width is the pulse repetition rate (PRR) or, as it is called in some texts,
the pulse repetition frequency (PRF). The PRR, designated as “T” in Figure
2.3(b), tells you the amount of time between pulses, that is, how often the
pulses occur in your system.

With the two terms for a pulse defined, we now put those definitions
together to get a term that is used in all pulse applications, duty cycle. The
duty cycle is the ratio of the pulse width, τ, to the pulse repetition rate, T, that
is, τ/T. The duty cycle is the 5%, 6%, 7%, 10%, or whatever percentage of
time that the signal is actually present. Looking at it another way, it is the time
that the signal is actually doing something, or is on duty, compared to the
total amount of time available (between pulses). This parameter is a vital one
in the characterization of any radar system. It is the one that tells an operator
or a designer what the radar, or pulsed system, actually has available to do the
tasks necessary.

Another term that needs to be addressed is peak power, which is the
amount of power present at the top of the pulse. In Figure 2.3(b), the peak
power is the amplitude of the pulse over the duration, τ. Peak power usually is
quite high, but it is present for only a short period of time. You will see many
components characterized with both a peak power specifications and CW
power specifications. That is so you can use them in either application and
not have to worry about the power that is being applied.

When you have a pulse system, you also will be concerned with average
power. Average power is defined as the peak power multiplied by the duty
cycle. Look at Figure 2.3 again to see how that is the case. The power is avail-
able for the period of time that the pulse is on and is the peak power. The next
pulse that comes along also contributes to the average power of the system
and is also considered. Thus, the pulse repetition rate and the pulse width are
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needed. That, you will recall, is the duty cycle. So, the result is that the average
power is the peak power times the duty cycle.

The applications and functions of radar systems can be categorized as fol-
lows: search and warning, tracking and measurement, imaging (identifica-
tion), and control and communications.

2.1.1 Tracking and measurement applications
The tracking and measurement function of radar is the one most people
think of when they hear the word radar. It is the detection of a target (an air-
plane in the air, a land mass on a radar scope, and so forth) Such targets usu-
ally are struck many times by the signal because of the many scans by the
antenna. A typical area where you would notice a radar system is at an air-
port. It is especially noticeable at smaller airports, where the antennas are
much more visible and can be seen rotating. Larger airports have their anten-
nas, many of them protected by domes, in much more remote areas.

Another area where this type of radar system is visible is at docks. The
freighters, tankers, and cruise ships all have radar systems on them with
rotating antennas for navigation purposes. Also, most luxury crafts also have
their own radar systems with rotating antennas.

Measurement and tracking radars lock on to a target and track it for a
certain distance or for a certain time period. Military applications of radar
systems are for gun control and missile guidance. Imagine how difficult it
would be to aim a ship’s guns or missiles in the desert without radar systems.
It could be done, of course, but the accuracy would be practically nonexis-
tent. Many more international incidents would occur without this type of
guidance system. Figure 2.4 shows a typical tracking radar.

2.1.2 Imaging applications
Imaging radar operates by taking a single target from a large field of objects
and forming an image that is two- or three-dimensional in nature, usually in
azimuth and range coordinates (see Figures 2.5 and 2.6). This type of system
analyzes mechanical systems for stress and is used with very low power trans-
mitters for some medical applications. Such a scheme takes a tumor, for ex-
ample, and makes a three-dimensional picture of it to give doctors a much
better picture of what they are dealing with.
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Figure 2.5 Imaging radar.
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2.1.3 Doppler radar
We now look at a special-condition radar, Doppler. Doppler radar was origi-
nally conceived for areas with mountainous terrain, where it was difficult to
detect moving targets. Before the advent of Doppler radar, it was easy for an
aircraft to slip into a mountainous region and proceed virtually undetected to
a target. Conventional radar would not indicate a moving target, just a target,
which could be an actual airplane or one of the mountains.

You probably have encountered the Doppler effect on many occasions.
For example, when you stand at a train crossing and an incoming train blows
its whistle, you notice a change in the pitch of the sound as the train
approaches and then passes. If you can measure the change in pitch, you can
identify a target and tell its velocity. That is the principle behind police “speed
traps,” which use Doppler radar systems and are very accurate. Such systems
are difficult to detect in time for speeding drivers to slow down. Usually by
the time you have detected it with a radar detector, it is too late; the radar sys-
tem already has recorded your speed.

Doppler systems concentrate on moving targets. The signal is sent from
the radar transmitter at a certain frequency. When the signal strikes the tar-
get, it reflects it back to the receiver; the frequency that comes back to the
receiver determines the speed of the target. If the object (target) is moving
toward the receiver, the frequency appears to increase. Similarly, if the object
is moving away from the receiver, the frequency appears to decrease. By mea-
suring the change, certain parameters can be determined about the detected
object (range, speed, and so forth). Systems like these have many applications
on manufacturing assembly lines, in which the position and the speed of a
product coming down the line must be determined so certain operations are
performed at specific times and at specific locations.

The most common type of Doppler radar is the police radar. A basic dia-
gram of this type of radar is shown in Figure 2.7. A transmitter/receiver block
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in the police car or on the side of the road sends out the signal, which strikes
the moving automobile and returns to the receiver. The key term here is mov-
ing; Doppler systems cannot detect stationary objects. After detecting a mov-
ing vehicle, the Doppler system displays the speed of the car on a screen.
Figure 2.8 is a picture of a police radar device.

Another application of Doppler radar is the Doppler speedometer. The
antenna is under the vehicle, and the reflections return to the receiver and
indicate the distance moved and the time elapsed, that is, the velocity of the
vehicle. When the vehicle stops, the speedometer indicates zero. When the
vehicle moves, the speedometer indicates its relative velocity with respect to
the ground, which is exactly what a speedometer is supposed to do. Figure 2.9
shows the concept of such a device. When the car is being driven on a smooth
highway, the reflections are very accurate and give an accurate velocity for the
vehicle. Even on a country road, a Doppler speedometer cancels out most of
the extra reflections that may occur and still gives an accurate reading.

An application of Doppler radar that has been around for many years is
that of a collision avoidance system. This application seems to have had a dif-
ficult time finding acceptance within the automotive community and the
general public. For some reason, it has taken many years to have such a sys-
tem accepted by anyone. Even today, there are people who do not trust such a
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system to really provide collision avoidance. There are many variations of
this type of system, but the basic principle is as follows. The system sends out
a radar signal and monitors the distance between your car and the vehicle in
front of you. If the distance gets smaller, the system causes your vehicle to
slow down, thus avoiding a collision. The change in distance results in a pro-
portional change in frequency.

A variation of the collision avoidance scheme is being tested to detect
objects behind a vehicle when it is backing up. Such a system will detect tricy-
cles, toys, and, most important, children who may be playing in a driveway or
walking behind parked cars. The driver is warned in time to stop before strik-
ing an object or a person behind the car. This tremendous safety feature is
also an excellent device for construction equipment and large vehicles like
buses and trucks. This type of system is presently available in many vehicles
today, especially some of the larger SUVs. It has undoubtedly prevented
many mishaps in driveways, parking lots, and other locations.

Figure 2.10 shows another common object detection system. It is used on
doors and detects a person as that person approaches a door so that the door
will automatically open. (Previously this concept existed with floor mats that
would open the door, but the floor mats wore out very rapidly.) This is prob-
ably the most common type of object detection system and many times it is
taken for granted. Imagine what it would be like to go into a supermarket and
come out with a full basket of groceries and have to hold the door open for
yourself. Things are very easy for us, aren’t they?

A more recognizable application of the Doppler effect is weather radar to
predict the paths of severe weather, such as tornadoes and hurricanes.
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Doppler weather systems can spot a storm, track it, and allow weather
bureaus to warn and evacuate people before the storm arrives. The Doppler
system indicates the motion of the target (e.g., storm clouds). We all have
seen the displays on television of hurricanes as they develop in the Atlantic or
Pacific oceans and approach the mainland. It is interesting to look at the
intensities of the storms and watch them develop into full-scale hurricanes.
That would not be possible without the use of Doppler radar systems.

This same type of system also is valuable in the Midwest portion of the
United States. Particularly during the summer, a large number of tornadoes
occur in this area. Winds inside a tornado have been clocked upward to 300
mph. The movement is detected by the Doppler radar and indicated on a
screen. Appropriate warnings then can be sent out to the areas that will be
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affected by the storm, and lives can be saved. There probably will not be much
hope for property in the way, but that can be rebuilt.

These are but a few of the applications of radar. We have come a long way
from the radar systems designed to detect enemy planes and ships during
World War II. Radar systems have become sophisticated and are very much
in use for both civilian and commercial purposes. Think what an “adventure”
it would be to fly on a commercial airliner without the use of any radar
(weather radar, radar altimeters, navigation radar, and so forth). Not a par-
ticularly comforting thought, is it? The applications of radar reach into every
life in this country and the world, probably much more than any of us really
realizes.

2.2 Telephones and telephone systems

Stop and think what your average day would be like without a telephone. It
might be a lot quieter, but you probably would not get much accomplished,
and you would spend a lot more money on gasoline and airplane tickets to get
some things accomplished. Modify that thought a bit more and allow your-
self a telephone but take away your fax machine along with every other fax
machine in your company. Now, awaken from this nightmare because you
do have all these technological marvels at your fingertips. There are people
who abuse these devices, but telephones and fax machines make your life
much more productive and much easier than it may have been in the past.
Twenty-five to 30 years ago, you would have been laughed out of the room if
you had suggested that you could walk around the room with a telephone,
make a phone call from your car, or have teenagers with telephones walking
around a mall. Today, it is second nature to have those facilities available to
you. Now, most people ask for your fax number or your e-mail address as
much as for your telephone number. So, things change, and the telephone is a
large part of those changes.

The basic telephone has been written about many times and in many dif-
ferent ways. To bring the telephone into the realm of this text, we have to
mention only one term: cellular telephone. The cellular telephone is the
modern-day version of mobile communications. Mobile telephones actually
originated in the late 1940s but never found wide use because of the high cost
and the limited frequency allocation. In the 1970s, this last restriction was
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removed when the 800- to 900-MHz band was allocated for mobile commu-
nications. Also, as the technology has advanced, the cost of a mobile commu-
nications system (cellular telephone) has come down considerably.

The cellular concept can best be pictured as a group of automatically
switched relay stations. A populated area is divided into many small regions,
called cells. The cells are linked to a central location, called a mobile telephone
switching office (MTSO), which coordinates all incoming calls. Along with
coordinating calls between cell sites, the MTSO also generates time and bill-
ing information. A diagram of a cellular system is shown in Figure 2.11. This
simple diagram presents the basic blocks of a cellular system. Notice the cells
at the left of the diagram. Each cell has a transmitter/receiver combination in
it that is for a certain section of an area. The main block, the MTSO, is the
control area for the cellular telephone system. It is the unit that connects the
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caller to the party the caller is trying to contact. If the caller is moving (e.g., in
a car), the MTSO senses the level of the signals being used and automatically
switches the call to the appropriate cell so the transmission is completed with
the best clarity possible. The central office in Figure 2.11 provides the same
functions as the central office in a conventional telephone system, that is, it
provides a connection between one phone and another.

The cell site is actually a special transmitter/receiver combination.
Because it covers only a small geographical area, the unit is relatively low
power. That allows other cells to operate on the same frequency, since the
power is low enough that no interference occurs. This feature is important
since the many cells in an area would interfere with each other if it not for the
low power requirements placed on each cell. Thus, many cells can exist in a
geographical area, all operating at the same frequency and coexisting very
nicely. Figure 2.12 shows a cell site for cellular telephones.

The 800 to 900 MHz frequency band that has been allocated for cellular
telephone service ranges from 825 to 845 MHz and 870 to 890 MHz. For the
cellular phone, the lower end (825 to 845 MHz) is used for transmitting,
while the upper end (870 to 890 MHz) is used for receiving. At the base units
(cell sites), the frequencies are reversed. This approach is logical, because a
phone’s transmitter is the cell’s receiver and vice versa. Within the assigned
bands, 666 separate channels are assigned for voice and control, 333 in each
band. The bandwidth for each channel is 30 kHz.

A person making a cellular telephone call enters a local 7-digit number or
a long-distance 10-digit. The caller then presses the send button, which sends
data to a channel. From the cell site, the data are forwarded to the MTSO with
the cell site’s identification number. Once the MTSO detects that the cellular
phone is on the proper designated channel, the call is sent to the central office
and then to the “callee’s” phone. This sounds like a time-consuming order,
but it is accomplished in a very short period of time.

When a cellular phone’s signal strength decreases because of the distance
that has been traveled, the MTSO searches through the cells to find the one
with maximum strength and automatically switches the conversation. This
process is called a handoff and is a process that the user never sees or is even
aware of. You probably have encountered handoffs many times during cellu-
lar phone conversations and never even knew it was taking place. This is one
of the truly outstanding features that make cellular telephones so popular
and in demand. It would be very annoying during a phone conversation to
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have the signal fade and eventually disappear. A lot of business would not get
done, and a lot of marriages might not survive if that were the case.

Most cellular telephones are used in a local area where the phone is origi-
nally registered. When it is necessary to operate the phone outside that
selected area, the system must incorporate a scheme called roaming. Roaming
is possible only if the area you are in has cellular service and agreement has
been reached between telephone companies and their users. Many areas of
the country have roaming capability, thus extending the range of cellular sys-
tems greatly. Roaming is a handy feature for those who do a lot of traveling to
different parts of the country. Cellular telephone users who plan to travel
outside their local areas should check with their carriers to make sure all the
features they need are available. A little time spent checking things out before
you leave on a trip decreases the likelihood of frustration later on when you
try to make a call from your rental car that will not go through. Figure 2.13
shows a cellular telephone.

A further advance in the area of mobile communications in the
RF and microwave area is the personal communications network (PCN).
Figure 2.14 shows PCN equipment. A PCN is designed to operate independ-
ently as well as interface with the standard telephone system. PCNs operate in
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the 1.9 GHz frequency band. The transmitter/receiver units are designed to
be very small and have low-power outputs. That means more base stations
are required for PCNs than for the existing cellular telephone systems. A per-
sonal identification number (PIN) as a part of a PCN eliminates the need for
separate numbers at different locations (home, work, and so forth).

The telephone business has come a long way from the party line, which
assigned customers a specific number of rings. It also has come a long way
from the hand-cranked wall telephone, which required that an operator place
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calls for you. The concepts, however, have not changed, only the technology
that accomplishes them. Customers no longer have to count the number of
rings before they answer the phone; the coded rings are taken care of auto-
matically. Operators have been replaced by control stations that do the same
task, only much faster and, in some cases, more accurately. All that is done
with RF and microwave technology.

2.3 Telecommunications

Telecommunications is a term that is used to denote many things. Sometimes
it is used by people who really do not know what area of communica-
tions they mean. At other times, it is an impressive term to use. But what does
it really mean? The prefix, tele, means far off, distant, remote. Thus, the word
telecommunications refers to a process of communications over a long dis-
tance. For our purposes, we mean electronic communications (technically,
smoke signals and homing pigeons also could be categorized as modes of
telecommunications.) Older textbooks on telecommunications describe
them as communications over a wire. To some extent, that is still true today,
but a great deal of communications are carried over optical fibers and by
means of RF and microwave signals.

This text concentrates on the RF and microwave telecommunications.
We look at telecommunications as being the transmission and reception of
information over various distances by means of a microwave signal. In par-
ticular, we deal with applications that are termed wireless, a term that is
becoming more and more commonplace and that might well be the buzz
word of the 1990s as those technologies develop and thrive.

If you stop and think about it, wireless systems have been available for
many years. As was mentioned in Chapter 1, toy walkie talkies are wireless
because they use antennas and no interconnecting wires between transmitter
and receiver. Truckers have used citizens band (CB) radios for many years to
communicate with one another and with motorists. So, the idea of wireless
communications is not new by any means. It just has come of age and is
following the new technology and the public’s demands.

This section on telecommunications looks at some of the wireless appli-
cations that use RF and microwave signals and transmit them through the air
rather than propagate them along a coaxial transmission line or an optical
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fiber. The topics we cover are cordless telephones, personal communication
systems, and wireless LANs.

Just about everyone is familiar with cordless telephones (see Figure 2.15).
The idea of a telephone as a device that is wired into the wall has seen its day.
In a cordless telephone system, the base is connected to a conventional tele-
phone line and contains an RF transmitter/receiver that sends and receives
signals to and from the handset, which is not connected to the base and which
the user can carry around. The handset is battery operated and also contains
an RF transmitter/receiver so it can communicate with the base station. The
system operates very well (static-free operation and a clear, understandable
signal) when the handset is within 50 to 500 ft of the base. Of course, some
units do not even begin to approach those numbers, while others do it very
nicely.

One problem with some cordless telephones is that they are not secure. It
is possible for an unauthorized third party to listen in on conversations
taking place on analog-type cellular phones. Digital-type cellular phones
address that disadvantage, and their claim to fame is that they offer secure
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communications. Such security is accomplished by a technology developed
for military radios called spread spectrum. The transmission jumps (or hops)
between several frequencies, making the frequency being used difficult to
detect.

Another RF and microwave wireless communications system is the per-
sonal communications system (PCS). The idea behind a PCS is the ability to
reach people who are away from their desk, office, or wherever they normally
could be found. PCSs transmit on frequencies of 1,850 to 1,910 MHz and
receive on 1,930 to 1,990 MHz. A PCS allows the user to be contacted in vir-
tually any location. A commonplace example of a PCS is the pager. How
many people have you seen who have pagers attached to their belts, in their
purses, or in their briefcases? The number is probably uncountable. That is
because pagers have become absolutely necessary in this fast-paced work
world.

A pager is similar to a miniature cellular telephone (see Figure 2.16). The
major difference is that a cellular telephone transmits and receives in both
directions. The pager uses a one-way path; a message is transmitted to the
pager, where it is displayed for the user to act on. Usually that involves a tele-
phone call to the number listed on the display. Other times, a message is dis-
played, like “Happy Birthday” or “Meet you at the corner of State and 5th
Street at 4 p.m,” so no reply is required. The pager has become another very
important part of life for many people.
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The next application to be presented and investigated is the wireless
local-area network (WLAN). To understand the WLAN you must first know
something about its predecessor, the local area network (LAN). For some
time before the wireless craze came about, there were LANs. This is a group of
computers and associated devices that share a common communications
line, usually a coaxial cable (to be covered in Chapter 3). These networks span
a relatively short area such as a single building or group of buildings. These
LANs can be connected to other LANs over a greater distance by way of tele-
phone lines. This increases the coverage area greatly and offers much more
flexibility and ability to communicate with locations beyond the single build-
ing or group of buildings.

The WLAN is the next generation of the LANs. This has been defined as a
flexible data communications system implemented as an extension to, or an
alternative for, the wired LAN. So you can see that the WLAN is not a replace-
ment for the typical LAN, it is, rather, an enhancement of it.

Many areas have adopted the WLAN for improved mobility. Imagine
being able to take your computer anywhere you like and not be bound by
wire restrictions. That may not be completely the case, in particular the term
anywhere, but it is very close to being that easy. Of course, the area in which
you are working must be equipped with a wireless capability, but that is
becoming more and more prevalent in industry, on campuses and generally
throughout the world.

As we have said previously, one of the greatest advantages of WLANs is
the mobility factor of being able to move unrestricted to a desired location.
Installation speed is another advantage as well as installation flexibility, that
is, having the wireless network go where wires cannot go. Long-term cost
benefits are much better with wireless networks, although the initial costs
may be higher than those of a wired system.

Some of the people who can benefit from the WLAN are: medical per-
sonnel in hospitals using hand-held units to obtain information instantly,
students and professors on college campuses accessing information for a
variety of needs, training personnel at corporations exchanging information
during seminars and short courses, and warehouse workers working with
central databases to increase productivity. These are only a few examples of
the use of the WLAN. As you can see, the sky and your imagination are the
limit as to the actual applications you can envision.
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Most of the WLANs use spread spectrum techniques to provide RF com-
munications and a great deal of security. The two methods that can be used
are frequency-hopping spread spectrum (FHSS) and direct-sequence spread
spectrum (DSSS). Frequency hopping is a narrowband carrier that changes
frequency in a pattern that is determined by a random signal generator. The
pattern for this hopping is known only to the transmitter and the receiver
which you intend to access. Thus, a high degree of security is present. The
direct sequence scheme generates a redundant bit pattern for each bit to be
transmitted (called a chip). The longer the chip, the greater the probability is
that the original data can be recovered. This, once again, results in excellent
security for the system.

The Federal Communications Commission (FCC) has approved specific
frequency bands for WLANs. These are 902–928 MHz, 2.4–2.483 GHz,
5.15–5.35 GHz, and 5.725–5.875 GHz.

WLANs are governed by certain standards. The Institute of Electrical and
Electronic Engineering (IEEE) has a specific standard, which is 802.11. There
are different levels of this standard such as 802.11 (data up to 2 Mbps in the
2.4-GHz band), 802.11a (data up to 54 Mbps in the 5-GHz band), 802.11b
(data up to 11 Mbps in the 2.4-GHz band), and 802.11g (data up to 54 Mbps
in the 2.4-GHz band).

Another standard that is widely used is Bluetooth. This was named after
Harald Bluetooth who was king of Denmark in the late tenth century. He
united Denmark and part of Norway into a single kingdom and then intro-
duced Christianity into Denmark. The choice of this name for a wireless stan-
dard indicates how important companies from the Baltic region are to the
communications industry.

Bluetooth operates at a frequency of 2.4 GHz, which has been set aside by
international agreement for use in industrial, scientific, and medical areas. In
the United States and Europe, the frequency range is 2.400 to 2.483.5 GHz
with 79 1-MHz channels. (The range of 2.402 to 2.480 GHz is actually used.)
In Japan, the frequency range of 2.472 to 2.479 GHz with twenty-three
1-MHz channels is used. This standard is used by many manufacturers for
such devices as electronic appliances. It provides an approach which enables
various devices to communicate with each other within basically a 10-m
range. Its primary purpose is to unify connections within a small work area so
that the electronic devices can be in close proximity and also communicate
effectively with one another.
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Basically, Bluetooth is designed to provide a universal short-range wire-
less network that is available worldwide for unlicensed low-power use. If, for
example, you have two Bluetooth devices within 10m of one another, they
can share up to 720 Kbps of capacity between them. Bluetooth can handle
data, audio, graphics, and video. Many of the applications include headsets,
cordless telephones, home stereos, and digital MP3 players. Some of the
things that are possible or already in operation are: making calls from wireless
headsets to cell phones, the elimination of cables between computers and
peripheral equipment, connection of MP3 equipment to other machines to
download music, monitoring systems for home appliances, and control of
many home appliances.

A piconet is a small network with eight devices communicating within
this network. A Bluetooth radio can have 10 of the piconets working together
in the same coverage range.

We have quoted different frequency bands for WLAN applications, but
what type of transmission are we really talking about? The current wireless
technology falls into three categories: infrared (IR), which are light wave-
lengths extending from 770 nm and upward, spread spectrum systems, and
narrowband microwave systems. The IR applications are rather limited since
they involve infrared light that cannot penetrate opaque walls. This causes
this type of technology to only have a range of one single room. This may be
all you want, so we do not write it off simply because it is limited.

The spread spectrum systems operate in the industrial, scientific, and
medical (ISM) bands. If you are operating in these bands, there is no FCC
license required. The narrowband microwave WLAN is at microwave fre-
quencies but does not use spread spectrum techniques. There are areas that
require an FCC license, while, if you are operating in the ISM bands, you do
not need a license.

To clarify these areas more completely, let us look at the individual type
of technology and present typical specifications. Each of the technologies will
be listed and parameters such as data rate, range, wavelength/frequency, and
radiated power will be presented. Each form of technology will be presented
in a table form, with the same parameters, so that you can make a direct com-
parison for yourself.

The infrared technology parameters and characteristics are shown in
Table 2.1. The parameters are shown for both diffused infrared (which uses a
source, like an LED, that will spread out the transmission) and direct beam
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infrared (which uses a more focused beam of light. You will notice that there
are some differences between the two types of transmission methods. Infra-
red systems have certain advantages, but their use is limited because they can
only work in line-of-sight applications and, as mentioned previously, the
transmission will not go through walls as electromagnetic waves do.

The second type of WLAN technology is spread spectrum, and we will
break this category down into frequency hopping and direct sequence. These
results are shown in Table 2.2.

The final arrangement is the narrowband microwave system. This infor-
mation is shown in Table 2.3.

You can see that most of the frequencies we previously presented are in
the spread spectrum and narrowband microwave ranges. You can also see
that there is an additional band in Table 2.3 at basically 19 GHz that was not
shown before. The 5.15–5.35-GHz band that was presented previously falls
into the narrowband microwave area. Thus, we should have accounted for all
of the parameters for each of the WLAN methods.
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Table 2.1
Infrared Systems

Parameter Diffused Direct Beam

Data Rate (Mbps) 1–4 1–10

Range (Meters) 15–60 25

Wavelength 800–900 nm 800–900 nm

Radiated Power N/A N/A

Table 2.2
Spread Spectrum

Parameter
Frequency
Hopping

Direct
Sequence

Data Rate (Mbps) 1–3 2–20

Range (Meters) 30–100 30–250

Frequency — 902–928 MHz

— 2.4–2.435 GHz

— 5.725–5.85 GHz

Radiated Power <1.0W <1.0W



You cannot look at any material concerning anything wireless without
encountering a term that is a very prominent in the wireless indus-
try—Bluetooth. This is a buzzword for the twenty-first century that actually
had its beginnings in 1994. We briefly referred to this term previously when
doing a general description of wireless and wireless local area networks. We
will now provide a greater definition of what Bluetooth is and how it helps
our WLAN systems.

Thus, it can be seen that flexibility and mobility are the key parameters
that make the WLAN a very valuable type of communications and one that
will be around for many years to come. It can only become more and more
sophisticated as time goes by and more research is implemented into such a
system.

The final application that will be investigated in this text is radio fre-
quency identification (RFID). RFID is actually a generic term for any combi-
nation of circuitry that uses RF or microwave energy to provide a means of
identification. It could be used to identify people or objects for a number of
applications. A typical system has a microchip that stores information (a
serial number, for example, or other information about a person or product)
attached to an antenna for transmission of information. This combination is
called an RFID tag. As mentioned earlier, the tag contains a unique serial
number but can have other information (account number, license number,
and so forth). RF tags can be active, passive, or semipassive.

The RFID active tag contains a battery that is used to power the micro-
chip and transmit a signal to a reader. These tags can be read from 300 ft or
more and are usually more expensive than other tag types. The military uses
active tags to track supplies.
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Table 2.3
Narrowband Microwave

Data Rate (Mbps) 10–20

Range (Meters) 10–40

Frequency 902–928 MHz

5.2–5.775 GHz

18.825–19.205 GHz

Radiated Power 25 mw



The RFID passive tag has no battery. When RF waves from a reader are
received by the chip’s antenna, the energy is converted to an electrical signal
that can power the chip and enable it to send back information from the chip.
These tags are very low-priced and lend themselves very well to many com-
mercial applications.

The semipassive tag is similar to the active tag except that the battery is
used to power the microchip but is not used to communicate with the reader.
Many semipassive tags are in a dormant stage until they are activated by a sig-
nal. This is excellent for conserving battery life. Some documents refer to
these tags as battery-assisted tags.

Most of the RFIDs hold digital information in a microchip, but there are
other chipless tags that use material to reflect back a portion of the signal
beamed toward them. These tags use plastic or conductive polymers instead
of the typical silicon-based chip. Still others use materials that completely
reflect a portion of the wave beamed at them. Then a computer gets a picture
of the energy coming back and uses it like a fingerprint to identify the item
incorporating the RFID.

RFID tags can be seen in various sizes and shapes. Some of the tags are
readily identified, such as the plastic tags attached to merchandise in stores.
Those are the ones that embarrass you when the clerk forgets to take them off
and you attempt to leave the store and you set off the alarm. Other types are
tags for animal tracking. These are implanted under the skin to locate family
pets or to keep track of endangered species in the wild. These tags are very
small and probably would not be recognized by anyone who is not directly
involved with them. There is also talk of making tags even smaller so that they
can be implanted in currency. This is an area that has found quite a bit of
resistance by groups and the general public who say that they would not want
anyone to know how much money they are carrying.

When some people hear of RFID, they relate it to bar codes because it is a
form of tracking and identification. The bar code has been the traditional
method used for both of these functions. The RFID tag, however, is fast
becoming the preferred method of identification and tracking because of the
read/write capability of an active RFID. This expands identification and
tracking to include interactive applications. Also, the RFID tag can be read
from a distance away from the product or person, as we have previously dis-
cussed. It also has the ability to transmit through substances such as snow,
fog, ice, paint, and a number of other items.
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When RFID tags first came on the scene there were those who looked at it
as an improved bar code. This, of course is very far from the truth. To under-
stand this statement, consider the following differences of RFID tags and bar
codes. A typical can of Coke or Pepsi has the same UPC bar code as any other
can; with RFID each individual can would have a unique ID number which
can be linked to the person buying it. A bar code must be read up close so that
the code can be scanned by a reader. With RFID, the chips can be read from a
distance through clothes, wallets, purses, and so forth. Some have made the
contention that the radiation from these devices could be bad for your health.
Since there will be so many of them, the RF energy could build up and be
harmful. This, of course, is not possible with bar codes since they are passive
devices.

These are some of the ways that RFID and bar codes are different and
some of the concerns that this technology have raised.

RFID systems can be grouped into categories: electronic article surveil-
lance (EAS) systems, portable data capture systems, networked systems, and
positioning systems. The EAS system is the most recognizable system in that
it is the one in retail stores and involves the tags attached to garments with the
readers by the door. The portable data capture system uses portable readers
that enable it to be used at many various locations. The networked system has
fixed position readers connected to a centralized information system. The
transponders are on people or moveable items, such are trucks, freight cars,
and so forth. The positioning system is for automated location identification
of any tagged item.

The RFID operates at various frequencies. Common frequencies are
13.56 MHz and an area termed UHF. UHF, as previously stated in Chapter 1,
ranges from 0.3 to 3.0 GHz (or 300 to 3,000 MHz). The range used in North
America is 862 to 928 MHz (this takes into account the very popular fre-
quency band of 902 to 928 MHz) and the European frequencies are 862 to
870 MHz.

There is also what is called a microwave tag. This is a tag that operates at
5.8 GHz. These tags can be read up to 30 ft away, utilize more power, and are
more expensive. The term microwave tag is a little ambiguous since many
people call any tag operating over 415 MHz as a microwave tag.

Two other types of tags are the read-only tag and the read-write Tag. The
read-only tag contains data that only can be changed if the chip is repro-
grammed. The read-write tag can store new information. This is an excellent
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tag to use for reusable containers that need to constantly have new informa-
tion associated with them. As you might deduce, these tags are more expen-
sive since they have much more capability.

The cost of RFID systems is presently keeping it from becoming some-
thing that will overwhelm the customer and the general public. It is estimated
that the cost per tag is in the order of 30 cents. This will fall as more are incor-
porated in various applications. It is estimated that they will be approxi-
mately 3 cents within a year or two. Retailers will not likely become heavily
involved until the cost is below one cent per tag. Even then they will have to
buy readers, which are about $1,000 each.

As we have said throughout this section, privacy is a very large concern
when people hear about RFID. The ability to track people, products, vehicles,
and currency does not sit comfortably with many groups and people. There
are readers now that can read data transmitted by many different RFID tags
which means that if a person enters an establishment carrying several tags,
the one reader can read all of these tags and not only the ones for that busi-
ness. This would allow that business to put together a profile of that individ-
ual as far as their buying habits, currency they carry, and their preferences in
products. The RFID industry itself is very concerned with the privacy issue of
RFIDs. They are looking at many different types of tags that would put to rest
the concerns of the public.

To comprehend what RFID can do and how it is used, consider that
Wal-Mart, Procter & Gamble, and Revlon are all involved in applying RFID
technology to their products to keep track and identify their products. These
are three large corporations, but there are still many, many more corpora-
tions who have not committed themselves to this technology. Their hesita-
tion should bring some comfort to the worried public.

2.4 Navigational technology (GPS)

If you look up the term navigation, you will find that is defined as “the science
of locating a position and plotting a course.” This is what we are talking about
when we mention the term global positioning system (GPS). This type of tech-
nology has become more familiar to the general public in the past few years.
This is because there are GPS units for sale commercially and you will see
advertisements by automobile companies that incorporate the concepts of
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GPS to let you know exactly where you are and how you can get to another
location.

As familiar as the term is, what exactly is GPS? As the name says, it is a
global positioning system that shows you your exact location anywhere on
Earth (global), any time, and in any weather. The system consists of 24 satel-
lites in orbit 20,000 to 26,000 nautical miles above the earth. There is a range
of distance because the orbit is not completely circular. It is, rather, more
elliptical in nature. The satellites are arranged so that there are four satellites
placed in each of six orbital planes. Each satellite takes 12 hours to complete
one orbit around the Earth. To receive accurate information from these satel-
lites, you need only data from a minimum of four of these satellites. In many
instances there are up to six or ten that can supply information to a receiver.
There are worldwide ground stations that monitor the satellites continu-
ously. With the proper GPS receiver the signals transmitted from the satel-
lites can be detected and displayed to tell you your location. This system is a
one-way system in that you can only receive information. The only transmis-
sion that takes place is that from the satellite(s).

GPS was first conceived around 1974, with the first satellite being
launched in 1978, and was originally designed to be used only for military
applications. Initial applications were strictly military and that was where the
technology was perfected. Later it was made available for commercial and
civilian applications and now you will see dual-use systems available that can
be accessed by both types of users. This is an excellent example of commercial
systems that were originally developed for military applications and became
very popular and efficient for commercial devices. Another example that was
described earlier is spread spectrum, which is now used for secure telephones,
among other applications.

GPS consists of three segments, as shown in Figure 2.17. These segments
are: the control segment, the space segment, and the user segment.

In Figure 2.17 these segments are pretty much self-explanatory. Even so,
we will examine each segment and describe them in some detail.

The control segment consists of a worldwide network of tracking sta-
tions. There are five tracking stations throughout the world, with the master
control station being located in Colorado Springs, Colorado. (The other sta-
tions are in Hawaii, Kwajalein, Diego Garcia, and Ascension Islands.) As its
name implies, the master control station is where the main control functions
are carried out. The primary function of this segment is the tracking of the
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satellites to determine and predict satellite locations, behavior of the satellite
atomic clocks, and atmospheric data.

You can see from Figure 2.17 that the control segment has an upload
going from it and a download coming to it. These are two carriers of different
frequencies just like every other satellite system. These carriers are designated
as L1 (1,575.42 MHz) and L2 (1,227.60 MHz). These two carriers are trans-
mitted simultaneously and are allocated as L1 for civilian use and L2 for mili-
tary use. With the transmission of two carriers, which is not the usual method
used for communications systems, GPS can correct for a major error that
may be present. That error is ionospheric delay. This is due to the fact that in
the upper part of the atmosphere there are ultraviolet rays and X-rays coming
to Earth from the Sun that interact with gas molecules and atoms that are
above the Earth. The area in which they interact is the ionosphere (50 km to
1,000 km above the Earth) and cause a delay in the signal. Since GPS relies on
very accurate information going to and coming from the satellite, this proce-
dure of two carriers correcting for this error is a tremendous advantage and
benefit to the system.
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The GPS space segment consists of the 24-satellite group that was dis-
cussed previously. Each satellite transmits a signal that consists of: two sine
waves (the carriers discussed above), two digital codes, and a navigational
message. The codes and navigation message are added to the carrier as binary
modulations. The combination of the carriers and codes are used to deter-
mine the distance from the user’s receiver to the satellites. The navigation
message contains the coordinates (location) of the satellites as a function of
time. The signals that are transmitted from the satellites are controlled by
very accurate atomic clocks, which we referred to earlier.

The user segment consists of the receivers from the satellites orbiting
the Earth. These receivers may be hand-held devices, units that are placed in
your car or truck, airborne units, or units that may be mounted in a variety
of places. The sequence of events can be summarized as follows. The receiver
unit receives a signal from the satellite, which is traveling at the speed of
light. The signal takes a certain finite time to reach the receiver from the
satellite. The difference between the time that the signal is sent and the time
that it arrives at the receiver is multiplied by the speed of light, which
enables the receiver to calculate the distance to the satellite. This has resulted
in finding a distance figure (how far your position is from the satellite). You
now need precise longitude, latitude, and altitude. To do this, the receiver
measures the time it took for the signals from at least four separate satellites
to get to the receiver. If there are more satellite signals available, it will result
in much more accurate numbers. As a summary, consider this explanation:
If we know our exact distance from a satellite in space, we know that we are
somewhere on the surface of an imaginary sphere with a radius equal to the
distance to the satellite radius. If we know our exact distance from two
satellites, we know that we are located somewhere on the line where the two
spheres intersect. If we take a third measurement, there are only two
possible points where we can be located and one of them is usually
impossible. This can be seen in Figure 2.18, which illustrates three satellite
operations. The accuracy of this procedure increases with the introduction
of four, five, or six satellites. You can now see the tremendous accuracy that
is a vital part of GPS.

We have covered the basics of GPS and have mentioned some of the
applications of the system. Now we will present more applications of the sys-
tem and show how they affect many people in their everyday lives.
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We stated earlier that GPS was designed initially for military applica-
tions. This is a very true statement and the system finds more and more mili-
tary applications each day. To truly understand how important GPS has
been, and still is, to the military, you only need to consider the operations in
the Middle East where most of the terrain is desert. This environment is very
large and there are no changes that can be used for landmarks. Whenever you
are navigating, whether on a ship or a plane or in your family car, you need
landmarks to know where you are. Navigating in the desert can be likened to
walking in very thick fog. You can wander on for hours and never really know
where you are. The only difference in the desert and the fog is that there prob-
ably be sunshine and daylight in the desert. This, however, does not make any
difference when trying to get someplace. There still is no reference to use to
get your bearings and know where to turn or where to keep going straight.
GPS was, and still is, a very valuable asset in vehicles, helicopters, and other
aircraft. It is no understatement to say that GPS has become a very important
part of military operations and weapons systems. It is also used for military
satellites where highly accurate orbit data as well as precise orientation of the
satellites is needed.

An important aspect to note here is that GPS is based on a system of coor-
dinates called the World Geodetic System 1984 (WGS 84). This system is
similar to the latitude and longitude lines that you see on a typical world map.
The WGS 84 system provides a built-in frame of reference for all military
activities. This is very valuable because all of the military units (Army, Navy,
Air Force) can synchronize their maneuvers. Knowing where everybody is in
a military operation is critical for a successful operation.
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The area that is growing in leaps and bounds in the twenty-first century is
the use of GPS in our everyday lives. GPS is helping to save lives in many
instances because it is used by police, fire, and emergency medical units. It is
used to find the closest unit to an emergency situation and allowing dispatch-
ers to send the necessary units to the location in a very short period of time to
take care of life-or-death situations rapidly.

An application that many people probably did not consider is when the
English Channel tunnel was built. The British starting digging at one end and
the French started digging at the other end—one from Dover, England, and
the other from Calais, France. Now stop and think about the possibilities that
may arise if there was not a system to let the construction crews know where
they were at all times. They certainly could not see one another like they
could if they were building a bridge. GPS let them know where they were at all
times and allowed them to meet at the same location to complete the tunnel.
If they did not know exactly where they were at all times, they might have
ended up like the famous cartoon depicting two road crews painting the cen-
ter line on the pavement and when they meet they are over a foot off from one
another. The cartoon was funny, but building a tunnel and not meeting at the
proper point would certainly not be. Because of GPS, they were not off, but
right on target.

Vehicles are one area that that is finding out the value of using GPS today.
Vehicle tracking, such as the emergency vehicle example we used earlier, is
one of the fastest growing areas involving vehicles. Such areas as fleet vehicles,
public transportation, delivery trucks, and courier services use GPS receivers
to monitor the locations of their vehicles at all times. Also, moving-map dis-
plays in automobiles are being offered in many models. The displays can also
be removed and taken into the home to plan a trip.

Many mapping and surveying companies also use GPS. Such areas as
wildlife management and threatened species areas have GPS receivers and
small transmitters attached to certain species of wildlife to help determine
population distribution patterns and also some sources of diseases in these
animals

Archaeologists and explorers also are using the GPS to carry out
their research in areas that may not be very accurately mapped. Remote loca-
tions are no longer off-limits to explorers because of no accurate route infor-
mation. With a hand-held GPS receiver, you can know exactly where you are
and how to get back to your originating position.
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What are the limits to GPS and its applications? If you look at what has
been done to this point, you will agree that there are very few limits to this
system. Whatever you can dream up can probably be realized. Think about
the people who dreamed up this system so many years ago and wonder if they
ever realized what it could possibly do, how many lives it could save, how it
could save endangered species of wildlife, or how it could guide military
movements to create successful battlefield scenarios. They undoubtedly had
some ideas in mind, but never dreamed that it would go this far.

2.5 Summary

There are many applications in the RF and microwave spectrum for both mil-
itary and commercial areas. This chapter discussed only a few of those appli-
cations. Specialized texts present a great deal more information on these
topics; this book is designed to be a general overview of topics that allows the
reader to go on to the specialized texts, if he or she so desires.

You can see that we have discussed such topics as radar, telephones and
telephone systems, telecommunications, and navigational technology as
main topics. Within these headings we have looked at basic radar, tracking
and measurement applications, imaging applications, and Doppler radar in
Section 2.1. For telephones and telephone systems we looked at basically cel-
lular telephones. Under telecommunications we looked at cordless phones,
wireless local area networks (WLANs), and radio frequency identification
(RFID). Under the topic of navigational technology we looked in detail at the
global positioning system (GPS) and its theory and applications. These are a
very broad range of applications for both microwave and wireless that are
familiar to many people in their everyday lives. Some of these may be items
with which you come in contact each day but do not realize what makes them
operational. This coverage has given you a basic understanding of all of these
applications for microwaves and wireless.

Reference
[1] El-Rabbany, A., Introduction to GPS: The Global Positioning System,

Norwood, MA: Artech House, 2002.
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3
Transmission Lines

The general definition of a transmission line is a device that transfers energy
from one point to another. If that is the case, a clip lead used in a dc circuit
would satisfy that definition. For dc and low-frequency applications (e.g.,
audio), this is a good definition of a transmission line. Usually it is not called
a transmission line but simply a wire. Regardless of the terminology, it is a
transmission line for such applications. Obviously, a clip lead would not
work very well for RF and microwave applications. Chapter 1 discussed how
the skin effect causes all sorts of problems with high energy traveling down a
transmission line if that line is not designed exactly right. If we used a clip lead
as a transmission line for a 1.9-GHz application, for example, there would be
very little energy at the output of a clip lead because of a number of factors.
Most of those factors are due to the skin effect in the line itself. There would
be power lost in the transmission line and power lost because of radiation
from the line. Thus, we have to change our definition of a transmission line.
To take into account all the possible arrangements for high-frequency trans-
mission lines, we now make the definition of a transmission line as “a device
used to transfer energy from one point to another efficiently.”
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This definition makes much more sense for all applications, including RF
and microwaves. By efficiently, we mean a device with a minimum amount of
loss through it and reflections from it. It should be as close to a perfect match
(VSWR = 1:1) as possible. That is important at RF and microwave frequen-
cies, because as the frequencies get higher and higher any energy lost in a
transmission line or component is much more difficult and costly to get back.
That is why a low-loss, efficient transmission line is so important in micro-
wave and RF applications.

An equivalent circuit for a section of transmission line is shown in Figure
3.1. The representation is of only a single section of the transmission line, not
the entire line. (The dashed lines on both sides of the figure indicate that there
is more transmission line than is shown.) There are four parameters to look at:
inductance (L), resistance (R), capacitance (C), and conductance (G). There is
also the dielectric constant, ε, of the material in the transmission line.

Values for each of the four parameters are expressed in their appropriate
units per unit length. The values are expressed per unit length because, as you
will recall, the equivalent circuit shown in Figure 3.1 was of only a section of
the transmission line. That section length is the unit length to which we are
now referring. The length can be any unit appropriate for your particular
application (feet, meters, centimeters, etc.). The value simply indicates what
each parameter is for that length of line. Now let us look at each parameter to
learn more about the makeup and the operation of the transmission line.

The inductance (microhenries/unit length) in a transmission line comes
about because a current is flowing in a metallic conductor. In basic motor
theory, inductance is one of the first concepts that must be grasped. With an
ac (which is what RF and microwave signals are) flowing through a conduc-
tor, a magnetic field is set up by that current. The field reaches its maximum
at the maximum amplitude of the current flowing. When the cycle reverses
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and begins to go in the opposite direction, the magnetic field collapses and
generates a current in the opposite direction. The expansion and collapse of
fields produce an inductance in the wire that is carrying the current. That is
how electric motors operate. Without that phenomenon, there would be no
electric motors and fields would not be set up in RF and microwave circuits
on their transmission lines. The arrangement of fields sets up an inductance
on the transmission line that can be characterized as an inductance per unit
length, as previously stated. The value should be relatively low for proper
operation of any RF or microwave transmission line. Inductive reactance,
which is the ohmic result of inductance, increases with frequency and can
cause problems for high-frequency circuits. Thus, the inductance should be
kept low for proper operation.

The resistance (ohms/unit length) shown in Figure 3.1 also is associated
with the metallic conductor and current flow. Any time you have a current
flowing through a metallic conductor, there will be a loss because there is a
certain resistance in that conductor. This concept follows Ohm’s law, which
says that there is a voltage drop across a resistance when a current flows
through that resistance. The loss in the conductor of a transmission line is
caused by a current flowing through the resistance of that conductor. Thus, a
voltage drop occurs, and there is an additional loss of signal from that of the
input to the transmission line.

The last two parameters are associated with the dielectric used in the
transmission line. The first parameter is capacitance (farads/unit length). To
build a capacitor, you have to have two plates of a certain area separated by a
certain distance with a dielectric between them. If you look at Figure 3.1 again,
you will see the two plates, which are the upper and lower conductors of the
transmission line. One plate is the center conductor of the transmission line
and the other plate is the ground, or shield. These plates have a certain area to
them, and they are separated by a certain distance, which is the dielectric in
between. So it can be seen that we have set up a very good capacitor with the
two conductors and the dielectric between them. That is the capacitance of the
transmission line over a certain length, and it should be kept to a minimum,
just like the inductance. The capacitive reactance, which is a result of the line
capacitance, decreases with an increase in frequency and causes the signals you
are trying to propagate to be shorted to ground at certain frequencies. So, the
capacitance should be minimized on transmission lines.
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Conductance (siemens/unit length) is the amount of leakage through the
dielectric. There is always a certain amount of conductance, because there is
no such thing as a perfect dielectric. That means a certain amount of energy
going down the transmission line appears at the other conductor. It usually is
a very small quantity, because many dielectrics are very good insulators in
applications such as a transmission line.

The term dielectric constant (ε) will be described in detail in Chapter 6.
For now we can say that it is the property of the material that is between the
conductors. This may be air, Teflon, or other materials used in capacitors and
transmission lines. It basically is how much the electromagnetic energy is
obstructed as it moves through it. The dielectric constant of air is considered
to be 1.

To further clarify the important characteristics of transmission lines, let
us assume we have a perfect transmission line, that is, R = 0 and G = ∞.
Those values indicate that the resistance of the conductor is so low we can
ignore it and that the dielectric is perfect (no leakage). The result of this
assumption is shown in Figure 3.2, the circuit diagram for a lowpass filter,
which is a component that passes everything below a certain frequency (its
cutoff frequency) and attenuates everything above that frequency. (Lowpass
filters are covered in detail in Chapter 4.) With this characteristic, we are say-
ing that a transmission line has some frequency, depending on its individual
characteristics, above which you do not use the transmission line. This very
important characteristic of transmission lines should be noted and observed
in order to have a circuit or system work properly. Operation above the cut-
off frequency results in much higher losses in the transmission line than does
operation in the proper frequency range. Enough problems come up in RF
and microwave circuits without having to deal with the wrong transmission
line being used.

A transmission line, when used to connect circuits, must be basically
transparent, or invisible. That is, you know the line is there connecting the
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circuits but its effect on the circuit is minimal, which is the ideal situation.
Some terms associated with transmission lines must be explained here:
VSWR, reflection coefficient, and return loss. (These terms were pre-
sented in Chapter 1 as general definitions. They are presented again, in
much more detail, to relate their importance to transmission lines and their
operation.)

To understand VSWR, visualize a rope tied to a door. If you take the
untied end in your hand and flip it up and down once, you will see a “wave”
going down the rope to the door. If the door and the rope were completely
compatible, the wave would disappear into the door. But, as we all know, the
wave does not disappear, it comes right back to you. (As a matter of fact, if
you do not pay attention to what you are doing, the rope will flip right out of
your hand when the wave returns.) That is the same condition for an RF sig-
nal or a microwave signal as it travels down a transmission line. If the wave
goes down the line and the impedance of the load is exactly equal to the char-
acteristic impedance of the transmission line (usually 50), the signal is com-
pletely absorbed into the load and no energy is returned. This is a perfectly
matched condition (i.e., VSWR = 1:1).

If the load impedance is not equal to the characteristic impedance of the
transmission line, a certain portion of the signal sent down the line is
reflected back. That signal adds to the incoming signal in some cases and
subtracts from it in other cases. The result of the addition and subtraction is a
wave that “stands still” on the line, thus the term voltage standing wave ratio.
It is called a ratio because it is the comparison of the maximum amplitude of
the voltage in the standing wave to the minimum amplitude of that same
voltage. Since the comparison is between voltages, the VSWR value has no
units and it is a ratio compared to 1.

The best value you can have for a VSWR is a 1.0:1 ratio. That means the
load and the transmission line are the same impedance. The other extremes
are an open circuit and a short circuit. With an open circuit, virtually all the
energy sent down the line is reflected back because it has no other place to go.
Theoretically, all the energy is reflected. Practically, a small amount is radi-
ated out the open end of the line. A short circuit also reflects all the energy
sent down the line. That is because no voltage can be developed across a short
circuit. So there is no signal to be sent to a load. Recall from Chapter 1 that a
short circuit is one of the best friends we have in RF and microwave testing. It
is a way of knowing the exact location of a component at the end of a
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transmission line and sets up a reliable reference point for all the measure-
ments that need to be taken. Thus, a short circuit is good for testing and rep-
resents an extreme case when we are looking at the VSWR of a device or
circuit. The VSWR for both an open circuit and a short circuit is ∞. That, of
course, is the largest theoretical value you can get. In actual practice, you get
VSWRs of 10:1, 20:1, or 25:1 as indications that you have something like an
open- or short-circuit condition. Obviously, you will never see a VSWR of
infinity because that is a theoretical value used only for calculations and
explanations. A VSWR like the ones presented here is about as close to those
conditions as you can get.

Everything else between an open- or short-circuit condition and a perfect
match is a number that is a ratio compared to 1. Those numbers will be
between 1:1 and ∞, depending on the degree of mismatch in the system.

It is difficult, if not impossible, to get a perfect 1:1 match in a practical cir-
cuit. If you can achieve a 1.5:1 or a 2:1 match, you are doing pretty well. Some
devices get down to 1.2:1 or slightly lower, but that is about as low as you will
see in everyday applications. Connectors will exhibit VSWRs on the order of
1.05:1, but that is absolutely necessary, since the connectors used on a trans-
mission line must be excellent in performance and not take away from what
the circuit is attempting to do.

Another term used to describe the match on a transmission line is reflec-
tion coefficient, which is the percentage of signal reflected back from the mis-
match. The reflection coefficient is expressed in a couple of ways. You may
see it as ρ or as Γ. Either symbol can be used, but make sure you know what
the particular author is using before investigating a transmission line,
because the same symbols also are used for VSWR.

Because the reflection coefficient involves reflections on a trans- mission
line, it is directly related to the VSWR. To determine the reflection coefficient
when you know the VSWR, divide (VSWR - 1) by (VSWR + 1). That gives the
percentage of signal reflected back by the load impedance. For a perfect
match, no signal is reflected by the load, so the reflection coefficient for that
case will be zero, that is, 0% is reflected back. For the open and short circuits,
all of the signal is reflected back, so the reflection coefficient in those cases is
1, that is, 100%. In other words, for the perfect match, 0% is coming back,
and for open and short circuits, 100% of the signal is being reflected back.
(This discussion concentrates only on the magnitude of the reflection
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coefficient. The reflection coefficient also has a phase angle associated with it,
which is not covered in this text. It is mentioned here only to let the reader
know that it does exist.)

The third term that is used to characterize transmission lines and the
matched conditions that may or may not occur on them is the return loss.
This decibel value shows the difference in power levels between the input sig-
nal and the reflected signal (Figure 3.3). In Figure 3.3, a 0-dBm signal, Pi, is
going into the transmission line. The power being reflected, Pr, is shown as
−20 dBm. That indicates that the return loss for this particular system is 20
dB. As can be seen from the name, the return “loss” is a loss, so it is a negative
value. The higher the negative value is, the better the match, that is, for a per-
fect match, the return loss ideally is ∞ dB. That, of course, is not possible, but
if you get a return loss of 35 to 45 dB, you have an excellent match. Similarly,
for an open circuit or a short circuit, all (or basically all) the energy is
reflected back. That means the reflected-energy level is essentially the same as
that being sent down the trans- mission line. Thus, the return loss for such
cases is 0 dB. When the characteristics of a transmission line or a circuit are
measured, the return loss usually is the parameter that is the easiest to mea-
sure, as will be shown in Chapter 4. That parameter then can be used to find
the reflection coefficient, the VSWR, and finally the impedance of the load
that is causing the reflections in the first place.

Now it is time to examine specific types of transmission lines. We will
look at coaxial lines, stripline, microstrip, coplanar waveguide, and wave-
guide. Each type of transmission line is described, along with definitions of
associated terms, applications, and advantages and disadvantages.
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3.1 Coaxial transmission lines

If you look up the word coaxial in a regular dictionary, you will find this defi-
nition: “having a common axis.” That is descriptive, but it does not do much
for our understanding of transmission lines in a coaxial configuration. If you
look up coaxial line in an electronic dictionary, you will find the following: “a
transmission line in which one conductor completely surrounds the other,
the two being coaxial and separated by a continuous solid dielectric or by
dielectric spacers.” Figure 3.4 shows how those definitions apply to the trans-
mission line we are discussing here. Figure 3.4 is an end view of a coaxial
transmission line. You can see from the figure that there are three basic
parameters to look at when describing a coaxial cable. The first is ε, the
dielectric constant of the material used to separate the two conductors.
Often, that material is Teflon, which has an ε value of 2.1. Other times, it is
polystyrene (ε = 2.56) or polyethylene (ε = 2.26). The dielectric is an impor-
tant part of the coaxial line both mechanically and electrically. It is important
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mechanically because it provides the support for the center conductor and
also the separation (or spacing) between the center conductor and the shield.
It is important electrically because the type of dielectric determines the veloc-
ity of the electromagnetic wave traveling through the transmission line. The
higher the dielectric constant, the slower the energy travels through the trans-
mission line. The term dielectric will be discussed and defined in more detail
in Chapter 6 when microwave materials are covered.

The second parameter in Figure 3.4 is the outside diameter, d, of the
inner conductor of the transmission line, also referred to as the center con-
ductor. The size of the conductor is an important part of the coaxial trans-
mission line because it is used to determine many of the parameters for the
line. The parameter d goes along with the third parameter D, which is the
inside diameter of the outer conductor (usually the shield). Both d and D are
important dimensions used in determining such parameters as impedance,
capacitance, inductance, attenuation, and cutoff frequency. Each of these
parameters relies on the dimensions of the center conductor diameter and
the inside diameter of the shield for the transmission line.

As important as the two dimensions d and D are, by themselves they are
not significant. They become critical when you form a term called the D/d
ratio, which is used in virtually every electrical parameter associated with a
coaxial transmission line. All the parameters we have mentioned (imped-
ance, capacitance, inductance, attenuation, and cutoff frequency) rely
heavily on the D/d ratio for their properties.

The importance of d (the outer diameter of the inner, or center, conduc-
tor) comes into play when you consider different transmission lines. For
example, three particular transmission lines, RG-58, RG-59, and RG-62, look
basically the same because their outside diameters are very close. This is one
of those cases, however, where looks are deceiving. The RG-58 is a 50-Ω line,
RG-59 is a 75-Ω line, and RG-62 is a 93-Ω line. Since one of the major factors
that determine the impedance of a coaxial transmission line is the D/d ratio of
that transmission line, that means that since the inside diameters of the outer
conductors basically are the same, there must be three different d values for
the lines for the impedance to be different. In fact, that is the case. The RG-58
center conductor diameter is 0.031 inch, RG-59 is 0.083 inch, and RG-62 is
0.025 inch. So make sure the coaxial cable you have is really the one you need
for your application.
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We will look at two types of coaxial transmission lines, or cables: flexible
and semirigid. Each type has uses for specific applications. As we get into the
specific types of transmission lines, it is important to remember that every
transmission line is a lowpass filter, so each type of coaxial cable has an upper
frequency limit. That number should be known so you do not use cable
above that frequency. This is true for all transmission lines, whether they are
coaxial, distributed lines (to be discussed later), or even waveguides, which
are used for much higher frequencies. All transmission lines have a cutoff
frequency.

3.1.1 Flexible coaxial transmission line
The dictionary defines flexible as “able to bend without breaking,” an excel-
lent definition for flexible coaxial cable. It is a cable that is able to bend in
many different directions and that, if the minimum bend radius for the cable
is not exceeded, will not break or affect the parameters of the cable in any
way. This type of transmission line is one that can be used for applications
in which the line must be bent around corners to make the necessary connec-
tions. It also is an excellent transmission line to be used in a laboratory
environment, where many connect/disconnect operations are needed and
where there is no standard way of connecting a cable to a piece of equipment.
A laboratory probably is one of the toughest environments for any type of
cable, and the flexible coaxial cable fills the bill nicely. The basic flexible trans-
mission line, shown in Figure 3.5, consists of four basic sections: a center con-
ductor (solid or stranded wire), a dielectric (usually Teflon), a braided outer
conductor, and an outer covering. This construction is used for RG-58,
RG-59, and RG-62 cables. Figure 3.6 shows a flexible coaxial cable. We have
already seen that the center conductors are different to make the different
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impedances of each of the cables. The dielectric is basically the same, as are
the braid diameters and the outer coating. This is where confusion can enter,
because the visible portions of the transmission lines are so similar.

The center conductor can be either a solid wire or a series of wires in a
stranded configuration. This is the “hot” lead of the transmission line, where
the signal is carried. Also, it is the determining factor for the inductance and
the resistance in the equivalent circuit. The center conductor usually is made
of copper or a plated-copper configuration. Because it is a metal and is carry-
ing a current, an inductance is set up, and there also is a resistance simply
because it is a metal and is carrying a current. The current is a varying one
that is an electromagnetic current, that is, there is an electric and a magnetic
component to it. Those two components are 90° out of phase and form a
complex current. Do not think of the current in an RF or microwave circuit
as being something as simple as a dc current or an ac current coming from the
outlets in your home. It is a complex current that cannot be measured with a
meter. Thus, the center conductor of a flexible transmission line has an
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important job in carrying this complex current efficiently from one end of
the transmission line to the other.

One of the tasks of the dielectric is its use as a spacer to keep the center
conductor and the outer conductor apart, but that is probably the least
important thing the dielectric does. It also determines many parameters of
the transmission line itself. You will recall that this is an important parameter
that was used to determine the capacitance and the conductance in the equiv-
alent circuit. It is a vital part of determining those quantities. It also helps to
determine the characteristic impedance of the cable, the capacitance per foot,
the attenuation in the cable, the cutoff frequency, and the velocity of the RF
and microwave energy propagating through the transmission line. So you
can see that the dielectric material in a flexible transmission line does much
more than simply keep two conductors separated. It is an important part of
the entire system that we call the flexible transmission line.

The outer conductor serves two functions. It is a ground reference for the
signal on the center conductor, as we can see from the equivalent circuit, and
also is used as a shield. The shield keeps external signals out and internal sig-
nals in. The braid construction may be single, double, or triaxial (two braids
separated by an insulator). The single-braid construction consists of bare,
tinned, or silverplated copper wires. The double braid consists of two single
braids with no insulation between them. The triaxial consists of two single
braids with a layer of insulation between them. The type and the degree of
shielding needed for your particular application determine which scheme is
best for you. It may depend, in whole or in part, on the environment the
transmission line is exposed to, the type and amplitude of signals that will be
inside the transmission line, or cost factors. Whichever criteria are used, a
variety of shielding types are available, and the proper one should not be dif-
ficult to find.

The outer coating provides protection for the cable. Such protection is
mainly environmental. It plays no part in the electrical performance of the
cable. It simply holds everything together and supplies the protection. The
outer coating of the coaxial cable is what we were looking at when we said
that the RG-58, RG-59, and RG-62 cables seemed almost identical. To see
how close they actually are, consider Table 3.1, which shows all three cables,
their impedances, their outer-coating dimensions, their outer-conductor
dimensions, and the diameters of the center conductors.
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Flexible cables are available in a variety of different types and usually have
an RG designation (military designation for cables). The overall cable outside
diameter can range from 0.078 inch (5

64 inch) to over 1 inch. Many times, the
size of the cable is dictated by the CW power it needs to handle. Continuous
wave (CW) power is the type of signal that you see when you are discussing an
ac sine wave. There is no interruption in the signal, as there is when you are
dealing with a pulsed application. The CW power is the one with which you
must be most concerned when determining the amount of dissipation
needed in a particular component or group of components. This parameter is
one that will be discussed in detail in Chapter 4 when we discuss microwave
components. Actually, a transmission line can be considered to be a compo-
nent unto itself. Therefore, the CW power rating must be examined very
closely. Other times, the size is dictated by such factors as installation area
(does it need to bend around many corners?) or environmental conditions
(both atmospheric and electrical). As in any choice, the application and its
specifications dictate which cable to use. It should not come down to the idea
that “we have used this cable for every application for the past five years, so
we will use it for this one, too,” probably the easiest way to get yourself in
trouble. If you use a single cable for every application, you will find out very
fast that no one cable will do every job. Each application should be looked at
individually and judged by its particular requirements.

Transmission lines are flexible and able to be bent around corners and
into tight areas. However, even flexible cables have a minimum bend radius,
that is, a radius beyond which bending the cables results in serious degrada-
tion of performance. Even though the cables are flexible, they cannot be tied
in a knot and be expected to perform as well as when they are stretched out
straight. Consult the cable data sheet to find out what the minimum bend
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Table 3.1
Characteristics of Three Types of Coaxial Cable

Cable Type Z ( )
Outer-Coating
Diameter (inch)

Outer-Conductor
Diameter (inch)

Inner-Conductor
Diameter (inch)

RG-58 50 0.195 0.150 0.031

RG-59 75 0.242 0.191 0.083

RG-62 93 0.242 0.191 0.025



radius is for each cable you use, even for test purposes in a lab (perhaps, we
should say, especially for test purposes in a lab).

Flexible coaxial cables have many applications, ranging from finished RF
cables for equipment shipped to a customer to the typical 50Ω cables hanging
in every electronics lab. The performance of the final, assembled flexible
transmission line depends not only on the flexible cable but also on the con-
nectors placed on each end. There are many types of connectors that can be
attached to a flexible cable. Four typical ones are shown in Figure 3.7. The
subminiature-A (SMA) connector, shown in the upper left corner of the fig-
ure, is used for many microwave applications and comes in a variety of con-
figurations, such as with two- and four-hole flanges for attachment to a
chassis. The one shown in Figure 3.7 is the type used for cable connection.

The connector shown in the upper right corner of Figure 3.7 is a BNC
connector, the type seen most often on flexible cables in electronic laborato-
ries. BNC connectors are the ones hanging on the wall in a college lab or on
the bench in a company lab. They are good connectors for low-frequency
applications. Higher frequency circuits and systems should not use BNC con-
nectors because the ground connection with this type of connector is not the
best when the frequency increases.

An improved version of BNC connector used for higher frequency appli-
cations is the connector in the lower left corner of Figure 3.7, the TNC con-
nector. It is actually a BNC connector with threads, which makes a much
better ground connection at higher frequencies. The connector shown in the
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lower right corner of Figure 3.7 is a type N connector, which is a larger con-
nector that finds a wide variety of applications over a large range of frequen-
cies. It also has threads for ground connection and can be fitted to a number
of flexible cable types.

A great deal of care must be taken in the choice of connector to go on the
ends of a flexible cable. The wrong connector can completely cancel all the
good things you looked for when you chose the cable. The right connectors
will make your choice of cable look that much better.

3.1.2 Semirigid cable
The dictionary defines rigid as “not bending or being flexible, stiff.” What we
need to understand is what we mean by semirigid. We can envision something
that is fairly solid but capable of being bent. When you first see semirigid
cable, you would not think of bending it. It looks and feels rigid. It does,
however, bend to a specific bend radius but only once. We emphasize the word
once because a piece of semirigid cable that has been bent should not be
straightened or rebent. If the cable is bent in the wrong place, leave it alone
and go from there. The best thing to do is to put the cable aside (and hope you
can use it elsewhere) and bend a new piece to fit the application. If you
attempt to straighten out a piece of semirigid cable, more than likely you will
change the physical properties of the cable and thus change the electrical
properties. The largest change that can occur is that the center conductor will
have a bump in it rather than the nice smooth bend that proper bending
produces. Also, the impedance will be different at the bump and cause
reflections and a VSWR at that point that degrades the overall cables
performance. Semirigid cable, like flexible cable, has a minimum bend radius.
Consult the data sheet from the manufacturer to find out what that radius
is. It actually is much easier to conform to the minimum bend radius
of semirigid cable than to that of flexible cable because test fixtures are
available for bending semirigid cable that already have the minimum radius
on them. Nevertheless, to be safe, you still should consult the manufacturer’s
data sheet.

Semirigid cable is similar in many respects to flexible cable and also very
different. To clarify that statement and to understand the idea behind
semirigid cable, refer to Figure 3.8. Semirigid cable consists of a solid center
conductor, a solid dielectric, and a solid outer conductor. Notice that every
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part of the semirigid cable is solid. That is what gives it its rigid appearance
and characteristics.

By looking at Figures 3.8 and 3.5, you can see the similarities between
semirigid and flexible cables. There is a coaxial construction for both trans-
mission lines: a center conductor is surrounded by a dielectric with an outer
conductor used for ground over the entire line. All these properties can be
found in both the semirigid and the flexible versions of this type transmission
line. Figure 3.9 shows typical semirigid cable.

The main difference between semirigid cable and flexible cable is the
solid outer conductor for the semirigid cable. The solid conductor improves
the shielding and gives the cable much more rigidity, which is exactly what it
is intended to do. The solid outer conductor might be simply a copper sheath
over the entire cable, or it might be plated for specific applications. Usually
the cable is gold plated to reduce oxidation of the copper over time, adding to
the performance of the cable and also to the price. Other cables may be
tin-lead plated for the same purpose. Copper semirigid cables have been used
for lab applications for some time. They are much darker in color because
they have oxidized. They also look a little strange since they have been bent
and rebent many times to conform to a specific test setup. (Because these
semirigid cables have been bent more than once, their performance is far
from optimum.)

Flexible cable is designated by an RG number (RG-58, RG-59, and so
forth), whereas semirigid is designated by a number only, that number being
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the outside diameter of the cable. Available sizes (in inches) of semirigid cable
are 0.020, 0.034, 0.047, 0.056, 0.070, 0.085, 0.141, 0.215, 0.250, and 0.325. The
three sizes most widely used are 0.085, 0.141, and 0.250. The large majority of
semirigid cables in equipment are 0.141 cables, the beautiful gold paths that
snake their way through equipment, connecting all the high tech designs to
form a smooth-running system.

The other two common types of semirigid cable, 0.085 and 0.250, have
specific areas of use for which the 0.141 may not be suitable. The 0.085 cable
is used when there is very little room in which to maneuver, so the bends in
the cable need to be very small. This small-diameter cable fits the bill nicely
but exhibits higher attenuation than its 0.141 counterpart. The power-han-
dling capability of the 0.085 cable also is less than that of the 0.141, which is
understandable, since it is much smaller and there is less area to dissipate
power in the 0.085 cable.

The 0.250 semirigid cable is used primarily for higher power applica-
tions, because it has much more area to dissipate power than either 0.085 or
0.141 cable. For a comparison, consider the power-handling capability of the
three sizes of cable at 1.0 GHz. The 0.085 cable is rated at 222W, the 0.141
cable is rated at 600W, and the 0.250 cable is rated at 1200W (each of these is
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CW power). It can be seen that the 0.250 cable is far and above the other
two cables. The 0.250 cable also exhibits lower attenuation than either of the
other two models of semirigid cables. If we once again take 1.0 GHz, we
can see that the 0.085 cable has 0.187 dB/ft of attenuation, the 0.141 has
0.116 dB/ft, and the 0.250 cable has 0.073 dB/ft. So that is another advantage
of 0.250 semirigid cable. The big drawback of 0.250 cable is its size. It takes a
lot of room to make a bend with a piece of basically rigid cable with a
0.25-inch diameter. Thus, 0.250 cable is used basically for straight runs in
high-power applications.

Semirigid cable has many superior electrical properties over flexible cable
in many areas. In all cases, it can handle more power and exhibit less loss than
a flexible cable of comparable size. For example, comparing a piece of RG-58
flexible cable and a piece of 0.141 semirigid cable at five frequencies, we find
the data presented in Table 3.2. We chose these two cable types because their
outside diameters are basically the same (the outer conductor of the RG-58 is
0.150 inch and the 0.141 cable is, of course, 0.141 inch).

Table 3.2 shows some very interesting numbers. If we look at the attenua-
tion numbers at 3 GHz, for example, we find that the 0.141 cable has 0.215
dB/ft, while the RG-58 has 0.41 dB/ft, basically twice that of the 0.141. Simi-
larly, if we look at the power-handling capability of the two cables at 3 GHz,
we see that the 0.141 cable can handle 310W, while the RG-58 cable can han-
dle only 22W. The 0.141 cable will handle approximately 14 times more
power. We can also see that the RG-58 cable is not specified at all for attenua-
tion at 5 or 10 GHz and is not specified for power-handling capability at 10
GHz. There really is nothing wrong with not being specified at certain fre-
quencies. Recall that all transmission lines have an upper frequency limit
since they all act like lowpass filters. That is clearly indicated in Table 3.2 for
the RG-58 cable.
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Table 3.2
Comparison of Semirigid and Flexible Cables

Cable
Type

Attenuation (dB/100 ft)
Frequency (GHz)

Power (W)
Frequency (GHz)

0.4 1.0 3.0 5.0 10.0 0.4 1.0 3.0 5.0 10.0

0.141 7.2 11.6 21.5 18.5 44.5 1,000 600 310 230 160

RG-58 11 20 41 — — 75 44 22 15 —



The numbers in Table 3.2 might lead you to ask, “Why ever use flexible
cables?” The answer lies in a variety of areas other than the explanation of
high-frequency limitations. First, semirigid cables cost considerably more
than flexible cables, an important consideration, especially in the commercial
market. Second, for testing applications, semirigid cables are not very practi-
cal. Most tests require many connect/disconnect operations, which can put
strain on the cables. Also, as the tests change in a lab, there are different posi-
tions for the cables that are formed much better with flexible cables. Third, in
some finished products, the cables must meander through the chassis to vari-
ous locations. Semirigid cable would not fit those applications in many cases.

3.2 Strip transmission line (stripline)

The terms strip transmission line, stripline, tri-plate, and sandwich line all refer
to the same type of transmission line. The term most commonly used is
stripline. Stripline is different from, yet also similar to, flexible and semirigid
cables. As a matter of fact, stripline actually evolved from coaxial transmis-
sion line and is very similar to it.

The stripline shown in Figure 3.10 appears to be similar to a coaxial cable;
it looks like a coaxial cable that has been run over and flattened. To realize
how a coaxial structure can result in a stripline structure, refer to Figure 3.11.
The coaxial structure shown in Figure 3.11(a) is a typical center conductor
surrounded by a dielectric with a shield completely around the entire struc-
ture. There is nothing new about this. The new portion is shown in Figure
3.11(b), which is a side view of a stripline structure.

If we take the coaxial structure in Figure 3.11(a) and apply pressure at the
top and bottom, as shown, the circular structure starts to deform and go into
an oblong shape rather than a concentric circular form. The lines in the coax-
ial diagram are the electric field that goes from the center conductor to the
outside shields of the structure. If we keep applying pressure to the coaxial
device, eventually the two ends split and break. We then have a top ground
(outside shield), a bottom ground, and a rectangular center conductor
instead of the original circular structure shown in Figure 3.11(a). This is the
same structure that was shown in Figure 3.10, the stripline structure. It
evolved from the circular coaxial device and still has all the original sections
(center conductor, dielectric, outside shield, and electric fields) but now is in
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a form that will operate at much higher frequencies and be more efficient for
RF and microwave applications.
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In both Figures 3.10 and 3.11, it can be seen that stripline actually is two
circuit boards sandwiched together (hence the term sandwich line). There is
a ground (copper) on the top and a ground on the bottom, with the actual
circuit in between. The circuit is what is termed the center conductor in
Figure 3.11 and is the straight line going through the center of the device in
Figure 3.10.

In the coaxial structure shown in Figure 3.11, the center conductor is sur-
rounded by a dielectric material. In the stripline structure, each circuit board
in the structure has a specific dielectric constant, which is the same for both
boards, that is, the center conductor is surrounded by the same dielectric, top
and bottom. In its simplest form, a piece of stripline would have the lower
circuit board with the required circuit etched on one side and a complete
ground plane (covering the entire circuit board) on the other. The top board
would have a similar ground plane on one side and nothing on the other.

Before we go any further, it is necessary to clarify the term ground plane.
In conventional low-frequency, dc, and digital circuits, a ground is a point on
a chassis where all sorts of wires are run to ensure that everything is tied to the
same point and has an adequate ground connection. In RF and microwave
circuits, the waves being sent down the transmission lines are complex waves.
To ensure that all those complex waves have a good ground reference, it is
necessary to have an entire plane or large area of ground rather than a single
point. That is why circuit boards have all their copper on the reverse side
with the circuit etched on the top side. Also, a signal has all the same
properties every half-wavelength and has the exact opposite characteristics
every quarter-wavelength. If we place ground points on an RF or micro-
wave circuit board, there is a good chance they would be separated by a
quarter-wavelength at some frequency and our ground connection would be
an open circuit instead of a short circuit. Thus, the ground plane is used for
high-frequency applications.

Stripline is a uniform construction. Figure 3.10 depicts that uniformity,
with the circuit being completely surrounded by the same dielectric on all
sides. Because of that uniformity, stripline has a natural shielding effect on
the circuit because it is completely enclosed, with metal on the top and the
bottom. Actually, the stripline package also has metal on the ends and sides,
resulting in a circuit being placed into a complete metal box and the excellent
shielding of the circuit.
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An important parameter in stripline is the ground-plane spacing (GPS),
which is shown in Figure 3.12. GPS is, as the name implies, the spacing
between the ground planes, or copper on the circuit boards. It is important to
emphasize that the GPS does not take into account the thickness of the cop-
per on the boards, only the thickness of the two pieces of dielectric.

GPS, designated as b, is used to calculate the width of the transmission
lines that are etched on the circuit board, w, and the spacing between two
transmission lines, s. The relationships of w, s, and b are shown in Figure 3.13.
The circuit board dielectrics must maintain a close tolerance on the overall
thickness to ensure that the widths and the spacings are all as accurate as pos-
sible. (The tolerances on RF and microwave materials are covered in more
detail in Chapter 6.) To understand how important it is to maintain the
ground-plane thickness within a very close tolerance, consider the fact that to
calculate the width of a strip transmission line you must calculate the w/b
ratio. Similarly, to determine the spacing between two transmission lines, the
s/b ratio is calculated. It is easy to see that if the b dimension in the denomina-
tor of the ratios varies widely it will be difficult to maintain a constant-width
transmission line and, consequently, a constant impedance for the lines.
Also, it can be seen that if the b dimension varies at all, the spacing between
transmission lines will vary and the coupling between the lines will not be
what was expected. That will cause a circuit to operate improperly.

Stripline has become one of the selected methods of constructing trans-
mission lines for many RF and microwave circuits. The only drawback to
using stripline for some applications is also touted as an advantage. The
advantage/disadvantage is that stripline is all closed up, that is, the circuit is
completely enclosed by a dielectric material. Even though that is good for
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shielding a circuit, it makes it difficult to get at the circuit if a problem arises.
To make matters worse, stripline packages many times have the boards lami-
nated together and the packages sealed with epoxy. That brings about the rule
of thumb that if an active device (transistor or diode) is used for an RF or
microwave circuit, it generally is not built into stripline. If, of course, the
module you are building is a throwaway module, there is no problem. If,
however, you would like to be able to repair any problems that occur,
stripline technology probably is not the best choice.

For a large majority of other applications, stripline is an excellent choice
as a high-frequency transmission line. Whenever there is a requirement or
desire for natural shielding of a circuit, strip transmission line should be
used. Also, stripline is used for many passive components, that is, compo-
nents that do not require a dc voltage to operate. (Passive components are
covered in Chapter 4.) Figure 3.14 shows stripline circuits.

3.3 Microstrip

Microstrip transmission line does away with the problem of inaccessibility
that stripline poses. Microstrip transmission line, shown in Figure 3.15, is
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similar to stripline transmission line, except that there is no top on the trans-
mission line. There is nothing but air on top of the circuitry and a dielectric
material underneath. In Figure 3.15, the width of the transmission line is des-
ignated by w, the thickness of the copper of the circuit trace by t, and the
thickness of the dielectric by b. It can be seen that b is similar to that for
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stripline except that it is only one thickness of material, whereas the b for
stripline is two thicknesses of material.

The thickness of the material for microstrip is just as important as it was
for stripline. It is also used to calculate widths and spacings for transmission
lines that are etched on the material used for microstrip. The same relation-
ships apply to microstrip as they did for stripline in that w/b and s/b ratios are
calculated design parameters. The main difference is that, as mentioned
above, the b dimension for microstrip is half that of stripline. The stability of
the thickness is, however, just as important for microstrip as it is for stripline.

Another parameter that is different in microstrip than it is in stripline is
the dielectric constant. In stripline, the material (dielectric) surrounding the
circuit line is all the same. Stripline is a well-behaved form of transmission
line because it is arranged in such an orderly manner. For microstrip, it is a
much different situation. If you look at Figure 3.15, you will see that, just as in
stripline, the circuit has a very nice dielectric material under it. However,
contrary to stripline, microstrip has only air above the circuit, not another
dielectric, as in stripline. The boundary between the dielectric material and
the air has been the subject of numerous research projects and papers over
the years. It has been analyzed to the limit over and over again. The interface,
however, can be simplified if you consider that you have two dielectric con-
stants coming together, and there is a resultant dielectric constant to be used.

To compensate for the difference between the top and the bottom of the
circuit line, we use an effective dielectric constant, εeff, which is actually the
resultant dielectric constant. It is the result of a calculation that takes into
account the dielectric constant of the material, εr, and the dielectric constant
of air, εo = 1. The value of the dielectric constant is used for all calculations
where a dielectric constant term is used. Note that every time the impedance
of a microstrip line changes, the effective dielectric constant to be used
changes, too. That is true because the width of a microstrip changes with a
change in impedance. The lower the impedance, the wider the line, and vice
versa. To calculate a filling factor for microstrip, which is a compensating fac-
tor for the difference in dielectric constant, the w/b ratio is used. Thus, a
change in impedance is a change in filling factor and, consequently, a change
in effective dielectric constant. The relationship between impedance and
effective dielectric constant is a point that sometimes escapes people who do
not note impedance changes very closely. This happens many times in the
design of a multisection power divider or directional coupler. Such devices

Transmission Lines 73



require different impedance lines that are all one quarter-wavelength long.
The only problem that some people run into is that they do not calculate a
new wavelength using each effective dielectric constant each time the imped-
ance changes. That results in components with marginal performance.
(Power dividers and directional couplers are covered in detail in Chapter 4.)

Microstrip transmission lines probably are the most common types of
transmission lines that are visible in many of the RF and microwave circuits
being fabricated today. The wireless markets use many microstrip circuits so
components can be placed on top of the circuit board and attached easily.
Manufacturers that use surface mount technology (SMT) components use
microstrip because of the ease of construction. You can see how much easier
it would be to attach components to a circuit board that has all the transmis-
sion lines on top of the board and very visible. Figure 3.16 shows microstrip
circuits.

3.4 Coplanar waveguide

Usually when we think of waveguide, we think of frequencies well up into the
gigahertz range. We also think of those rectangular pieces of hardware that
have flanges on them that need to be screwed together and that exhibit very
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low losses. Sometimes it is difficult to visualize the devices because there is no
real center conductor for energy to propagate down. Actually the devices are
the ultimate in waveguide because they “guide” the wave down the structure.
That is why no physical center conductor can be seen. We will look at the
“conventional” form of a waveguide in Section 3.5 and discuss its construc-
tion and applications. This section will look at a much different type of wave-
guide: the coplanar waveguide, which is a modification of the microstrip
circuitry that we have covered previously.

A representation of coplanar waveguide is shown in Figure 3.17. At first
glance, it resembles microstrip construction. It has a single circuit board, just
like microstrip; it has the circuit traces on the top of the board, just like
microstrip; and it has air over the top of the circuit board, just like microstrip.
When you look at it a little closer, however, you see some very distinct differ-
ences. In microstrip construction, there is a circuit trace on top of the board
material of a certain width and thickness. There is also a complete ground
plane on the reverse side of the board. In a coplanar waveguide, there is still a
circuit trace on the top of the board that is a certain width and thickness, but
there are also ground planes on both sides of the circuit trace and, as can be
seen in Figure 3.17, there is no ground plane on the bottom of the circuit
board. The ground plane on both sides of the circuit trace is where the trans-
mission line structure gets its name. A conductor surrounded by ground
“guides” the electromagnetic wave down the transmission line. It is also
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possible to construct coplanar waveguide as it is shown in Figure 3.17 but
with a complete ground plane on the reverse side. This ground-backed
coplanar waveguide is shown in a comparison drawing in Figure 3.18 along
with conventional coplanar waveguide. Notice that the drawing in Figure
3.18(b) is exactly the same as that in Figure 3.18(a) except that the circuit in
Figure 3.18(b) has a complete ground plane on the bottom of the circuit
board.

One of the properties of coplanar waveguide that make it acceptable for
RF and microwave applications is the fact that both series and shunt elements
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can be attached to the transmission line with relative ease. In the case of
microstrip or stripline, the fabrication of such elements as series capacitors is
a difficult task. With the coplanar waveguide, the ground plane is right next
to the center strip carrying the signal, and connections to it are easy. You can
see from the structure that it would be a rather simple task to connect a
capacitor or a resistor from the center conductor to ground or to place simi-
lar components in series in the line. The large advantage of coplanar wave-
guide is that everything is accessible to the designer or fabricator. To make
some basic connections, it is a matter of simply finding the most appropriate
method of attachment for an RF or microwave component to do the particu-
lar task the circuit needs to accomplish and then making the connection.
Coplanar waveguide offers some advantages that other transmission lines do
not and is finding more and more applications in RF and microwave
applications.

3.5 Waveguide

Section 3.4 described a form of transmission line called a coplanar waveguide.
We have also referred to a “conventional” waveguide in our previous discus-
sions and said that basically every transmission line in microwaves is a wave-
guide since it provides a path to “guide” the electromagnetic wave down the
line. It is now time to discuss this “conventional” (usually rectangular) type
of waveguide and relate it to other types of transmission lines.

The term waveguide is commonly restricted to indicate what might be
more completely called a hollow-pipe waveguide, or at least a waveguide in
which two distinct conductors are not present. It is difficult for some people
to look at a piece of waveguide and consider it a transmission line since they
can look in one end of it and see an empty space. The common question is:
Where is the center conductor? This is where the idea of guiding the wave
comes in. You do not have a center conductor as you may have become
accustom to in previous transmission lines. The “open space” of the wave-
guide is where the electromagnetic energy finds the path of least resistance
and can propagate (or move) down the line to get to its destination.

Waveguide is used at microwave frequencies (particularly at the higher
microwave frequencies) for two reasons: They are often easier to fabricate
than coaxial lines; and they often can have much less attenuation. Coaxial
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transmission lines require a center conductor that is supported by a dielectric
material in the center of the structure; waveguide requires no center conduc-
tor and its dielectric is air.

One way to commonly derive rectangular waveguide is from a two-wire
transmission line as illustrated in Figure 3.19. The two-wire transmission line
is just as the name implies, two wires separated by a dielectric (air in this
case). It can be seen from the figure that the two points are extended to be
one-quarter wavelength long. The two points are then connected at this point
by a short circuit. You will recall from our previous discussions that parame-
ters repeat themselves every half-wavelength and are exactly the opposite
every quarter-wavelength. Thus, you will note that where the transmission
lines come together is a very high impedance value since the other end
(one-quarter wavelength away) is a short circuit or 0Ω. These sections are
referred to as stubs. Actually they are quarter-wave stubs. Since there is such a
high impedance in the center of the structure, there is no effect on the trans-
mission of power. If the number of stubs is increased to an infinite number,
the rectangular waveguide is formed.

There are two designations in Figure 3.19 that are very important to the
parameters of a piece of rectangular waveguide. They are “a” and “b”. The a
dimension can not be less than one-half wavelength. This can be seen since
the guide is made up of two quarter-wavelength stubs separated by a small
distance. Any frequency that makes the a dimension less than one-half wave-
length allows no propagation of energy down the waveguide. The frequency
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that makes the a dimension look like exactly one-half wavelength is called the
cutoff frequency, fc. This is an important frequency when specifying wave-
length for a particular application. If you look at data for a waveguide, you
will see dimensions for each type of waveguide. You will note from this data
that the a and b dimensions are related. You will see that the b dimension is
slightly more than half of the a dimension. This relationship is very impor-
tant for the operation of the guide you use.

To understand waveguide, you must get the concept of a wave in your
mind and not think of voltages and currents, as you need to do with low fre-
quency transmission lines. The wave that we are concerned with in coaxial
transmission lines, microstrip, and stripline is the transverse electromagnetic
wave (TEM). This is an electric wave and a magnetic wave propagating down
the line. These waves are 90° apart and propagate together. For waveguide, we
either look at transverse electric (TE) or transverse magnetic (TM) waves.
There is no combination in waveguide. These are the “modes” of operation
for microwave energy in a waveguide structure.

In addition to the TE or TM designation, subscripts are used to describe
the electric and magnetic field configuration. The general symbol is TEmn and
TMmn where the subscript “m” indicates the number of half-wave variations
of the electric field along the “a” (wide) dimension of the guide and the sub-
script “n” is the number of half-wave variations of the electric field in the “b”
(narrow) dimension. The most common mode of operation and the mode
that has the longest operating wavelength is the TE10 mode.

We looked at a term called characteristic impedance when we were exam-
ining other forms of transmission lines. For waveguide there is a correspond-
ing term called characteristic wave impedance. This is a representation of the
ratio of the electric field and the magnetic field at a certain point in the wave-
guide. Whereas the characteristic impedance of a coaxial line, for example,
was vital for operation, the characteristic wave impedance for waveguide is
seldom determined or used if it is available since it is since a narrow parame-
ter that only characterizes the guide at a certain point. The only real place
where it would be valuable is when the waveguide is interfacing with other
waveguide or coaxial transmission lines.

We will examine some typical applications where waveguide can be used.
These applications are components, similar to those that will be covered in
Chapter 4. The components that we will examine are junctions and tees,
attenuators, directional couplers, terminations, and detectors.
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The combination of junctions and tees is shown in Figure 3.20. This is
called a magic tee. It is a device that has both a series tee and a shunt tee. These
can be seen in the figure as the E arm that is in the same plane as ports 1 and 2.
This is the series tee. On the other hand, the H arm is not in the same plane as
ports 1 and 2 and it is the shunt tee. With this arrangement, energy applied to
either the E or H arms divides equally between arms one and two. If the
energy entering arms one and two are equal in amplitude and of the same
polarity, the net field in the E arm is zero, and the total energy emerges from
the H arm.

An attenuator is a device that lowers the level of a signal, whether it is
microwave or low frequency. The main function of an attenuator, obviously,
is to decrease the level of a signal, but it also must maintain the impedance
and VSWR of the overall system. Waveguide attenuators must do this just
as a coaxial attenuator must. The cross-section of two types of wave-
guide attenuators is shown in Figure 3.21. Figure 3.21(a) is the rotary vane
attenuator and Figure 3.21(b) is the resistive card attenuator. In each case,
there is a dielectric material that goes into the waveguide and varies the fields
that are set up inside the guide.
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Figure 3.20 The magic tee. (From: [1]. © 1988 Artech House, Inc. Reprinted with
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Directional couplers are components that allow you to tap off a transmis-
sion line and monitor the energy as it goes from one point to another. A vari-
ety of waveguide couplers are shown in Figure 3.22. Figure 3.22(a, b) is made
simply by drilling holes in the waveguide at the appropriate points and allow-
ing the energy to flow from one guide to the other. Figure 3.22(c) is a more
typical type of coupler with more of a coupler look to it. This is also true for
Figure 3.22(d). This device has a series of elliptical holes placed in a logarith-
mic pattern to allow for very efficient coupling of energy. Figure 3.22(e) is a
cross-guide coupler as can be seen by its construction.

Terminations are devices that are used to dissipate power and provide a
matched port for the waveguide component you are using. Figure 3.23 shows
terminations that can be used. In Figure 3.23(a), a typical device with a
tapered absorptive material at the end. Figure 3.23(b) is a variable termina-
tion that moves the absorptive material in and out to provide a variation in
the impedance of the device.

The final waveguide component to be covered in this chapter is the
detector. Its function is to take a microwave input and convert it to a dc
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Figure 3.21 Waveguide attenuators: (a) rotary vane and (b) resistive card
attenuators. (From: [1]. © 1988 Artech House, Inc. Reprinted with permission.)



voltage or a video (or audio) signal, whichever is available on the incoming
signal. If the incoming signal is only a pure microwave signal, the output will
be a dc voltage. If the incoming signal is modulated, the output will be the
video, audio, or other frequency component. Some typical detectors are
shown in Figure 3.24. Notice that some of them have rectangular waveguides
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Figure 3.22 Waveguide couplers: (a) single hole, (b) 2-hold, (c) power
designations, (d) multihold, and (e) crossguide. (From: [1]. © 1988 Artech House,
Inc. Reprinted with permission.)



and others have circular waveguides. Circular waveguide is used for much
higher-power applications.

Figure 3.25 shows three components we have been discussing: a variable
attenuator, a directional coupler, and a magic tee.

3.6 Summary

This chapter concentrated on the different types of transmission lines used in
RF and microwave circuits. First, it covered the basics of transmission lines
and defined such parameters as VSWR, reflection coefficient, and return loss.
Next, coaxial transmission lines were discussed. Both flexible and semirigid
cables were covered and comparisons made between the two.

The chapter then presented the types of transmission lines that use a
dielectric circuit board as a base for their operations. The first transmission
line described was stripline (also called strip transmission line, tri-plate, and
sandwich line). This transmission line is a completely enclosed package that
provides excellent performance and built-in shielding.

The next topic was the microstrip transmission line configuration. An
area of interest in the microstrip discussions was that of effective dielectric
constant, which results from the dielectric-to-air interface.
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Figure 3.23 Low-power waveguide termination: (a) fixed and (b) adjustable.
(From: [1]. © 1988 Artech House, Inc. Reprinted with permission.)



Discussion of coplanar, ground-backed coplanar, and conventional rect-
angular waveguides rounded out the many different types of transmission
lines that can be used for RF and microwave circuits.

The transmission lines covered in this chapter illustrate the need for
special transmission lines for RF and microwave use. With these high fre-
quencies, it no longer is possible to think of an interconnection between two
circuits as simply a piece of wire that is wrapped or soldered to make the con-
nection. There is a need for a low-loss type of connection to be used in this
range, and that low-loss connection is the transmission line.
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with permission.)
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Figure 3.25 Waveguide components. (From: [1]. © 1988 Artech House, Inc.
Reprinted with permission.)





4
Microwave Components

Whenever you begin to put together a jigsaw puzzle, you first lay out all the
pieces. Usually you get all the edge pieces together and then maybe group col-
ors or specific scenes. What you are doing is organizing and learning all the
individual components that make up the puzzle. If you understand the com-
ponents, you will have a much easier task of putting the puzzle together.

Likewise, if you are putting together a swing set for your children, it is a
good idea to understand what all the pieces do before you attempt to assem-
ble the unit. Even though few people actually do that, it is still a good idea.
Most times people follow the old saying, “When all else fails, read the instruc-
tions.” That is not a good habit to get into, whether you are putting together a
puzzle, building a swing set, or assembling an RF or microwave system.

If you know what each individual component in a system does and how it
operates, it is much easier to understand the overall system and how it works.
That is how this chapter approaches the topic of microwave components. It
presents a variety of components, explains their operation, defines terms
applicable to them, shows some typical examples of each, and presents a typi-
cal data sheet for each.
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Components covered are directional couplers, quadrature hybrids,
power dividers, detectors, mixers, attenuators, filters, circulators and isola-
tors, antennas, amplifiers, and oscillators. You will see that it is much easier
to understand an RF or microwave system once you know the basic opera-
tions of the components that make up the system.

4.1 Directional couplers

To understand the operation of a directional coupler, you must understand
the terms directional and coupler.

First, let us look at the term coupler. If two transmission lines are placed
close together, energy will be “coupled” from one line to the other, as shown
in Figure 4.1. In the Figure 4.1, two transmission lines (A and B) are spaced a
certain distance apart (S). There is no direct connection between the two
lines. If the spacing is small enough, some of the energy applied to transmis-
sion line A will be seen on transmission line B. The amount of energy on
transmission line B depends on how close the lines are to each another. The
closer they are, the more energy that is coupled to the second line, transmis-
sion line B. The farther away they are, the less energy that is coupled. Thus, we
can say that a coupler is a device that consists of two transmission lines with
no direct connection, placed very close to each other so that a portion of the
energy in one line is present in the second line. For most applications, that is
not really what you want in an RF or microwave circuit. Usually you make
every effort to keep transmission lines away from one another so that cou-
pling does not occur. However, when you want to sample energy to check the
power level or frequency of a specific signal, a coupler is an ideal component
for the task.
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The term directional means, basically, that energy is passed in one direc-
tion only. Any energy from a reverse direction will not pass or allow the com-
ponent to operate properly. With the idea of what a coupler is, let us make
that coupler directional. Figure 4.2 is a representation of a directional cou-
pler. You can see that we still have two transmission lines (A and B) separated
by a spacing (S). This is exactly what was shown in the coupler in Figure 4.1.
The difference between Figures 4.1 and 4.2 is the term L, which is a specific
length and makes the coupler directional over a certain band of frequencies. L
is a quarter-wavelength at the frequency of operation. Generally, it is thought
that the frequency of operation to be used is either a single frequency, if that is
what you are using, or the center frequency of a band if you are operating
over a band of frequencies. In reality, it is a good idea to make the quar-
ter-wavelength value for a frequency that is just a bit higher than the band
center. If, for example, you are operating at 800 to 900 MHz, you probably
should calculate the quarter-wavelength at a frequency of around 860 MHz
rather than the band center, 850 MHz. That ensures that the circuit will stand
a better chance of operating at the high end of the band. If you had the quar-
ter-wavelength at the band center, more than likely the response at the high
end will be at a lower amplitude than if you used a slightly higher frequency.

To understand why this length of transmission line makes the coupler
directional, recall how a signal repeats itself every half-wavelength and is
exactly opposite every quarter-wavelength. A high impedance at one end of a
quarter-wave transmission line results in a low impedance at the other end.
Relating to Figure 4.2, we can see that if the energy enters the coupler at the
left of the device (point 1), it very easily will couple energy. As the energy trav-
els down the line, it encounters higher and higher impedances and cannot
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couple any significant amount to transmission line B. When it gets to the end
of the line, it has traveled exactly one quarter-wavelength and the initial low
impedance is now very high so that virtually no energy is coupled. This is the
forward operation of the coupler, which transfers energy to the second trans-
mission line at point 1 easily.

If we put the energy in at the right side of the device (point 2), it will cou-
ple easily up to transmission line B because of a low impedance. Once again,
as the energy moves down the line (from right to left), it encounters a higher
and higher impedance until it gets to the left side (point 1) and virtually has
an open circuit staring it in the face. Basically, no energy gets to transmission
line B at point 1.

What has just been explained is the concept of a directional device. If we
want to couple energy out at point 1 on transmission line B, it will happen
readily. Any energy coming from point 2 will not couple out at point 1. The
same would be true if we wanted to apply energy at point 2 and couple it out at
that point. That would be a fairly easy task to perform. As in the preceding
case, any energy coming from point 1 toward point 2 would not be coupled
out at point 2. This is truly a directional coupler. It couples energy without any
direct connection in one direction only. Figure 4.3 shows a directional coupler.

To further understand a directional coupler, we will define certain terms
used to describe such a device. To aid in these definitions, refer to Figure 4.4,
which is a schematic representation of a directional coupler. This is a four
port coupler. (A three-port coupler can be drawn by placing a termination,
usually 50Ω, at port 4 and using the other three ports only.) The input is
placed at port 1.
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The energy path from ports 1 to 2 is called the insertion loss, which is usu-
ally in the range of 0.3 to 0.5 dB for higher coupling values. The insertion loss
is determined by how far the coupled line is from the main input line. (If the
spacing is very small, that could be as large as 2.0 to 2.5 dB.) Insertion loss
many times is classified as a straight-through loss because the only thing
between the input and the output is a single low-loss transmission line.
Sometimes you will see a width of transmission line that is different from the
width of the input and output lines. That is usually the case with lower values
of coupling. It is necessary to match the impedance of the device in the cou-
pling area. Most couplers with coupling above about 10 dB have basically the
same width of lines, and the insertion loss is the loss through that single
transmission line.

The energy path from ports 1 to 3 is the coupling. This is the amount of
input signal that appears at port 3 (in decibels) compared to the total energy
that is at the input. The smaller the spacing is between the two transmission
lines, the lower the value of decibels is read at port 3. The farther away they
are, the higher the decibel value. Typical values of coupling are 10, 20, and 30
dB. There is usually a limit, determined by fabrication schemes, as to how
close the lines can be to one another. If you are etching stripline or microstrip
lines, there is a limitation in the etching of very narrow gaps between trans-
mission lines. The value of coupling is typically limited to about 5 dB. This
type of side-coupled circuit cannot usually be fabricated any closer with any
sort of accuracy. The same is true of a coaxial system. Normally, a 6-dB cou-
pler is as small as you can practically get with coaxial construction. (It should
be pointed out here that when you have these low values of coupling in a
device, you have approximately a 2-dB insertion loss compared to the 0.5-dB
loss for higher coupled devices.)

The energy path from ports 1 to 4 is called the isolation. The isolation tells
you how good a directional coupler you have. Ideally, there should be no
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energy at all at port 4 when the input is at port 1. In reality, however, there is a
value that can be read. The isolation also is measured in decibels and can
range from 20 to 50 dB, depending on the design of the coupler.

One term for directional couplers that many times is confused with isola-
tion is directivity. Directivity is a measure of how good the directional coupler
really is. It is not a measured quantity but is derived from the other measured
parameters. It is the difference between the isolation and the coupling (all
quantities in decibels). If, for example, we measure the isolation as 50 dB and
the coupling as 15 dB, the directivity is 35 dB. You can see the problem that
may arise if someone confuses isolation and directivity. In this example, there
is a difference of 15 dB. If you asked for a coupler with a directivity of 50 dB
when you meant an isolation of 50 dB, the coupler would have to have an iso-
lation of 65 dB, with a 15-dB coupler.

A couple of other terms should be covered. The first is frequency, which,
when we are talking about directional couplers, is the range of frequencies
over which all the specifications are valid. If your application is within the fre-
quency range of the directional coupler specifications, there will be a good
match and your circuit should work well. If not, find another coupler.

The second term to look at is coupling deviation. No device is going to be
perfectly flat across even a narrow band of frequencies, so there must be some
allowances for any variations that occur. If you look at a directional coupler
data sheet and find that it has a coupling of 15 dB (±0.75 dB), you can expect
the coupling port to vary from 14.25 to 15.75 dB. If you realize this in the
beginning, you will not be surprised when you get one coupling at 14.5 dB
and another value at 15.5 dB.

To illustrate the terms that we have just defined, we will provide a typical
data sheet for a directional coupler, as seen in Table 4.1.

One term, with two parts to it, was not explained in our definitions previ-
ously. That term is power. This is the amount of power that can be safely
applied to the device. It can be seen that there are actually two parts to this in
this particular data sheet. These values are different and indicate that we have
a three-port device instead of a four-port device. This is because in a forward
direction we can have 50W while in a reflected direction we only can put in 10
watts. This is because there is a 50Ω termination at Port 4 (in Figure 4.4) and
any power being reflected will go directly into that port and termination.
Therefore, the power handling capability of the coupler in a reflection mode
is much less than in a forward direction. If the device were a four-port device,
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the forward and reflected values would be exactly the same since there would
be no internal termination within the coupler.

With the directional coupler explained and the necessary terms defined,
the question is: Where are directional couplers used? We will now answer this
question by covering monitor circuits, leveling circuits, power measure-
ments, and reflectometers. All of these applications require a directional cou-
pler for proper operation.

4.1.1 Monitor circuits
One application for a directional coupler is shown in Figure 4.5. A monitor
circuit is one of the primary applications for a directional coupler. The cou-
pler in Figure 4.5 is monitoring the output of circuit 1 or the input of circuit
2. The reason a directional coupler is used for applications like this is that it
couples only in the forward direction (if there are reflections from circuit 2,
they will not be seen at the coupled port because of the directional properties
of the coupler) and has a very low loss through it (insertion loss). This last
property is good because if you are going to put any device in a circuit for the
express purpose of monitoring a certain point, you do not want it to interfere
with the normal operation of that circuit. The device you use must be able to
monitor the device effectively but still appear invisible to the circuit that is
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Table 4.1
Typical Data Sheet for a Directional Coupler

Model number COUP-5

Frequency 4–8 GHz

Coupling 20 dB

Coupling deviation ± 0.8 dB

Insertion loss 0.30 dB

Directivity 25 dB

Input VSWR 1.3:1 (max)

Power —

Input 50W

Reflected 10W

Connectors SMA (female)



being monitored. This is what a directional coupler does very well. Recall that
the straight-through port in the directional coupler is the insertion loss of the
coupler and is a very low loss if the coupling factor is 10 dB or greater. Thus,
the coupler exhibits a low loss between the circuits being monitored and basi-
cally appears as if it is not there at all, which is exactly what is needed for an
effective monitoring device. Another property of the directional coupler that
helps it appear transparent is the VSWR at the input. If the coupler is
matched at the input, it exhibits a good VSWR for the driving circuit (circuit
1 in Figure 4.5). That also adds to the invisibility of the coupler in the overall
system and makes things work smoothly.

The indication device in Figure 4.5 can be a power meter, a frequency
counter, a spectrum analyzer, or a meter if a detector is used along with the
directional coupler. (Detectors are covered in detail in Section 4.4.) What we
need here is some sort of device that will give us the indication we desire. If we
need to know the power, a power meter will be there. If we need to know a pro-
portional voltage for a corresponding signal level, a detector and a meter will
be there. If we need to see the spectrum that is present at any particular point,
the spectrum analyzer will be there. Be sure to remember, however, that the
power levels you read at the indicating device are attenuated from the actual
level of the circuit by the amount of coupling that the coupler exhibits. If, for
example, we read a signal level of −22 dBm on a spectrum analyzer connected
to the monitor in Figure 4.5, and the directional coupler is a 20-dB coupler, the
actual level of the signal in the system is −2 dBm. This can be critical in the
monitoring of actual power levels, so be sure to take it into account when you
are actually determining what levels you have in a monitored system.
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4.1.2 Leveling circuits

Another application of a directional coupler is one you may not see or realize
is working in your system or test equipment. That application is a leveling
circuit, which is shown in Figure 4.6. Many RF and microwave sources have
such a circuit built in to them. Some older models of sources do not have a
leveling circuit built in, and the output level falls off as the output frequency
gets higher and higher. The circuit arrangement used for either an internal or
external leveling circuit shown in Figure 4.6 will provide the required leveling
of the output signal.

If you have ever looked at the output of a sweep generator as it sweeps
across a band of frequencies, you will realize how necessary a leveling circuit
is. The output is usually at a pretty reasonable level when it starts out at the
low end of the frequency band, but as it increases in frequency you can see the
level drop off. Sometimes the drop is not that significant, but other times it is
something that needs to be taken care of. Many times it depends on just how
wide the band of frequencies being swept is. Generally, a leveling circuit is
used to ensure that a flat response is present for testing circuits or for a flat
response within a system.

To understand the leveling circuit, you must understand a basic feedback
control system. To do that, let us look at the most basic of all feedback control
systems, the human body. Say you are required to hold a weight out in front
of you at eye level. You need to hold it level as long as you possibly can. If the
weight starts to drop below the required level, your eyes (monitors and
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sensors) sense the change and send a signal to your brain (control center),
telling it that the level is not right. The brain sends a signal to your muscles
(control systems), telling them to lift the weight up. If the muscles overreact
and lift the weight too high, the eyes once again sense this and tell the brain it
is not right, the brain tells the muscles to lower the weigh, and the weight is
once again at its proper level. Of course, a point may be reached where the
brain tells the muscles to raise the weight and the muscles do not respond.
Nothing the brain can do will correct for that “too tired to respond” condi-
tion. The basic idea of the feedback control system still holds true and can be
applied to electronic systems and test equipment.

To understand how the system in Figure 4.6 works according to our basic
example of the human body, we will describe each component in the setup.
The signal coming from the source is monitored and sampled by the direc-
tional coupler as if it were in a regular monitoring application, as presented in
Figure 4.5. The output from the coupled port of the coupler has a detector
connected to it. The detector converts the signal level to the appropriate dc
voltage. The voltage is then sent to an automatic leveling circuit (ALC), which
is a voltage-controlled attenuator at the output of the source. If the output
level drops, the coupler-detector combination senses that and sends a voltage
to the attenuator, which removes attenuation and increases the output level.
If the output level increases, the process is reversed, and attenuation is
inserted in the output line. Leveling circuits have been used in many pieces of
test equipment and in many systems for a long time. It is an effective and sim-
ple leveling system that simply takes advantage of basic feedback principles.

4.1.3 Power measurement
Another application of a coupler is as a means of measuring power. It is used
when you have a higher power to measure, and the power meter, spectrum
analyzer, or counter cannot handle that high a power level. The coupler acts
to attenuate the power and make it safe to read on the meter or analyzer you
have (e.g., you have a half-watt of power to read, but the power meter you
have can be used only up to +10 dBm). The arrangement in Figure 4.7 can be
used to allow that to happen. First, we must convert the half-watt to decibels
referred to milliwatts, which is +27 dBm. If we use a 20-dB coupler in the
setup in Figure 4.7, we will see +7 dBm at the meter or analyzer, which is
below the maximum level of the indicating device to be used. Thus, you get
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your measurement and protect the power meter being used. It is a good idea
to check the maximum input requirements to all indicating devices to be sure
you do not blow out the front end of a spectrum analyzer or other device.
That can get frustrating and expensive, both in cost of repair and downtime
for the instrument.

4.1.4 Reflectometers
Our final application uses a special directional coupler, the dual-directional
coupler. This application is a reflectometer and is shown in Figure 4.8. It can
be seen that the dual-directional coupler is actually two single directional
couplers placed back to back. The couplers may be physically joined with an
adapter or actually come in a single package from a variety of manufacturers.
What the dual-directional coupler does is provide two output ports with
identical coupling (ports A and B) and an increased isolation between those
ports (also an increase in directivity). The large isolation is an absolute neces-
sity in a reflectometer setup. The dual-directional coupler also changes other
parameters when they are put back to back. The insertion loss increases
because there are now two couplers instead of just a single coupler. The inser-
tion loss goes from approximately 0.25 dB for a single 20-dB coupler to 0.75
dB for the dual-directional coupler. Also, the amount of reflected power that
can be handled by the coupler increases because of the isolation that takes
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place in the coupler itself. If, for example, the forward power level that can be
handled by a single or dual coupler is 50W, the reflected power for the single
coupler would be approximately 10W, while the reflected power that could
be handled by the dual coupler would be 50W, because of the increased isola-
tion in the dual-directional coupler.

A reflectometer measures the input power to a device or a load and the
reflection from the load, compares them, and gives the return loss of the
device or load in decibels. The input power is measured by indicating device 1
and the reflections by indicating device 2. This setup results in a characteriza-
tion of a particular device or load with regard to its match compared to the
system characteristic impedance. It does that by taking advantage of the
increased isolation and directivity of the dual-directional coupler. The
increased isolation means that when the forward power is measured at indi-
cating device 1, that is the only power being read. There is no reflected power
because of the outstanding isolation between the ports. Similarly, when you
read the reflected power with indicating device 2, you are measuring only the
reflections, not the forward power. With this arrangement, you can be sure
you have an accurate reading and your measurement system is accurate and
repeatable.

It can be seen that the directional coupler is a versatile component that
finds use in many areas of RF and microwaves. It is valuable to be able to
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place a component in a circuit to monitor a specific location and not have to
worry about a dc path for its operation. Also, the directional properties of the
coupler help to separate signals within a system. The only area you have to
watch is that you have a coupler that is in the proper frequency range for your
application.

4.2 Quadrature hybrids

The quadrature hybrid is another component that is more easily understood if
you define the individual terms of its name. Just as with the directional cou-
pler, doing that adds clarity to the explanation. The first term to define is
quadrature. If you look up this term in the dictionary, you will find that this
definition: “any two objects that are at right angles to one another.” If, for
example, you have two lines at right angles (90°), they are in quadrature; if you
have two tables at right angles, they are in quadrature; if you have two people
at right angles, they are in quadrature. What we have in quadrature in the
quadrature hybrid are the two output signals. They are 90° out of phase with
one another in quadrature; that is, there are two outputs from a quadrature
hybrid, and if you measure the phase relationship between them you will find
a 90° difference. This is a valuable relationship to have, as we will see later on.

The term hybrid is actually the term hybrid junction. In that arrangement,
transmission lines come together in such a manner that there is a high value
of isolation between ports when it is used in a component. Figure 4.9 shows a
quadrature hybrid and indicates the hybrid junction area. It can be seen that
the hybrid junction is where the transmission lines overlap one another.
When a quadrature hybrid is printed on a microwave circuit board, the
hybrid junction is the only common point on both sides of the board mate-
rial. Two 50-Ω transmission lines are on one side of the board (one for an
input and one for an output), and there also are two 50-Ω lines on the other
side of the board (also one input and one output). The only area that is on
both sides of the board material is the junction area, or hybrid junction.

The hybrid junction provides excellent isolation between the input port
and the port with the termination on it, and between output port 1 and out-
put port 2. This is an important property for an RF and microwave compo-
nent to exhibit because in many applications there is a need to keep signals
apart (i.e., provide isolation between ports) to improve performance.
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With the individual terms defined, now we can answer the question:
What, then, is a quadrature hybrid? The quadrature hybrid is a specialized
coupler (note the coupling section at the hybrid junction where energy is
coupled between two transmission lines) that takes an input signal and
equally divides it between its two outputs. Ideally, the two outputs will be
3 dB below the input power signal level. The outputs are also 90° out of phase,
which allows for the construction of other components.

The quadrature hybrid has other features that can be put to use in many
RF and microwave applications. If, for example, you apply equal signals to
the two output ports, as they are shown in Figure 4.9, the two signals combine
at the input of the device, with a small insertion loss taking place during the
combination process. So, what we have is an accurate and efficient 3-dB cou-
pler (a decrease in input power of one-half is 3 dB) that has some unique
properties.

In Figure 4.9, the input signal is applied at the left. The other port on the
input side is terminated in 50Ω. Output 1 is one-half the amplitude of the
input signal (−3 dB) and is in phase with the input signal. Output 2 also is
one-half the amplitude of the input signal and 90° out of phase with it. Figure
4.10 shows a plot of amplitude versus frequency for the two output ports. It
can be seen that output 1 has a plot that is bowed down over the frequency
range of operation. Similarly, output 2 has a plot that is bowed up over the
frequency range. Combining the two plots shows the operation of the entire
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quadrature hybrid. Points A and B are where the two output plots cross on
the low-frequency end and the high-frequency end, respectively. Those two
points show the frequency band of operation for the quadrature hybrid. If
you take the frequency at point B and subtract the frequency at point A, you
have the bandwidth of the component. Ideally, those two points would be at a
level of −3 dB. In reality, however, that point is around 3.15 to 3.2 dB, which
indicates an insertion loss for the quadrature hybrid. The insertion loss is the
difference between the measured losses and the ideal losses at those points. In
this case, the insertion loss is 0.15 or 0.2 dB.

There is a high degree of isolation between the two output ports and
between the two input ports of a quadrature hybrid (because of the hybrid
construction). This excellent characteristic of the quadrature hybrid allows
different signals to be applied at the input of the device without our worrying
about them interacting with one another. It also ensures that the two outputs
of the device will not interact either. That is a rare characteristic for an RF and
microwave component to exhibit and is used to the maximum benefit in a
variety of components in which the hybrid is an integral part. Figure 4.11
shows a quadrature hybrid.

To build some of those components, we can take two quadrature hybrids
and put them back to back, as shown in Figure 4.12. A signal applied at
the input basically appears at the same power level at the output, with the
addition of a small insertion loss. The arrangement can be used to create
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individual components that will have good impedance qualities. If, for exam-
ple, a device (transistor, diode, and so forth) is placed at the output port of
the first quadrature hybrid and the device goes bad, the reflections from that
failed device are sent back toward the input. Recall that the hybrid junction
characteristics of the device are such that any signal sent back toward the
input are deposited in the terminated port and do not affect the input signal
at all. That is exactly what happens with the arrangement in Figure 4.12. This
property results in a device that has stable impedance parameters and, thus, a
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constant VSWR at its input. Such an arrangement leads to this type of device
being termed a constant-impedance device.

Two additional terms typically appear on data sheets for quadrature
hybrids and should be defined and explained before we proceed any further:
amplitude balance and phase balance. Amplitude balance is a comparison of
the power levels at the two output ports. Ideally, there should be no differ-
ence in amplitude between the two ports. They both should be down 3 dB
from the input level (or one-half the power of the input signal). In the real
world, however, there will be some difference or variation. This figure should
be as low as possible so each circuit that is driven by the quadrature hybrid
receives the same amount of energy. A typical value for amplitude balance
would be ±0.5 dB, which says that the amplitudes of the two outputs can
range from 2.5 to 3.5 dB and still be within specifications.

The second term is phase balance. As stated earlier, the quadrature hybrid
is designed to have a 90° phase separation between the output ports. Because
of variations within the device, that phase varies with frequency. The phase
balance specification is a measure of how well the phase difference tracks over
the frequency range of operation. A typical value for phase balance is to have
the output ports track within ±1.5°. In other words, if the phase difference is
88.5° to 90.5°, the hybrid is within specifications and will operate properly.
The ideal phase balance, of course, would be 90±0 degrees. That may be pos-
sible over a very narrow band of frequencies, but it is not something that is
practical to look for over a range such as an octave (for example, 1 to 2 GHz).
(An octave is a representation of a frequency band in which the high-fre-
quency end of the band is twice the low-frequency end, e.g., 1 to 2 GHz, 2 to 4
GHz.) Thus, the phase balance should be as close to 0 degrees as possible.

To illustrate what you should be looking for when you need a quadrature
hybrid and to show where the terms we have presented apply, we will present
a typical data sheet for such a device in Table 4.2.

With the data sheet presented, we can now look at some typical
applications of the quadrature hybrid. We will look at the matched detector,
the process of combining amplifiers, and switches using hybrids.

4.2.1 Matched detectors
In Figure 4.13, a hybrid is used to produce a matched detector. This applica-
tion uses matched diodes, which means the characteristics of each diode are
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the same. Matched diodes can be requested from a manufacturer and usually
result in a higher cost, but if they are needed for excellent performance the
cost is well worth it. It can be seen in Figure 4.13 that the two outputs from
the quadrature hybrid feed the diodes. That means the signal to each diode is
identical, within the specifications of the hybrid (amplitude balance). There
will be some difference in amplitude, but it usually is insignificant to the
operation of the detector.

The matched detector is designed to take an RF signal at the input and
use the matched diodes to convert it, very efficiently, to a video or dc signal,
as needed. The quadrature hybrid and matched diodes are what make this
circuit work as well as it does. The combination of basically equal output
power levels from the hybrid, and the isolation between input ports and out-
put ports make this a very good component to use when a detector is needed.
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Table 4.2
Data Sheet for a Quadrature Hybrid

Model number HY-22

Frequency 1–2 GHz

Isolation 22 dB (min)

VSWR 1.25:1

Insertion loss 0.35 dB

Amplitude balance ±0.45 dB

Phase balance ±1.6°

Connectors SMA

RF in

Termination

DC or
video out

Figure 4.13 Matched detector.



4.2.2 Combining amplifiers
Figure 4.14 is another quadrature hybrid application, one that uses
back-to-back hybrids with some component in between. Recall that by doing
this we have the same level at the output as we put in at the input, with a small
insertion loss. If we put amplifiers between the two hybrids, the inputs to the
amplifiers are fed with the equal amplitude output ports of the input quadra-
ture hybrid. The outputs of the amplifiers similarly are applied to the two
input ports of the output quadrature hybrid. Recall that an input signal is
equally divided at the output ports. Also, if we apply two signals to the input,
the hybrid combines the signals at the output port. This is what we are doing
with the output signals of the two amplifiers. As a result, we have a small
input power to the entire component and an output that is the result of the
two amplifiers being used.

Although the operation presented here is a tremendous quality for this
circuit to have, an even better one that makes this type of circuit useful for a
wide variety of applications. That other quality keeps any mismatches pro-
duced by the amplifier stages from being seen at the input of the entire assem-
bly. That is, if one of the amplifiers goes bad, there will be a very high
impedance at the input of that amplifier. That causes a very high reflection
that tries to get back to the input. Because of the hybrid junction characteris-
tic of the component, the reflections all are dropped into the termination
resistor at the other port at the input. Thus, the reflections are never seen at
the input. This characteristic of a network with two quadrature hybrids
placed back to back is a constant impedance device, which is a valuable
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characteristic used for many amplifier applications. It is ideal for obtaining
higher power outputs as well as eliminating the worry of a bad amplifier caus-
ing an increased VSWR at the input of the device. You must remember, how-
ever, that if one of the amplifiers does go bad, there will be a reduced output
level from the device just as if only one amplifier were being used. The big
advantage is that the additional reflections caused by this amplifier are not
seen at the input.

4.2.3 SPST switches
Another application of the quadrature hybrid is the single-pole single-throw
(SPST) switch (Figure 4.15). This device also has a quadrature hybrid at the
input and the output in the back-to-back arrangement. Diodes are placed in
between that exhibit various values of resistance when biased. (These PIN
diodes are covered in Chapter 5.) When the diodes are fully biased, they
exhibit a low value of resistance, and the circuit appears to have nothing in
between the two quadrature hybrids. For this condition, the energy goes from
the input port, through the hybrid combination, and out the output 1 port
with a very low loss. The loss will be in the order of tenths of a decibel, since
there is really nothing to cause a loss other than the transmission lines of the
hybrid and those connecting the hybrids.

When the bias is removed from the diodes, they exhibit a very high resis-
tance, almost as if an open circuit has appeared between the two hybrids. This
condition causes all the energy coming into the device to be reflected back
toward the input. Because a hybrid junction is present, the energy does not
get back to the input but is sent to the other port on the left in Figure 4.15,
output 2. That results in a very low loss signal at that port. Thus, we have
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produced a very efficient switch. With one condition, we switch the energy to
port 1, and in the other condition we switch it to port 2. This is a classic and
very basic switch.

If we take the switch circuit and vary the diode bias continuously between
full on and full off, monitor output 1, and place a termination at output 2 we
would see various levels at that output port 1, depending on the value of bias.
In one case, we produce a very small loss at the port and, as we continue to
vary the bias, gradually pick up more and more loss at that port until we reach
the point where there is no bias and a very high loss at the output. The type of
component we have just produced is a continuously variable attenuator. The
bias voltage for this type of component may be analog (continuously varying
with respect to time) or a digital step (discrete voltage levels) to make a volt-
age-controlled attenuator. In the first case, we have what was just described.
In the second case, we have a step attenuator, that is, each of the discrete volt-
ages in a digital pulse produces a discrete value of attenuation within the
device. Thus, the choice of a quadrature hybrid for this type of application
produces valuable components that have very good qualities.

The quadrature hybrid is a valuable component for RF and microwave
systems. Any place where isolation is needed between ports, where equal out-
put powers are required, or where a 90° phase shift is necessary, the quadra-
ture hybrid will be right at home and do an excellent job.

4.3 Power dividers

A quadrature hybrid takes an input signal and divides it into two equal out-
puts that are 90° apart in phase, which is fine for some applications. But what
if you do not want a phase shift between your output ports and you need to
divide the input signal into three or four outputs? If that is the case, you
can employ a simple 0° power divider that is not limited to just two outputs.
Wilkensen power dividers provide a variety of output ports that are all in
phase, within a reasonable tolerance. Figure 4.16 shows a two-way, a
three-way, and a four-way power divider.

You can see from the figure that each of these dividers has an input port
on the left that comes to a point where the device splits off and goes in as
many directions as is necessary for the individual component. It should be
pointed out here that the input transmission line and the output lines will be
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50-Ω lines. The transmission lines for the division lines will be various values,
depending on the number of outputs needed. For a two-way divider, the
impedance of the transmission lines going to the 50-Ω outputs is 70.7Ω. You
can see the difference in widths of these lines as you look inside a circuit and
see the lines that make up a power divider. Also, each divider has a resistor
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between output ports. The resistors are not there just to take up the space
between the transmission lines, they are there to ensure good isolation
between the ports. If the resistors are not there, the isolation will be very low.
The division lines are each a quarter-wavelength long; if you do not terminate
the lines, you will have the equivalent of close to a half-wavelength transmis-
sion line between any two output ports. That results in no isolation, because
the ports basically are at the same point electrically. So, the resistors are
important to the operation of the 0° power divider.

As with quadrature hybrids, when we divide an input signal into two out-
puts, there will be a 3-dB loss in the signal level. We also may have not only a
two-way but a three-way, a four-way, and maybe more than that. To predict
what the losses will be for each port, consult Table 4.1, which shows the ideal
(theoretical) output levels associated with a given number of outputs.

The values given in Table 4.3 are ideal values if there is no insertion loss.
In the real world, however, there will be an insertion loss, so the actual loss
per port for a two-way divider will be in the range of 3.15 dB; for a three-way
port, the loss will be approximately 5 dB; for a four-way port, the loss will be
about 6.2 dB; and so on. Thus, the actual loss for each output port will be
slightly higher than the ideal loss. That must be taken into account when you
put together a complete system and look at all the losses and gains associated
with the system. The difference we are talking about is only about 0.15 or 0.2
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Table 4.3
Power Divider Outputs

Number of
Output Ports Loss (dB)

2 3.00

3 4.77

4 6.00

5 7.00

6 7.80

7 8.40

8 9.00

9 9.45

10 10.00



dB, but those small values have a habit of adding up to many decibels, which
can cause problems later on in a system. It is possible that an amplifier may
not operate properly because there is too much loss in a power divider used
previously in a system. So, take into account not only the ideal value of loss
but also the insertion loss that will be present. Figure 4.17 shows a power
divider.

The terms amplitude balance and phase balance apply to in-phase power
dividers as well as to quadrature hybrids. Amplitude balance tells how closely
the output ports track one another. If, for example, one port of a three-way
divider measures 4.98 dB, while the next port measures 5.00 dB, and the third
port is 5.01 dB, the outputs track within 0.03 dB. That is an indication of the
amplitude balance of the divider and is the same as would be specified for the
quadrature hybrid. The values of amplitude balance you would see on a data
sheet would be in the range of ±0.2 to ±0.5 dB (depending on the number of
output ports).

The phase balance for a conventional power divider is somewhat differ-
ent from that of a quadrature hybrid. Recall that the output phase for a quad-
rature hybrid is 90° apart. For the 0-degree power divider, the output phases
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must be as close as possible to being in phase, or at 0 degrees. For the 0° power
divider, the expected values of phase balance will be in the range ±1.5° to ±3°.
Applications of 0° power dividers range from use as signal dividers in test set-
ups to mixer circuits, where signals must be fed in phase, to areas where mul-
tiple antennas must be fed in phase. Actually, any application where there are
multiple areas to be fed in phase call for the use of a 0°, in-phase power
divider.

One application in which both quadrature hybrids and 0° power dividers
are used is an image-rejection mixer, which is shown in Figure 4.18. An
image-rejection mixer gets rid of any image frequencies generated by a mixer
circuit. An image frequency is basically an undesired frequency. We will
examine mixers in Section 4.5, but for now we can say that whenever two
frequencies are multiplied together, as they are in a mixer, there will be
combinations of frequencies generated by these two signals. The ones of
interest generally are the sum of the two and the difference between the two.
If you want the sum of the two, for example, you would want to be sure and
get rid of the difference frequency so that it will not interfere with the circuit
operation. In this case, the difference frequency would be the image and
would be the one that you would not see at the output of the mixer circuit
and only the sum of the two frequencies would appear. As can be seen in
Figure 4.18, there are two areas called balanced mixers, which are covered in
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detail in Section 4.5. For now, we will say that these devices have two inputs,
RF and local oscillator (LO), and one output, intermediate frequency (IF).
Each mixer is fed with RF and LO signals from the original circuits by means
of some type of power divider. In the case of the RF input, it is the quadrature
hybrid. That is because there needs to be a 180° phase shift between the two
RF inputs to the balanced mixers. That is accomplished by using the natural
90° from the hybrid and inserting a section of transmission line that will
develop the additional 90° to make the total 180° necessary for operation.

The LO port does not have the phase difference requirement, so the
0-degree power divider is used for this application. Once again, each of the
balanced mixers receives the same amplitude signal, as well as the same
phase.

Note in Figure 4.18 that at the output there is another 90-degree hybrid.
That hybrid is the actual output of the image rejection mixer and is a quadra-
ture hybrid designed to operate at the lower IF. This device allows the opera-
tor to choose either an upper-image or a lower-image frequency for an
output. Once again, the quadrature hybrid pops up to do the job required.

The 0-degree power divider is a component that is used in many areas
both by itself and with other RF and microwave components. It is a compo-
nent that is fairly easy to fabricate until you get into higher-division applica-
tions. Then you need to do some serious thinking about how to lay out the
device and still maintain the quarter-wavelengths necessary for proper oper-
ation. Also, the terminating resistors must be taken into account as to where
they must be attached. Generally, however, there are many ways of accom-
plishing those feats, resulting in some very good dividers.

4.4 Detectors

Probably the simplest and most useful RF and microwave component is the
detector. You can see how basic the construction of the detector is by refer-
ring to Figure 4.19. The first block in the diagram is an input-matching cir-
cuit that is designed to match the diode impedance to the characteristic
impedance of the system (usually 50Ω). A matching network is necessary so
the maximum power can reach the diode and the conversion from RF to dc
can take place efficiently. That matching network has the task of matching
the complex impedance (a value of real resistance and a value of some sort of
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reactance, usually capacitive) to the real value of 50Ω, which is probably the
characteristic impedance of the system driving the detector. Many times the
network is a series of transmission lines of various lengths and widths that
provide the necessary matching for the detector. This network allows the RF
energy to be transferred efficiently to the diode so the detection process can
occur. Without the matching network, a great deal of power would be lost
between the input and the diode circuitry, and the detector would be a very
inefficient device that would find few applications.

The second block in Figure 4.19 is the diode itself (or a set of diodes) that
actually performs the detection process. A detection process is one in which
the full cycle of the RF input signal is clipped so that only the positive or nega-
tive portion of the signal is present at the output of the diode circuitry. This
may be a half-wave rectification in which only positive “pulses” are present,
with the opposite polarities being nonexistent, as shown in Figure 4.20(a).
Another method is full-wave rectification, in which the positive or negative
signals are reproduced for every cycle with the opposite polarity being trans-
ferred up (or down) to make a continuous signal output, with no gaps
between the polarity being used, as shown in Figure 4.20(b).

The most important part of the detector is the diode. After all, the diode
is what actually carries out the detection process and makes the entire com-
ponent do its job. Another important part, however, is the dc return, which
usually is a printed high-impedance transmission line that is a quarter-wave-
length long and acts as both a dc return to ground and an RF blocking com-
ponent. If we make a transmission line a quarter-wavelength long and attach
one end to ground, we will have a very high impedance at the other end of the
line (basically an open circuit). That is what the dc return does in RF and
microwave detectors. It is a dc short for the current to return to ground, and
it is also a high impedance for the RF that allows the blocking action. The dc
return is critical, because the detector will not work unless there is a dc return
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for the diode. To go back to basic diode theory, for the diode to perform and
conduct current, there must be a complete circuit for the diode. That is where
the dc return comes in; it completes the diode circuit.

The final block is a lowpass filter circuit that will result in the clean dc
voltage at the detector output, and will remove any RF from the output if
either a dc or video output is desired. This filter may be something as simple
as a single capacitor that is attached to the output of the diode circuit and
ground. This will make an adequate lowpass filter if the proper value is cho-
sen. Generally you will see a conventional lowpass filter network put in this
block. It will ensure that the output of the detector is the required dc, video,
pulse, or any other output that you expect and not have any of the RF or
microwave signal associated with it. Figure 4.21 shows a detector.

One term that is used to characterize detectors is sensitivity. Consider
what you think of when you hear the word sensitive. One image that may
come to mind is a sensitive tooth. Anyone who has had one knows what sen-
sitive in that context means. It does not take much to cause pain in that tooth,
which is sensitive to everything. You may also know people who are sensitive
in that their feelings are hurt easily. It does not take much to upset such peo-
ple. That is similar to what we mean when we talk about the sensitivity of RF
and microwave detectors. It is the input signal level required to make the
detector operate and the amount of output voltage obtained for a certain
amount of input power.
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Two factors affect sensitivity: the input power and the output voltage.
Thus, sensitivity generally can be defined as how much voltage is produced at
the output for a given input power level. Units such as millivolts (0.001V) per
milliwatt (0.001W) are popular when we talk about the sensitivity of a detec-
tor. Another factor that plays a part in the sensitivity parameter is the load
resistance, which causes the output voltage of a detector to decrease as the
load resistance decreases. Thus, when specifying sensitivity, you must con-
sider input power, output voltage, and load resistance. It does no good to
specify the sensitivity for a detector by saying that it is 1,500 mV/mW, with-
out also specifying at what load resistance the measurement was taken. So be
sure to include the load resistance when you specify detector sensitivity.

Another type of sensitivity used with detectors is tangential sensitivity
(TSS). A TSS display is shown in Figure 4.22. TSS is the lowest power level
input that can be used to get an output signal that is above the noise of the
device and allow for proper operation of the detector. TSS has been classified
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as a direct measure of the signal-to-noise voltage of the detector, since a certain
noise is generated in the detector simply because there is a diode with a
junction that exhibits a resistance. That is the most common noise source, a
resistance with current flowing through it. As can be seen in Figure 4.22, the
measurement is carried out with a pulsed signal. The pulsed signal is applied at
the input to the detector, and its level is adjusted so the highest noise peaks
observed on an oscilloscope with no signal are the same level as the lowest
noise peaks when a signal is present. In other words, the presentation in Figure
4.22 is set with the input level until level B is equal to level A. When you get
such a display, you can read the input power level in decibels referred to
milliwatts and that will be the value of TSS. Typical values for TSS are −50, −55,
or −60 dBm. This parameter is an important part of any detector data sheet.

There are other terms that we need to define before we proceed further
with our discussions of microwave detectors. One of these terms is frequency
response. This is a term used to indicate the RF performance of the detector. It
is sometimes given in decibels per octave or in one figure for overall
performance. Basically, it is a measure of the variation in sensitivity of the
detector, measured in decibels.

Another term that is necessary to know about a detector is its impedance.
This is the input impedance of the device at the RF input. Not all detectors are
50Ω, so be sure to check the data sheet for your particular detector to be sure
it matches the impedance you are using for your system.

Maximum input power is an important term to characterize when
working with microwave detectors. This is the maximum level of power that
may be applied to the RF input to the detector without damaging the diode
within the detector. This term should be given great consideration when
choosing a detector and be sure it is one that has a power level applied to it
that is significantly less than the maximum input power specification.

The last term we will examine for microwave detectors is polarity. This
parameter tells you whether you have a positive or negative signal, or a dc
voltage, at the output of the detector. Be sure to have the proper polarity
detector for your application, since one with the opposite polarity probably
will not allow your system to operate properly.

With all of the detector terms defined, it is now time to present a typical
data sheet for a microwave detector. This data sheet is shown in Table 4.4.

We will not reinforce this data sheet and the terms presented with
applications of this very basic and valuable microwave component.
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Figure 4.23 shows the monitoring application of RF and microwave
detectors. Notice that there are the two circuits (1 and 2) with the directional
coupler between them. That part of it is exactly the same as in Figure 4.5,
which showed a directional-coupler monitor circuit. The additional portion
in Figure 4.5 was an indicating device connected directly to the directional
coupler. In Figure 4.23, the detector is now placed between the directional
coupler and the indicating device. That means we can use a simple dc meter
as an indicating device, rather than a power meter or a spectrum analyzer,
which simplifies many applications.

Whenever we need to monitor a specific location in a system for specific
parameters, the directional coupler and detector combination can be used to
produce the voltage necessary. As a matter of fact, it is possible to purchase a
directional detector, which is a directional coupler that operates over a certain
band of frequencies and that has a built-in detector on it. The device has RF
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Table 4.4
Typical Data Sheet for a Microwave Detector

Model Number DET-11

Frequency 2-10 GHz

Frequency Response ±1.25 dB

Sensitivity 1250 mV/mW

Tangential Sensitivity (TSS) –55 dBm (min)

Impedance 50Ω

Maximum Input Power 150 mW

Polarity Positive (other options available)

VSWR 1.5:1

Indicating
meter

CouplerCircuit
#1

Circuit
#2

Detector

Figure 4.23 Monitoring circuit.



connectors at the input and the output of the coupler and a BNC connector
at the output of the detector, a handy arrangement to have since it eliminates
an additional adapter that would be used to connect the detector to the cou-
pler. There is one thing to watch when you choose to use a directional detec-
tor: be sure it will operate over the frequency range you are using. When the
two components are put together, it serves to decrease the operating band of
the detector because the coupler usually has a limited range (e.g., an octave).
When the detector is used as a separate component, the frequency range of
operation can go from 500 MHz to upward of 18 GHz for one unit, depend-
ing on the connectors used at the RF port.

Another application of the RF and microwave detector is the leveling cir-
cuit shown in Figure 4.24. Leveling circuits were described in Section 4.1.2
and shown in Figure 4.6. The detector is the component that takes the sam-
pled energy and converts it to a voltage that is used to control the volt-
age-controlled attenuator in the generator. The attenuator then has the task
of adjusting the output level accordingly. This application many times also
uses the directional detector. The directional detector often is used for a level-
ing circuit, because the generators may go over only an octave or two, and
this component is ideal for such an application.

It can be seen from both Figures 4.6 and 4.24 how important the detector
is to the operation of a leveling circuit. It has the responsibility of producing
the “appropriate” voltage to tell the attenuator how much attenuation to
place in the output line or take out. We emphasize appropriate, because it is a
simple process to have a detector that will produce a voltage. The key is to
have it produce the right voltage for the application you need.
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A third application of the RF and microwave detector is shown in Figure
4.25. This application is for the times when no spectrum analyzer is available
to look at an RF or microwave signal and you need to get an indication of
what is going on in the circuit. If an oscilloscope is available with a limited
bandwidth and frequency response, the detector can be used to provide a
level indication for the signal that is being used. This application is being used
less and less now because of the large bandwidths available in some of the new
oscilloscopes.

An important part of the setup in Figure 4.25 is the attenuator (the block
labeled ATTEN), which is inserted as a safety precaution. The attenuator’s
function is to limit the power that will reach the detector so there is no danger
of burning out the diode and destroying the detector. It is a good idea to use
such a device whenever you are working with an RF or microwave detector.
First, you must look at the specifications for the detector to determine its sen-
sitivity. Then the appropriate value of attenuator should be inserted to pro-
tect your investment. That saves time, money, and tempers later on, because
the detector can be used over and over for many applications.

It should be evident that the detector is a highly reliable and simple com-
ponent that has many critical jobs to perform in RF and microwave systems.
The detector seems to bear out two old sayings: “Good things come in small
packages” and “The simpler, the better.”

4.5 Mixers

The concept of mixing is one that most people understand. When you make a
cake (even from a box), you take specific materials, mix them together, and
end up with a cake. If you mix different-color paints together, you end up
with a new color. Both these examples are rather basic, but they illustrate the
process of mixing.
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Similarly, when you mix together two electronic signals under the right
conditions, you end up with a third, different signal (either the sum, the dif-
ference, or some combination of the two original signals). For both the cake
and the paint, you need to observe certain conditions to make a presentable
cake or get even close to the right color of paint. Similarly, certain conditions
must be observed when we mix electronic signals.

If you put two signals into an amplifier, you get those two signals at the
output (provided they are within the bandwidth of the amplifier and the lev-
els of the signals will not overdrive the amplifier), because the ordinary
amplifier is a linear device. That is, when you put an input to the device, you
get a signal out that is multiplied by the gain of the device (a 1-V input signal
with a gain of 15 ideally results in a 15-V output). Figure 4.26 is a curve of
power input versus power output that shows this linear region. The area des-
ignated as linear is from the zero point at the lower left corner to the point
marked A. It can be seen that this is a straight line with no bends in it or
changes in direction. It also shows that for every increment of input power
there is a corresponding increment in output power, which depends on the
actual gain of the circuit being considered. As long as this characteristic is
dominant in the circuit we are considering, there will be two output signals
when we place two signals at the input.

When the linear relationship no longer exists, you have a nonlinear device,
which also is shown in Figure 4.26. It is the area that comes about by increasing
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the input power level to a device until there is little or no increase in the output
power. The point where that first occurs is called a compression point. It tells
you, the operator, that you are leaving the linear region of the device and
beginning to encounter the nonlinear properties of the circuit being used.
When you get into a nonlinear area, you will notice that the input power con-
tinues to increase, with no increase in the output. There appears to be no
increase in the output because what is being displayed is the amplitude of the
fundamental, or original, signal. What actually is happening is that as the
input level increases, the harmonics of the fundamental signal begin to
increase at an ever-increasing rate. That will cause harmonic distortion of the
original signal, since the harmonics (which are two, three, four, and so forth.,
times the fundamental frequency) are now becoming so large that they are
affecting the output of the device. That is actually nice for the operation of a
mixer circuit since it is what is needed to get signals to mix together. As men-
tioned previously, two signals do not mix in a linear circuit. Each signal will be
worked on individually by the linear circuit. Thus, there must be some method
of getting the circuit into the nonlinear region that is needed for operation.

To have a mixer circuit, you need the nonlinear property of the circuit we
have been talking about, but you also need to have the three fundamental
parts shown in Figure 4.27: the input coupling network, the diode circuits,
and an output filter. All three parts are absolutely necessary for a mixer
circuit.

Before we get into the three sections of a mixer, it might be a good idea to
describe the signals that are used as inputs and outputs of a mixer. As can be
seen in Figure 4.27, there are two input signals, the radio frequency (RF) and
local oscillator (LO). The RF signal usually comes from a low-level source or
directly off an antenna, and the LO controls the operation of the mixer itself.
What we are referring to is that the LO signal level, termed the LO power,
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must be high enough to drive the mixer circuit into this nonlinear region that
we discussed earlier so that mixing can occur within the device. If this power
level is not high enough, the mixer will not work; it will be just a device that
has two input signals and a combination of signals at the output. The output
in Figure 4.27 is called the IF, which usually is the difference between the RF
and the LO, but which also could be the sum of the two input signals. With
the signals identified, we can now look at the elements that make up a mixer
circuit.

4.5.1 Elements of a mixer circuit
The input coupling network, as shown in Figure 4.27, is used to combine the
input signals into the mixer, the RF and the LO. This network must provide a
means of combining the two signals in the network and applying them to the
diodes at the same amplitude. The RF and LO signals also have to be isolated
from one another at the input, so that the only place they are combined is at
the output of the coupling network at the input to the diodes. Recall that
the hybrid junction in the quadrature hybrid provides excellent isolation
between ports. It also combines signals and feeds them to the output at an
equal amplitude. The quadrature hybrid, then, is an ideal choice for the input
coupling network of a mixer. This, in fact, is the choice of many designers of
RF and microwave mixers.

The diode circuits in Figure 4.27 can be a wide variety of assemblies: a pair
of single diodes, an arrangement of four diodes in a quad (a bridge arrange-
ment of four diodes) configuration, or any other combination that will do the
job for a particular application. The main task of the diodes is to take the RF
and LO signals and mix them together to form new signals. The main require-
ment is that there be an even number of diodes so that each side can be fed the
combined signals evenly. (Some texts show a single-diode mixer configura-
tion to illustrate the basic operation of the three sections that make up a mixer.
Such a configuration is not recommended, since both the losses and the noise
are very high, and you will not obtain optimum performance.)

The filter circuit at the output of the mixer is necessary because the result
of mixing two signals in a nonlinear circuit is a wide variety of signals. If we let
the RF signal be F1 and the LO signal be F2, the output of the diodes will be F1,
F2, F1 + F2, F1 − F2, 2F1 + F2, F1 + 2F2, and so on, with a large variety of signals
produced as a result of the mixing process. Remember that this is a nonlinear
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operation and many signals will be generated during the operation. Actually,
there is one big mess of signals at the output of the diodes, which is why a filter
is required. If the difference between the RF and the LO signals is the required
output of the mixer, a lowpass filter is placed after the diodes. That is because
the lowpass filter passes the difference frequency and attenuates all the other
frequencies since they are all at a higher frequency than the difference. If the
sum of the RF and the LO signals is the desired output, the filter to be placed at
the output of the diode circuits is a bandpass filter. That is because the fre-
quency of the sum of the two signals is in an area that some of the signals will
be higher in frequency and others lower. The filter to use, therefore, is a
bandpass filter to ensure that you get the proper output signal. Figure 4.28
shows some mixers that are available.

4.5.2 Signals in a mixer circuit
For most applications of a mixer, the output is either the sum of the two sig-
nals (F1 + F2) or the difference (F1 − F2). If the sum is used, the mixer is called
an upconverter. If the difference is used, the mixer is called a downconverter.
The choice of an upconverter or downconverter depends simply on the type
of filter that is used in the mixer. With the proper filter at the output of the
mixer, you have a completed circuit. Now let us see how the signals that are
used can make or break the mixer circuit.

We have said that the mixer must be a nonlinear device in order to mix
the signals together. How do we get a circuit such as the one shown in Figure
4.27 to be nonlinear? For the amplifier example we looked at in the beginning
of this section, we assumed that the signals were the same level and would be
amplified equally in the linear case. For the mixer, the input signals are very
different in level. The RF signal usually is a very low level signal. Many times it
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is the signal that comes in right off an antenna, and the level may be −70 to
−80 dBm or even lower. The LO signal, as we have previously stated, is the key
signal for making the mixer operate properly. The level of the LO signal is
substantially higher than that of the RF signal and may be 0, +5, or as high as
+27 dBm. This very high level hits the diodes at the same time the RF signal
does and results in the diodes being driven very hard and into the nonlinear
region. That is how the mixer creates the nonlinear effect and mixes the two
signals. If the LO signal level falls off for any reason, there is a distinct
possibility that the mixer will not mix the two signals. In that case, there will
be no output from the mixer, since the output filter is designed to pass only
the sum or difference frequency of the two inputs. So it can be seen that the
level of the LO is crucial to the operation of the mixer.

Certain terms are associated with mixers. One term is conversion loss.
Recall the term insertion loss, which describes directional couplers. Insertion
loss is the low loss going from the input to output on the straight-through
transmission line and usually is a very low value. The key idea behind inser-
tion loss is that it is a loss from input to output of a device (e.g., the direc-
tional coupler). The conversion loss in a mixer is similar to the insertion loss
in a directional coupler in that it is a measure of the performance from the
input to the output. For a mixer, it is the difference in signal level (in decibels)
between the RF input and the IF output. This loss is a little more difficult to
measure than the insertion loss of a directional coupler because the input and
the output of a mixer are at different frequencies, whereas the directional
coupler insertion loss is at the same-frequency input or output. The best way
to look at the conversion loss of a mixer is with a spectrum analyzer, which
can distinguish between the two frequencies and give you an absolute power
level for each signal. Then it is a matter of taking the difference in decibels and
obtaining a figure for conversion loss. Typical values range from 6 to 9 dB.
You also may see some mixer assemblies that do not have a loss from the RF
input to the IF output. These are more appropriately called mixer-amplifier
assemblies rather than simply mixers. An amplifier at the IF output raises the
level of the output so there is a gain rather than a loss through the entire
circuit.

Another term that is important when we discuss mixers is the isolation,
particularly the LO-to-IF isolation. This value (in decibels) tells you how well
the LO signal, which is considerably higher than any other signal in the
mixer, is attenuated so it does not interfere with the desired output. Some
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mixer circuits have separate filters built in that are designed to greatly attenu-
ate the LO signal at the IF output so that it does not overpower the required
IF signal, thus producing a more efficient mixer circuit.

The value of RF-to-LO isolation also is important. It is necessary to keep
the RF and LO signals apart at the input, and these signals should be com-
bined only at the diodes so they can do the task they are supposed to do. Val-
ues for both RF-LO and LO-IF isolation should be in the range of at least 30
dB; 40 to 45 dB would be even better.

With basic discussions of mixers and some of the key terms presented, we
can now look at a typical data sheet for a mixer (see Table 4.5).

The only term that has not been defined in the data sheet above is noise
figure. This value, as can be seen, is very close to the conversion loss of the
mixer (within 0.5 dB). This is the noise characteristic of the device due to the
fact that there is a loss in the overall operation of the mixer circuit. If we were
to put a 3-dB attenuator ahead of a low-noise amplifier with a noise figure
(measure of the signal-to-noise ratio) of 2 dB, we would find that the overall
system noise figure, or characteristic, would be 5 dB since a loss was placed
ahead of the amplifier. The same is true of the mixer since it is a lossy device.

The main application for a mixer circuit is in a superhetrodyne receiver,
which is shown in Figure 4.29. In that scheme, the RF signal comes in from an
antenna (or possibly an RF amplifier right after the antenna) and is mixed
with a LO signal to form an IF, which is used for processing the radio signal.
The IF makes it much easier to process information, because it is a lower
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Table 4.5
Typical Data Sheet for a Mixer

Model number MX101

Frequency (RF & LO) 1–10 GHz

Frequency (IF) 2–700 MHz

Conversion loss 8.5 dB (max)

Isolation (RF/LO) 22 dB (min)

Noise figure 9.0 dB (max)

VSWR: LO 2.4:1

RF 2.4:1

LO power +10 dBm



frequency and is also a single frequency rather than a band of frequencies, like
the RF input. Typical numbers for RF signals are 550 to 1,600 kHz for com-
mercial amplitude modulated (AM) radio applications and 88 to 108 MHz for
frequency modulated (FM) radio cases. The IF frequency for AM is 455 kHz
and 10.7 MHz for FM. Those frequencies would not be possible without the
use of the mixer circuit to make the necessary frequency conversions. (A cir-
cle with an X inside is the recognized schematic symbol for a mixer circuit; see
Figure 4.29.)

4.6 Attenuators

The term attenuate means to lessen the value of something. In RF and micro-
waves, attenuation is the lessening of the signal. Attenuating a signal in an
electronic circuit is a matter of placing something in the path of the signal
that will obstruct the signal’s progress. That is fairly simple. However, to
make an efficient attenuator that will operate as we would like it to requires
that we not only attenuate the signal but maintain a good matched condition
in the process. That is the measure of a good attenuator.

Different types of attenuators are used in RF and microwave applica-
tions. The fixed attenuator is probably the most common. Fixed attenuators
are the components you see throughout a lab that are used for a variety of
applications. Figure 4.30 shows two schematic representations that are used
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for fixed attenuators. Figure 4.30(a) is the T-type of attenuator, which has
two series resistors and one shunt resistor. The πattenuator in Figure 4.30(b)
is just the opposite, two shunt resistors and a single series resistor in between.
Both of these fixed attenuators are very good for a variety of applications and
are common in a laboratory environment.

The attenuators in Figure 4.30 can be used at a variety of frequencies. If
your application is low frequency, a typical carbon resistor can be used. For
higher frequency applications, ceramic chip resistors can be substituted for
the carbon resistors. The substitution is a direct substitution, because a
3-dB attenuator to be used at 1 kHz uses the same resistor values as a 3-dB
attenuator at 2 GHz. The only difference is the construction of the resistors:
carbon versus ceramic chip.

Fixed attenuators have, as the name implies, fixed values of attenuation,
usually 3, 6, 10, and 20 dB. They may be as small as a little over 1 inch in
length to 7 or 8 inch, with heat fins for high-power applications. Fins indicate
that an attenuator can handle much higher powers than a conventional fixed
attenuator, which is an important consideration. Most of the fixed
attenuators you see in a lab have a power rating of 1 or 2W. You should check
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the power rating closely when deciding which attenuator to use. If you do
not, your lab may smell like burnt potatoes, which could get expensive, not to
mention embarrassing.

A typical data sheet for two types of fixed attenuators is shown in Table
4.6. They are termed standard and power for the purposes of describing fixed
attenuators.

Attenuation in the data sheet is the amount that the signal is reduced
from input to output of the attenuator; accuracy tells you how close to that 20
dB the attenuation will stay over the frequency of operation. VSWR is the
standing wave ratio (or match) of the attenuator that tells you how well it will
interface with the surrounding circuitry. Input power tells you how much
power can be applied to the device safely, that is, how much can you put in
the device and still have it function properly.

Another type of attenuator is the variable attenuator. Two types of vari-
able attenuators are used in RF and microwave applications: step attenuators
and continuously variable attenuators. The step attenuator is a series of fixed
attenuators that are switched in and out as needed to give the operator the
selected value of attenuation. Or, as was mentioned in Section 4.2.3, the val-
ues of attenuation can be switched in by a digital pulse. The continuously
variable attenuator is just what the name suggests: it continuously varies the
attenuation to any value within the range of the attenuator. Recall that when
we changed the bias on the PIN diodes that were placed between two quadra-
ture hybrids we produced a continuously variable attenuator. The main
point to bring out with the continuously variable or step attenuators is that
not only are they good attenuators, but they also maintain an excellent
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Table 4.6
Typical Data Sheet for Attenuators

Standard Power

Frequency dc to 12 GHz dc to 8 GHz

Attenuation 20 dB 20 dB

Accuracy ±0.5 dB ±0.75 dB

VSWR 1.20:1 (dc to 8 GHz) 1.2:1 (dc to 4 GHz)

— 1.25:1 (8 to 12 GHz) 1.3:1 (4 to 8 GHz)

Input power 2W (CW) 10W (CW)



VSWR as they provide this attenuation because of the constant-impedance
structure of the devices. It also should be pointed out that not all attenuators
are constructed with a pair of quadrature hybrids. Other attenuators use
other means to maintain a good impedance match as they attenuate. Figure
4.31 shows a variable attenuator.

Some terms that we briefly addressed with the fixed attenuators are
VSWR, power rating, and attenuation. They were presented earlier to
introduce you to them. We will go into more detail here. The VSWR is just as
important as the value of attenuation we obtain. If the component only
attenuates the signal and does not present a good VSWR, the attenuator is
virtually of no use. Thus, a good attenuator will have a good VSWR over the
full frequency band of operation. When measuring the input VSWR of an
attenuator, it is important to terminate the output of the attenuator in its
characteristic impedance. That will give you a good reading of what the
device is really doing. Without the termination on the attenuator, you have
an open circuit at the output and the only matching parameter is the value of
attenuation going through the device. That gives you a number, but it will not
be an accurate number for VSWR.
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The power rating is important because if the rating is exceeded the
attenuator will be degraded or destroyed. Thus, it is essential to note and
observe the power rating of any attenuator being used, fixed or variable. That
is particularly true if you have a higher power application. High-power
attenuators are available; they usually have the characteristic black fins on
them that are designed to dissipate the heat that high powers create. Regard-
less of your power requirements, it is a good idea to always check the power
ratings on your attenuators (and all your components, for that matter).

Attenuation is a term that has been mentioned many times in this text.
Attenuation is the value, in decibels, that tells you how much the signal level
in your system will be decreased. As previously stated, fixed attenuators have
typical values of 3, 6, 10, and 20 dB, with some attenuators being specially
made at other nonstandard values. Step and variable attenuators may have
any number of values of attenuation. Some step attenuators range from 0 to 1
dB in 0.1-dB steps; 1 to 12 dB in 1-dB steps; and 10 to 100 dB in 10-dB steps.
Other step attenuators may be available upon request. Continuously variable
attenuators have values in which the sky is the limit. Some go from 1 dB to 50
or 60 dB with no problem at all. To see all the possibilities, consult individual
manufacturers catalogs.

With some of the terms explained in more detail, we now present a short
data sheet for a variable attenuator in Table 4.7.

Applications of attenuators are wide and varied. They are used to match
circuits, reduce signal levels to detectors, and balance out transmission lines
that otherwise would have different signal levels on them, to mention only a
few applications. Any place where there has to be an adjustment to an RF or
microwave signal level, the attenuator will be a necessary component. It
should be pointed out that attenuators sometimes are overused. Some
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Table 4.7
Data Sheet for a Variable Attenuator

Frequency 2 to 4 GHz

Attenuation Range 5 to 100 dB

Accuracy ±1.2 dB

VSWR 2.0:1 (5 to 15 dB)

1.5:1 (15 to 30 dB)

1.2:1 (30 to 100 dB)



engineers tend to use attenuators as an easy fix for every problem that comes
along. If, for example, it is difficult to match a particular circuit, some
engineers will put an attenuator at the input and at the output and let it go at
that. Doing that makes the circuit appear to have a good VSWR, but the
circuit is still operating inefficiently and will not have the reliability it needs.
Also, if a filter is causing problems in a circuit, placing an attenuator in series
with that filter will make it look better, but the filter still is causing a problem.
So be careful when you are inserting attenuators in a circuit. They sometimes
give you a false sense of security, and, as its name indicates, they do reduce the
value of the signals you are using.

4.7 Filters
Filters have one basic function: to pass a particular thing and reject every-
thing else. That is true of a car’s oil filter (pass the oil and reject, or trap, dirt
particles), a furnace filter (pass the warm air and trap the dust and dirt), or a
pool filter (pass the water and trap dirt, leaves, twigs). Each of those filters
provides a clean operation in some form; all are filters we encounter every
day. The idea behind those filters also applies to RF and microwave filters:
provide a clean signal for the system. By “clean” signal, we mean the one and
only desired signal or band of signals required for the system’s proper opera-
tion. The filters reduce or eliminate spurious signals or harmonics.

As we will show, filters are an important part of RF and microwave sys-
tems. They are, however, often overused because they do such an excellent
job of cleaning up the signals. It must be understood that whenever you add a
filter to a circuit, you are adding loss, VSWR from the filter, ripple (described
in Section 4.7.1), and even some delay in the circuit. So, the use of filters
should be considered carefully; in some cases, there may be an alternative
means of cleaning up the circuit or system.

This section covers three types of RF and microwave filters: bandpass,
lowpass, and highpass filters. The response curve of each type of filter is pre-
sented, in order to introduce the filters as separate components. The com-
mon terms associated with each filter also are presented, along with typical
microstrip and stripline representations (the common methods of construc-
tion that apply to RF and microwave filter circuits). Finally, applications of
the filters are discussed.
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4.7.1 Bandpass filters
A bandpass filter does exactly what its name says: It passes a specific band of
frequencies and rejects frequencies below and above that band. The response
curve for a bandpass filter is shown in Figure 4.32. This response shows an
area that is termed the passband, which is the area where there is a minimum
loss in the filter response. On either side of the passband, you can see that the
signal is greatly attenuated. Those dropoffs are called the filter skirts and fall
off at a rate determined by the attenuation as a function of frequency. For
example, if we have an attenuation of 50 or 60 dB a few MHz away from the
passband, the skirts would be very sharp. If, however, the attenuation is only
15 or 20 dB, there would be a much gentler slope to the skirts.

Another term shown in Figure 4.32 is the insertion loss, which is the inter-
nal loss through the filter within the passband. It is very much like the inser-
tion loss in a directional coupler in that it is the minimum straight-through
loss of the device. No device will have 0-dB insertion loss, simply because
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there is energy passing down a transmission line. Therefore, a small loss in the
passband depends on the width of that passband. The passband is deter-
mined by the number of sections in the filter and how they are coupled. If the
sections are loosely coupled, the passband will be wide. Conversely, if the sec-
tions are tightly coupled, the passband will be very narrow. The coupling of
sections is accomplished in bandpass filters by the spacings between the
microstrip or stripline sections.

The ripple of a filter (or passband flatness) comes about as a result of the
number of sections (or poles) used to construct the finished filter. Each pole
has its own response curve. Each response curve has a specific center, or reso-
nant, frequency of operation. They are actually separate filters themselves
with response curves similar to the curve shown in Figure 4.32 and which can
be seen in Figure 4.33. The top portion of Figure 4.33 shows three sections of
a filter and how each section has its own individual response curve: f1, f2, and
f3. The result is shown in the lower portion of the figure. The three responses
are shown coupled together to form the total response curve for the filter.
The coupling of these sections, which is not perfect, results in variations in
the passband; thus, a ripple is produced in the passband. You should also be
able to see that if we very loosely couple the sections together, the ripple will
be very large. Similarly, tightly coupled sections reduce the ripple and also
reduce the passband greatly. So the coupling factor of each individual section
of a filter is critical both to maintain the passband desired and to keep the
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ripple under control. One thing that is not needed in a filter is a passband that
varies greatly in amplitude.

The bandwidth shown in Figure 4.32 is characterized as the 3-dB band-
width of the filter. That is established by the fact that it is the resulting band-
width of the filter where the response curve is decreased by 3 dB from the
insertion loss of the filter. That is, a generator is placed at the input to the fil-
ter, and a power meter, or spectrum analyzer, is placed at the output. The
passband of the filter is found by locating the lowest attenuation point of the
filter (insertion loss). The frequency of the generator then is increased until
the power level drops 3 dB from the insertion loss, termed fupper. The generator
frequency then is decreased back through the passband and down until the
response drops 3 dB on the lower side of the response curve, flower. If we now
take fupper − flower, we will have the 3-dB bandwidth of the filter.

The bandwidth of a filter does not need to be the 3-dB bandwidth. There
may be other values: 1 dB, 2 dB, ripple bandwidth, 5 dB, and so on. It all
depends on the particular application. Whatever the application is, that is what
the bandwidth should be. The bandwidth parameter supports the idea that
there is no such thing as a “standard” filter. You cannot just go to a catalog and
find the exact filter for your application. The center frequency may be right, but
probably not too many more parameters will match. The majority of filters are
special filters rather than off-the-shelf standard filters that everyone can use.

The term rejection tells how much an undesired frequency is attenuated
on the skirts of the filter. It can be seen from Figure 4.32 that the rejection
point has two values: a decibel figure for how far down the signal should be
and a frequency at which the rejection is to take place. You cannot specify
rejection simply as 60 dB, for example. You need to have a specific frequency
associated with the attenuation figure. Values of rejection can be specified
both above and below the passband. That is because a bandpass filter is used
when there is only a small band of frequencies being passed compared to the
entire RF and microwave spectrum. It is logical, therefore, to have certain fre-
quencies both above and below the passband that you do not want to inter-
fere with operations of your circuit. Some typical values for rejection are 50 to
60 dB. The value, of course, depends on the individual requirements of the
application. There may be instances where you will need a frequency attenu-
ated 70 dB, while other times a simple 20-dB rejection of a frequency will do
the job nicely. Be sure to know the requirements before specifying the rejec-
tion. You will save a lot of money if you do not overspecify your filters.
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A variety of construction techniques can be used to fabricate bandpass
filters in either microstrip or stripline. Figure 4.34 shows three types of
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bandpass filters. The first, a side-coupled half-wave resonator filter, is fairly
easy to fabricate. It has a series of resonators side by side with designed gaps
between them for coupling purposes to obtain the final response. This filter
shows very well the idea of having a series of sections, or resonators, that are
coupled together simply by placing them close to one another. One problem
that may arise with this type of filter is that it may end up being very long and
narrow when many sections of filter are used. When that happens, the filter
can be “folded” so it is not as long. Folding is an acceptable procedure and
makes the filter much easier to handle.

The second type of bandpass filter in Figure 4.34 is a short-circuited
quarter-wave stub filter. In this type of filter, all the elements are a quar-
ter-wavelength long. The ends of the extended resonators are shorted to
ground, which results in the proper bandpass response. It can be seen that
this filter is not a coupled type of filter but relies more on the properties of
transmission lines and the fact that a shorted quarter-wave line will appear as
an open circuit on the other end. An interesting point about this filter is that
as it appears in Figure 4.34 it is a bandpass filter. If you were to remove all the
ground connections and leave them open, you would have a band-reject fil-
ter, that is, the filter would reject the exact band that it originally passed. This
is because of the transmission line characteristics covered in Chapter 3.

The third type of bandpass filter shown in Figure 4.34 is an interdigital
filter. This type of filter has a series of quarter-wave resonators grounded at
alternate ends to form the required bandpass response. For many years,
interdigital filters were difficult filter to fabricate because it was almost
impossible to obtain a good ground connection at the ends of the resonators.
It would be much easier if the grounds were all on the same end. But, as can
be seen in the figure, they alternate ends. Today, plated through holes can be
fabricated that result in excellent ground connections.

Bandpass filters find applications in areas where they can be used to
reduce noise and harmonic content of a system by limiting the bandwidth of
the signals seen by that system. They also can be placed at the input to a
receiver for improved selectivity. Many times bandpass filters are used in a
system to “ clean up” the system response. Spurious signals may be creeping
into the system or excessive levels of harmonics may be causing problems
with the required band of frequencies. Bandpass filters often are used at the
outputs of signal generators in the laboratory. They usually are there as a
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precaution so you do not have to worry about the purity of the signals being
sent to a test setup. Figure 4.35 shows a bandpass filter.

4.7.2 Lowpass filters
Another type of filter is the lowpass filter. Figure 4.36 shows the response of
such a filter. As its name implies, a lowpass filter passes frequencies below a
certain frequency with very little loss and attenuates frequencies above that
frequency. This cutoff frequency, fc, is the point where the response curve falls 3
dB below the insertion loss of the filter. You must be careful when specifying a
lowpass filter that you do not take the highest frequency you want to pass and
call out that type of lowpass filter. If, for example, you wanted to pass every-
thing below 900 MHz, specifying a lowpass filter with fc = 900 MHz would
result in the 900 MHz signal being attenuated 3 dB. To pass the 900 MHz, you
would need to specify a filter with an fc of 1.0 or 1.1 GHz (1,000 MHz or 1,100
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MHz) to be safe. Another point about lowpass filters is that they pass dc. Their
equivalent circuit is a series inductance with a parallel capacitance, as can be
seen in Figure 4.37. From the figure it is easy to see how a lowpass filter can
pass dc with nothing but a low-resistance coil between the input and the out-
put. When you stop and think that a coil is nothing more than loops of regular
wire, you can understand how it will pass dc easily. The reason this is pointed
out is that lowpass filters can be used with amplifiers or circuits that require a
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dc voltage to operate. A filter placed in the wrong place may divert the dc from
its required location to some other point where you do not want dc. So
remember that a lowpass filter will pass dc and act accordingly.

A lowpass filter can also have rejection points. As with bandpass filters,
lowpass filters can have specific frequencies called out with rejection values (1
GHz at 40 dB, 2 GHz at 60 dB, and so forth). Once again, the specific points
and attenuation values depend on the particular application. The number of
rejection points also is controlled by the application.

The common nomenclature for a lowpass filter shown in Figure 4.37 can
be used with either microstrip or stripline. The figure shows the narrow lines
as series inductance and the wide pads as the top plate of the parallel (shunt)
capacitance. (You can relate this to Figure 4.38, which is the equivalent cir-
cuit of a lowpass filter and which shows series inductors and shunt capacitors.
The discussion here is how those elements are fabricated in stripline or
microstrip.) The bottom plate of the capacitor is the ground plane under-
neath the circuit. A dielectric material separates the two plates, which com-
pletes the structure of a shunt capacitor to ground. This very good lowpass
filter design is relatively easy to fabricate and reproduce in large quantities. It
is probably the most common type of lowpass filter for RF and microwave
applications. Figure 4.39 shows lowpass filters that are available.

One application of lowpass filters, discussed in Section 4.5, is to provide
the difference between the RF and LO inputs at the output of a mixer. A
lowpass filter is used because all the other frequencies generated by the mixer
will be higher in frequency than the difference component. A lowpass filter is
the most logical choice for that application.

A second application of lowpass filters is the removal of spurious signals
and harmonics from generators or systems in which too many signals may be
present. Many times, a lowpass filter is placed at the output of a generator or
source that is rich in harmonics, that is, the output of the generator or source
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contains many harmonics that are at a higher level than can be tolerated. The
lowpass filter is ideal for the removal of these unwanted pests.

4.7.3 Highpass filters
The highpass filter is exactly the opposite of the lowpass filter, as Figure 4.40
shows. A highpass filter passes frequencies above a specific cutoff frequency,
fc, which is also 3 dB below the insertion loss of the filter, just like the lowpass
filter. Highpass filters also have insertion losses and certain specified rejec-
tion frequencies. A highpass filter will not pass frequencies up to blue light. It
will have a low loss up to a certain point but will start to pick up attenuation
as the frequency gets higher and higher. There actually is an upper limit to a
highpass filter, but it is well beyond the frequency range where any highpass
filter would be designed and is not cause for concern.

Highpass filter do not have as many applications as lowpass and
bandpass filters. One of the main applications is when low-frequency signals
cause problems in a system. A highpass filter will attenuate those signals and
help the system operate properly. It also may help when a test generator has a
high degree of low-frequency signals. Along those lines, highpass filters are
used in some RF and microwave transistor circuits to reduce the low-fre-
quency gain that some high-frequency transistors have. There may be times
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when a high-frequency amplifier looks unstable but does not show any signs
of oscillating. A closer look at the circuit reveals that there is a tremendous
amount of gain at a very low frequency and the circuit is actually oscillating at
that low frequency. A highpass filter will reduce that gain and keep the device
from oscillating.

4.8 Circulators and isolators

Section 4.2 discussed the directional coupler, a component that has direc-
tional properties and no dc connection. The coupling takes place across a gap
between the transmission lines, and the directional property comes about
because of the length of the coupling area. This section discusses components
that also have directional properties, but this time they have complete dc
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continuity. These components are the circulator and the isolator (the isolator
is a special case of a circulator).

The directional property of the coupler comes about by the use of spe-
cific-length transmission lines, resulting in the device exhibiting a quar-
ter-wave response at the appropriate frequency. With the circulator, there is
an interaction between a magnetic field and a ferrite device that causes a
gyromagnetic motion and results in highly directional properties for the
component. To understand this gyromagnetic motion, think of a pail of
water into which you place a paddle and begin stirring in a clockwise direc-
tion. If you drop some wood chips into the pail as you continue to stir, you
will notice that the wood chips easily follow the circular motion of the water
in the clockwise direction. Now imagine that you want some wood chips to
go in a counterclockwise direction. You would readily see that that would be
impossible because the water motion is too strong in the clockwise direction.
The same thing occurs with a gyromagnetic motion in a circulator. The inter-
action of a magnetic field and the ferrite material inside the circulator creates
a circular motion of the magnetic field. The motion can be either clockwise or
counterclockwise, depending on the orientation of the magnets. The rotating
magnetic field can be very strong and will cause any RF or microwave signal
placed at one port to follow the magnetic field around to another port and
not be able to go in the opposite direction. Thus, we again have a directional
device but with an entirely different set of circumstances that create the direc-
tional property.

To further understand what is happening in a circulator, look at Figure
4.41, which illustrates the construction of a circulator. First, look at the cir-
cuit board in the center of the device in Figure 4.41. Note that a circuit is
printed on the board that is three lines connected in the center. That is where
the dc continuity comes in. If you were to take an ohmmeter and go between
ports on a circulator, you would have complete continuity. That must be
taken into consideration when you use circuits that require a dc bias. Recall
that dc must be considered in lowpass filters, too, for the same reason. The
small transmission lines that come off the circuit in the center of the board
are for matching purposes. Because the transmission lines are just stuck
together in the center, there will be a mismatch at the junction. To maintain a
good match for the circulator, there needs to be some method to eliminate
the mismatch at the center of the transmission lines.
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On either side of the circuit board is a puck, which is the ferrite material
with which the magnetic field will interact. (The ferrite material is commonly
referred to as a puck because it looks like a hockey puck.) The next layer of the
circulator is a ground plane board, which makes it a very nice stripline
package.

On either side of the ground plane board is a magnet (pole piece), which,
of course, is the source for the magnetic field that interacts with the ferrite
device to make the gyromagnetic motion. The package is completed by a
shield around the entire circuit to keep the magnetic field of the component
from interfering with other circuits in the area. The shield also keeps the mag-
netic field inside the circulator so it can totally interact with the ferrite within
the component.

Figure 4.42 shows the schematic representations for a circulator and an
isolator. Note that the isolator is actually a circulator with the third port
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terminated in the characteristic impedance of the system. Both devices can be
used for a variety of applications in RF and microwave circuits and systems.
The arrows show the direction of the magnetic fields and will aid you in tell-
ing which way the energy will flow when it is applied to the circulator or the
isolator. Figure 4.43 shows circulators that are available.

To further understand how the circulator and the isolator have many
applications, let us go through the basic operation of the devices (Table 4.8).
If the input signal is placed at port 1 of the circulator in Figure 4.42, it will fol-
low the arrow, which represents the interaction of the magnetic field and the
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ferrite device to produce a strong field in the direction shown. If the load at
port 2 is fairly well matched, the signal will exit at that port with very little loss
from the input level, usually in the order of 0.2 to 0.5 dB. If there is a mis-
match at port 2, the signal will be reflected back from port 2 and be sent to
port 3. If there is a match, the signal will exit here; if not, it will be reflected.
The signal will be reflected back to port 1, and you will accomplish nothing
but inserting an expensive wire in the line.

With the circulator operation in mind, it is a straightforward step to see
how the isolator works. If we still use the input as port 1, the output will be at
port 2 if the load is matched. If there is a mismatch at port 2, the signal will be
reflected from port 2, follow the magnetic field around, and be deposited into
the termination of the device. Insertion losses for the circulator and the isola-
tor are on the order of 0.5 dB with isolation figures in excess of 20 dB. Those
values are general numbers that can vary from unit to unit. The amount of
isolation present in the isolator depends heavily on the termination at the
third port. If the match at that port is on the order of 2:1, the best isolation
that can be expected is approximately 9 dB. If the match is improved to 1.5:1,
the isolation increases to 14 dB. If we get a really good termination and the
match is on the order of 1.05:1, the isolation will be 30 dB. Thus, it can be seen
that it is important to have a good termination on the isolator so it can do its
job. That, by the way, is also the case for the circulator. If you want the
circulator to separate signals as it is intended to do, the components that are
placed on each port must exhibit a good match.

To illustrate the parameters for both circulators and isolators, we will
present a typical data sheet in Table 4.8. This data sheet will have parameters
and show values for both a circulator and an isolator.
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Table 4.8
Typical Data Sheet for Circulators and Isolators

Circulator Isolator

Frequency 1–2 GHz 1–2 GHz

Insertion loss 0.5 dB (max) 0.5 dB (max)

Isolation 20 dB (min) 20 dB (min)

VSWR 1.2:1 (max) 1.2:2 (max)

Power 125W (CW) 1.0W (CW)

600W (Peak) 600W (Peak)



As we have mentioned in previous component data sheets, insertion loss
is the minimum loss through the device when we go from Port 1 to Port 2 of
each of the devices. Isolation is the reverse measurement from Port 2 to Port
1, or the transmission in the opposite direction. VSWR indicates how well the
input and output ports are matched and how well they will interface with
external circuits to which they are connected. The one parameter that has a
variation in it between the circulator and the isolator is the power parameter.
This difference is because the isolator has an internal termination (resistor)
in it while the circulator does not. The power handling capability of this
resistor must be taken into account and that is why there is a difference in the
power numbers. Also, the term CW refers to continuous wave transmission,
as has been covered previously, which can be related to a typical sine wave
that is on all the time. The peak reading for power refers to a pulse of power as
opposed to a continuous signal. This type of signal is on for only a very short
period of time and thus can handle much more power than the CW case.

Figure 4.44 shows two of the many applications for a circulator. Figure
4.44(a) shows a duplexer, which is used when a transmitter and a receiver
have to use the same antenna. As can be seen from the figure, the transmitter
is placed at port 1, the antenna at port 2, and the receiver at port 3. When the
transmitter sends out a signal, the signal goes to the antenna with great ease
and does not leak into the receiver because of the isolation of the circulator.
This is one area in which there must be very good isolation between ports to
ensure that the high-power transmitter output does not get into the receiver
and destroy the front end. When the signal comes back to the antenna, it goes
directly to the receiver and not to the transmitter, because of the circulator
operation. It should be evident that to have the required isolation in the
circulator the transmitter, the receiver, and the antenna all must be well
matched to the circulator. If that is not accomplished, the duplexer will not
perform as expected.

The application in Figure 4.44(b) is used with a tunnel diode to produce
an amplifier. The circulator is placed in the center of the amplifier section
and it applies the input signal to the amplifier. Because the tunnel diode is a
negative resistance device, there are a great many reflections from it. The
reflections are sent back through the circulator to the output. This applica-
tion was a commonplace one for circulators for many years for use in satellite
application since tunnel diode amplifiers are very low power devices. The
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application has decreased in recent years, but many of these circuits are still
around.

Figure 4.45 shows three applications for isolators. The application in Fig-
ure 4.45(a) is designed to keep the high level of an LO in a mixer circuit in the
mixer itself and not have it radiate out through the incoming antenna.
Because, as was discussed in Section 4.5, the LO power level is much higher
than the RF signal that is coming in from the antenna, there is the possibility
of this signal leaking back to the input circuit. That circuit may be attached to
an antenna, as shown in the Figure 4.45(a), and the LO signal will radiate out
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into the air. That is possible because the RF and LO signals are not that far
apart in frequency, and the antenna usually will very easily transmit that sig-
nal out into the air. With the isolator in the circuit as shown, the signal
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coming from the mixer will hit the isolator and be dropped instantly into the
termination. That keeps the signal in the mixer, where it can do the job it was
intended to do.

The application shown in Figure 4.45(b) is designed to supply a constant
load to an oscillator circuit. If the load attached to an oscillator varies in
value, there is a good possibility that the oscillator can be pulled off frequency
and have a different output level than it was designed to produce. With the
isolator in the circuit, variations in the load will be sent back to the isolator
and end up in the termination, where the oscillator will never see them. This
application is used many times when you have a transmission system in
which the carrier frequency and level must be held constant. The isolator is a
small, relatively inexpensive way of ensuring that these properties are
preserved.

The application in Figure 4.45(c) is similar to the second one. In this
application, the isolator is placed between the generator and a test setup.
Generally, when a circuit or system is being tested, there may be variations in
the test setup that you do not want the generator to see. If the isolator is used,
the variations are sent to the termination of the isolator and never get to the
generator. (Figure 4.46 shows an isolator.)
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4.9 Antennas

When the term antenna is mentioned, many people think of a car antenna,
either a long metal rod or a piece of wire imbedded in the windshield that
allows them to hear their favorite radio station. That, of course, is one appli-
cation of antennas, but there is much more to an antenna than a piece of
metal sticking up in the air. Antennas are a vital part of many RF, microwave,
and wireless applications, both commercial and military.

The simplest, and probably the most understandable, way to explain
antennas is to start with a transmission line with its output end left open. You
will recall from the discussion of open-circuited transmission lines that the
voltage at this point is a maximum value, and there will be radiation of the
energy from the open-ended line. That is something that will happen even
though you are not planning on making your transmission line an antenna.
Any open-ended transmission lines, including microstrip transmission lines,
will radiate and act as antennas. That is the reason these lines are kept a dis-
tance from other transmission lines. Figure 4.47 shows an open-ended trans-
mission line. Although a certain amount of electromagnetic energy radiates
from all open-circuit transmission lines, the distance for which the radiation
is of any consequence is minimal. That certainly would not be a very good
intentional antenna. What we need is some method to get the line to radiate
power over a much longer range. We could, of course, put a tremendous
amount of power in the transmission line, but that is impractical and costly.
Figure 4.48 shows a good start in getting more range out of the transmis-
sion-line antenna. The open transmission line now has a flared end on it.
That allows more energy to be radiated out into the air. The flared structure is
the beginning of a familiar structure called a dipole. When we talk about a
dipole antenna, we mean that the antenna has two poles associated with it.
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One is on the top conductor, and the other is on the bottom conductor. The
combination of the two poles makes an economical and efficient antenna.

Figure 4.48 is the beginning of the dipole antenna because the antenna
usually does not look like the flared transmission line in the figure. It is
presented like this to lead you into the actual construction of the common
dipole antenna. The more recognizable representation of a dipole antenna is
shown in Figure 4.49, which is a picture of the initial dipole antenna shown in
Figure 4.48 with the conductors expanded until the distance between them is
a quarter-wavelength (λ/4). This type of antenna is called a quarter-wave
dipole or a Marconi antenna. (Keep in mind that the drawings are not to
scale. The distance between the transmission line conductors is actually very
small compared to the actual length of the antennas they are creating.)

Figure 4.50 shows the most popular type of dipole antenna, which is the
same type of antenna just described except that we have continued to spread
out the transmission line until each side is a quarter-wavelength. It now
becomes a half-wave dipole antenna, commonly called a hertz antenna.
(Even though it is called a half-wave antenna, the length of the antenna
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usually is decreased by about 5%. When that is done, the wavelength that is
actually used is 0.48 wavelength rather than λ/2. If that relationship is used,
the antenna most likely will work exactly on the frequency you need.) Figure
4.51 shows an available antenna.

Keeping in mind how a transmission line can be changed into an
antenna, let us now look a little deeper into antennas. The first concept to
understand about antennas is that they are reciprocal devices, that is, they can
be used for both transmission and reception. Think of a CB radio where a sin-
gle antenna is used for both talking and listening. Therefore, the antenna
must be reciprocal and be as efficient one way as it is the other.

152 Microwaves and Wireless Simplified

λ / 4

λ / 4

Figure 4.50 Half-wave dipole antenna.

Figure 4.51 Dipole antenna.



To further understand antennas, you must know the terminology used to
describe them. One term used for all antennas is the radiation pattern, which
is a plot of the strength of the radiation being sent out (or the area where it
can be received) as a function of the angles around the antenna. Figure 4.52
shows a typical radiation pattern for an antenna. The majority of the energy is
directed out in one direction. That is called the front lobe and is considered to
be the major lobe. The front lobe is actually what you look at when you evalu-
ate an antenna. (If the antenna is an omnidirectional antenna, the energy will
be distributed over the entire 360° area uniformly.) Figure 4.52 also shows
some smaller lobes on the sides of the major lobe. These side lobes are classi-
fied as minor lobes and are the result of a certain amount of leakage out the
sides of the antenna. Also, a certain amount of energy leaks out the back of
the antenna. That is the back lobe, which also is classified as a minor lobe. The
radiation pattern is a sort of “fingerprint” for an antenna. It identifies the
antenna and its characteristics.

One way of identifying the properties of an antenna is to use the concept
of near fields and far fields. The near field is the field generated very close to
the antenna. Near fields sometimes are called induction fields because of
the induction action that takes place close to an antenna. This is similar to
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current flowing through a conductor and creating a magnetic field around
the conductor, which is the basic idea of motor theory. A far field is defined as
anything beyond the near field. Once the energy reaches the far field, it con-
tinues to radiate out into space for some distance. For that reason, it often is
called the radiation field. The radiation in the far field never returns to the
antenna, as some of the near field energy does.

An important term to understand with antennas is effective isotropic radi-
ated power (EIRP), which is the actual power radiated from the antenna. Most
of the time when transmitter power is mentioned, it is thought that that is the
power sent out into space. Actually, a lot more power goes out into space than
comes from the transmitter. To understand this concept, you must under-
stand that antennas have gain. Gain makes the power coming out the antenna
much higher than simply that of the transmitter output. The EIRP is the prod-
uct of the transmitter power and the antenna gain. Consider the following
example. A transmitter has a power output of 10W (+40 dBm). The antenna
we will use has a 30-dB gain, which means the actual output power from the
antenna is +70 dBm, or 10,000W. That amount is much higher than the origi-
nal 10W coming from the transmitter and can cause problems if you do not
consider the antenna gain and use EIRP on all your power calculations.

A special type of antenna that finds many applications in RF, microwave,
and wireless systems is the patch antenna, two types of which are shown in
Figure 4.53. This type of antenna is a microstrip construction that uses
high-frequency material with a complete ground plane on the reverse side. It
is a square patch (sometimes round) etched on a circuit board. The feedpoint
(where the signal is sent to the antenna) can be either at an off-center point of
the patch, as shown in the top drawing in Figure 4.53, or at the edge of the
board, as shown in the bottom drawing. When the patch antenna is a square,
each side is a half-wavelength long. When the patch is circular, the antenna
works best if the diameter is 0.6 wavelength across. (Figure 4.54 shows the
patch antenna.)

Another antenna that is used for wireless communications is a monopole
antenna. This antenna is a dipole with one-half of it replaced by what is called
an infinite ground plane, a very large ground plane that creates an image of
the dipole piece that is used. The monopole antenna has a length of a
quarter-wavelength.

The loop antenna may be either a circular or a square configuration.
These antennas are self-resonant when the outer perimeter is equal to one full
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wavelength at the frequency of operation. For example, the circumference of a
circular loop or the outer perimeter of a square loop would need to be approx-
imately 34 cm (13.38 inches) to operate at 900 MHz. This type of antenna gets
a bit unruly when the frequency is low. Consider a loop antenna at 150 MHz,
compared to the 900-MHz example. That antenna would have a circumfer-
ence (or outside perimeter) of 204 cm, or 80.31 inches, which would be a cir-
cular antenna with a diameter of 25.56 inch or a square antenna 20.07 inches
across. Contrast that to the 900 MHz model that would have a circular diame-
ter of 4.25 inches and a square antenna that would be only 3.34 in across.
These dimensions lend themselves much better to wireless applications.

4.10 Amplifiers

Amplifiers are components that many people do not really regard as compo-
nents. They somewhat elevate them above components because they seem to

Microwave Components 155

Feedpoint

Ground
plane

Feedpoint

Figure 4.53 Patch antenna.



be so much more important than something like an attenuator. Actually, all of
the components that we have covered, and will cover, are equally important.
The amplifier is just one more with which to become familiar.

To understand the amplifier and how it is used for RF and microwave
applications, we must first define certain terms for it, just as we have done
with all of the previous components.

The first term to be defined is amplification. If you have been to a rock
concert lately, you can fully understand this term. If you haven’t been to a
concert, it is the increase in the level of a signal to produce the required
amount (voltage or power) at the output of a system or section of a system.
This increase in signal is accomplished by an active device (that is, a device
which requires a dc voltage for its operation) that takes a small input signal
and produces a larger output signal. This relationship is shown in Figure 4.55.
You will notice from the figure that we have used both voltage and power to
indicate input and output signals. This gives you flexibility in dealing with a
variety of amplifiers. Generally, in RF and microwave applications, you will
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find it much more convenient to deal only with power. These levels are easier
to measure at high frequencies using power meters and network analyzers.

A second term that goes along with amplification is gain. Gain is also the
relationship between the input and output signal levels. This term may be
expressed as a number that is the ratio of the output level to the input level, or
this term may be a decibel value. If, for example, you have a 1-mW signal at
the input and a 100-mW signal at the output, the gain as a number is 100. The
gain for this example in decibels would be 10 times the log of 100, or 20 dB of
gain for this particular device. Generally, you will see RF and microwave
amplifier gains expressed in decibels.

A very important term to be aware of when choosing amplifiers,
particularly high power amplifiers, is 1-dB compression point. To understand
this term, refer to Figure 4.56. This is a plot of PIN versus POUT. You will notice
that there are two areas of interest. The first one is the linear area at the
beginning of the curve. This area indicates a direct relationship between the
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input power and output power, which is the gain. If you have a particular
input power to an amplifier and the output power is 10 times more, each time
you increase the input power you will have a corresponding 10 times increase
in the output. If you look at the bend in the curve in Figure 4.56, you will see
that this relationship not longer applies. The point where you have an
increase in the input power level of 10 dB and the output only increases by 9
dB is where we classify the 1-dB compression point because this is where the
overall response of the amplifier “compresses” from the ideal linear (direct)
relationship. If you continue to increase the input power beyond this point,
you will cause distortion of your signal and also stress the device being used to
amplify your signal. A word to the wise: Pay attention to the 1-dB
compression point. This parameter is expressed in a dBm figure (which is an
absolute power level).

If you are operating with a system that could have multiple signals
coming into your amplifier, you will need to consider another parameter, the
intermodulation product. This is a number (in decibels) that tells you how
many extraneous signals are generated within the amplifier. These signals will
interfere with the operation of that amplifier. When you have two signals
within the bandwidth of the amplifier applied at the input, the amplifier will
generate spurious signals that are different combinations of those two signals.
The numbers you will see on a data sheet are how far from the required
signals (in decibels) these spurious signals are. The higher this number, the
better the amplifier.

For low-noise amplifiers, which will be covered in Section 4.10.1, there is
another very important term—noise figure. It is a comparison of the signal
and noise level at the output of the amplifier to the signal and noise level at
the input. This term is expressed in decibels (the log of the ratio of the input
and output is taken and multiplied by 10) and will be expanded upon when
we get to low-noise amplifiers. For now, it is a term that tells the user how
much noise is being generated within the amplifier they are using.

Another term that is on all amplifier data sheets is a very obvious one, but
one that may be overlooked if you get into a mindset that only concentrates
on gain or noise characteristics of a particular device. That term is frequency.
This is the frequency range over which all of the other amplifier parameters
will be valid. An amplifier will exhibit a bandpass very similar to a filter
response that we covered in Section 4.7. If this is not your range of operation,
then the excellent gain or noise figure reading will do you no good at all. Be

158 Microwaves and Wireless Simplified



sure to look at the frequency of operation first. This will save you much time,
effort, and frustration later.

We will look at three types of amplifiers that are used for RF, wireless, and
microwave applications. They are: low-noise amplifiers, low-level linear
amplifiers, and power amplifiers. These three types will give you every
possible combination of amplifier for use in these high-frequency areas.

4.10.1 Low-noise amplifiers
A low-noise amplifier is exactly what the name implies, an amplifier that
exhibits very low noise characteristics. This type of amplifier is used many
times at the “front end” of a receiver, that is, the component right after the
receive antenna. What this amplifier does is to provide sufficient gain to
allow it to be the controlling factor in determining the noise characteristic of
the entire receiver. Since it usually has a very low-noise figure, the overall
noise characteristic of such a receiver will be excellent. We say it will be
excellent because the parameters that are used to determine the noise
characteristics are noise level and signal level. What is ideal is to have a large
signal level and a very small noise level. These terms together are called the
signal-to-noise ratio. It is exactly what the name says: a ratio of the signal level
to the noise level.

There is an input signal-to-noise ratio and an output signal-to-noise
ratio. When you compare these two ratios, you obtain a noise factor which is
the output signal-to-noise ratio compared to the input signal-to-noise ratio.
When you take the log of this comparison and multiply it by 10, you have the
noise figure. With a low-noise amplifier, this value is very low (on the order
of 1.0 or 1.5 dB).

Low-noise amplifiers will draw small amounts of current from the dc
supply. Values on the order of 3 ma, 5 ma, and 10 ma are not uncommon. As
previously mentioned, there must be sufficient gain in an amplifier like this
to have the prominent parameter be the noise characteristics. The primary
parameter for such an amplifier is the noise figure. The secondary parameter
is the gain of the amplifier at that particular noise figure. If you look at a
low-noise amplifier data sheet, you will find that as the current drain
increases, the gain goes up and the noise figure does too. So if you need a
specific gain and noise figure, there may have to be some compromising done
on one or both of these parameters.
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4.10.2 Low-level linear amplifiers
This amplifier is sometimes called the intermediate amplifier since it is placed
between the low-level (low noise) stages and the high-power stages. It is kind
of like the setup person in baseball who is placed in a ballgame between the
starting pitcher and the closer. Their job is to set up things for the highly
publicized closer and keep the game close until the final pitcher comes in. It is
the same way with the low-level linear amplifier. Its job is to be the
intermediary between the low level stages and the power stages so that the
output power stages can do their job when they receive the proper signal level
from the preceding stage. It is called a low-level stage, but some amplifiers
may produce a higher-level output, depending what level is needed to drive a
power amplifier stage.

These stages are called linear stages because they operate in the linear
region of the PIN versus POUT curve that was shown in Figure 4.56. If you apply
an input signal, there will be an output signal whose level depends on the gain
of the amplifier. If you increase the input by 10 dB, the output increases by 10
dB. This ensures that the signal at the output is as distortion free as possible
since it only operates in a linear mode (region).

The currents that these amplifiers draw are higher than the low-noise
amplifiers. Values of 100 ma, 200 ma, or higher are not uncommon. The
value, of course, will depend on how much gain is required. This is the
primary parameter to keep in mind with this type of amplifier. The noise
characteristic, although it should be fairly good, is not the primary parameter
that a designer should be looking at. The big value to look for is the gain, and
that the amplifier is operating in the linear range.

4.10.3 Power amplifiers
The power amplifier is the big granddaddy of the microwave amplifiers. It is
an amplifier that produces much higher amounts of output power. Unlike
the two types of amplifiers we have previously discussed, the power amplifier
is not a linear device. There has to be a certain amount of power at the input
to produce an output power. This is shown in Figure 4.57. It can be seen from
this figure that we can apply an input power level for some time and have
nothing happen at the output of the amplifier. Once a certain level is reached,
the amplifier snaps on and continues to have a specified power level at the
output. This is called a Class C amplifier whereas the previous amplifiers are
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called Class A (the amplifier is continuously conducting and drawing
current; the Class C only conducts when there is sufficient input power to
“turn it on”). This is a very nice feature of the power amplifier since it does
maintain a constant output level. If we apply slightly more than the required
input power to the device, we can be sure that the output will be the same
even if the input level drops slightly. With a linear device, any change in the
input has a corresponding change in the output.

There are two additional parameters with which you must be concerned
when looking at power amplifiers. These parameters are related to one
another. They are current levels and hear dissipation. The currents with
which we are dealing for most power amplifiers are in the ampere range as
compared to the milliamp range for other types of amplifiers. This increased
current means that we need to be able to get the resulting increase in heat
away from the active device so that it can operate properly and produce the
desired amplifier results.

All of the other parameters we have been discussing for amplifiers apply
to power amplifiers except for noise figure. We have said that the power
amplifier is a nonlinear device and, as such, it will have much higher levels of
harmonics associated with its operation. As such, the noise characteristics are
not very good, but they do not have to be. The main requirement is for the
amplifier to supply the required amount of power output.

To sum up the three types of amplifiers, we will present a composite data
sheet for all three types in Table 4.9. The same parameters are shown for each
type.
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4.11 Oscillators

The last component we will cover is the oscillator. An oscillator is a device
that provides a signal that can be used as a frequency reference in a testing
system or communications system or to provide a certain frequency to
produce a required tone, to mention only two applications.

The term oscillation usually is not a good term to use. In some instances
an oscillation means that a circuit has become unstable and is producing an
unwanted, uncontrollable frequency that can cause problems with your
circuit. This will happen in an amplifier when the gain is too high or there is a
signal that gets back to the amplifier input and causes the circuit to become
very unstable.

An oscillation can be generally defined as a fluctuation or instability or
variation. You hear this many times when referring to people who oscillate
between two points of view. This is the same type of occurrence that you have
in an electronic circuit. There is a fluctuation, or variation, happening
between two states (positive and negative) and it is basically an unstable
condition when it first occurs. The trick to creating an oscillator is to take this
instability and get it to settle down so that you can use it to your advantage
and create a very stable and reliable frequency source.

The oscillator, many times, is the heart and soul of a system because it
sets the standard. Take, for example, a transmitter circuit. There is a carrier
oscillator that sets up the frequency of operation or the frequency that the
receiver must be tuned to (like an AM or FM receiver that you set to a certain
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Table 4.9
Composite Data Sheet for Three Types of Amplifiers

Parameter Low Noise Low-Level Linear Power

Frequency 1–2 GHz 1–2 GHz 1–2 GHz

Gain 22 dB 25 dB 30 dB

Noise figure 1.4 dB 2.8 dB —

1-dB compression +20 dBm +28 dBm —

Intermodulation
products

56 dB 50 dB 15 dB

Power +12 V @ 10 ma +15V @ 100 ma +24V @1.5A



frequency to pick up your favorite station; if you did not have a stable
oscillator at the transmitter, you would not be able to get that station).

To create an oscillator you must have four components: dc voltage, gain,
positive feedback, and frequency-determining components. The first two are
related because we need to start with an amplifier in order to produce an
oscillation. This means that the circuit must have gain in order to operate
as an amplifier, and there will be no gain if we do not have a dc voltage
applied to the amplifier. With no dc voltage, there would be just a collec-
tion of transistors, resistors, and capacitors. They would be there on the
circuit board doing absolutely nothing. So you can see how the first two
components, dc voltage and gain, go together.

The third term, positive feedback, needs more explanation. First,
feedback is just what the name implies, a method of feeding back a portion of
a signal from the output to the input of a device. This is a process shown in
Figure 4.58. With this figure we are using a circuit and providing feedback to
it. We can either provide negative (degenerative) feedback or positive
(regenerative) feedback to this circuit. If we provide negative feedback, the
circuit parameters, such as gain, will be decreased by the feedback. This is
where the term degenerative comes from. The feedback destroys a certain
portion of the signal. If we provide positive feedback, the circuit parameters,
such as gain, will be increased, or reinforced (regenerative feedback). So you
can see that the type of feedback has a very definite effect on the overall
operation of the circuit.

We have said that we can apply feedback to a circuit, but how does it
work? In Figure 4.58, we can see that there are certain blocks in this diagram.

Microwave Components 163

Input
Circuit

Feedback
circuit

Sampler
Output

Figure 4.58 Basic feedback system.



The first, and most obvious, is the one called circuit. This is the circuit that
you are going to control in some fashion. We control it by using the other two
blocks in the figure. The first is the “sampler” block. This circuit samples a
small amount of the signal coming from the circuit and uses it to begin the
feedback process. If our circuit were an amplifier, for example, we would take
a small portion of the output signal and use it to operate on the next block,
the feedback circuit. This is the circuit that may change the phase of the signal,
attenuate the signal, or even amplify the signal. This is where the signal gets
formed that will actually operate on the original input signal to complete the
feedback function. If we deal with negative feedback and amplitude, the
feedback “loop” (the entire setup shown in Figure 4.58) will attenuated the
signal so that it decreases the overall gain of the circuit. If we use phase as the
main parameter, the feedback circuit will shift the phase so that it is 180° out
of phase and either decrease or eliminate a particular frequency.

If we are dealing with positive feedback and amplitude, the signal gong to
the input of the circuit from the feedback loop will provide a larger amplitude
signal and the circuit will have a greater output. If we are using phase, the
feedback circuit will shift the phase so that it is in phase with the original
input signal and, once again we have a larger signal at the input and a larger
output signal.

The requirements say that for an oscillator we need positive feedback.
What needs to happen is for the signal to start in the amplifier section, be
amplified, have some of the output signal fed back in phase with the input
signal, and result in a larger output signal from the circuit. This continues
until the required amount of power is available. When this happens, we have
fulfilled the requirement for positive feedback. For a feedback scheme to be
effective in sustaining oscillations within a device, it must conform to certain
criteria itself. This is the Barkhausen criteria, which stated that a signal must
be exactly in phase with the original input signal at the loop closure point (the
original input point) and the gain around the loop must be exactly equal to 1
(all of the losses around the loop must be compensated for).

The last requirement is to have frequency-determining components in
your circuit that will result in the proper frequency at the output of the device.
These components may be resistor-capacitor (RC) combinations, induc-
tor-capacitor (LC) combinations, cavity resonators, tuning forks, or any other
combination that will result in the proper frequency being generated and pres-
ent at the output. Typical RC oscillators (which are usually lower-frequency
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oscillators) are phase-shift oscillators, which have phase-shift components in
the feedback path to ensure that the phase of the signal is proper to start and
sustain oscillations, and a Wein bridge oscillator, which uses an RC bridge cir-
cuit to perform the necessary operations for oscillation.

The most common LC oscillators are: the Colpitts oscillator which has
the capacitance portion of the LC tank circuit split into two capacitors with
one in the feedback path; the Clapp oscillator, which is very similar to the
Colpitts except that the Clapp has an additional capacitor in the inductance
side of the circuit that is used as a fine adjustment for the frequency of the
oscillator; and the Hartley oscillator, which is an LC oscillator with the
inductance portion split instead of the capacitance. These are the most
common types of oscillators that are used. The Colpitts, Clapp, and Hartley
oscillators are used for higher-frequency applications along with cavity
resonator oscillators. There are also components called dielectric resonators
that are materials, similar to those covered in Chapter 6, that have resonant
properties that will determine the frequency of an oscillator and are used for
microwave and wireless operations in some instances.

So it can be seen that these four components are required to produce
oscillations that are self-sustaining. This last portion of the statement
(self-sustaining) is a very important part of oscillators. It would not be a very
good oscillator if you turned it on and only one cycle was produced and then
it turned off. You would not have a very efficient system. That is why the
oscillation must first be produced and then sustained until you turn off the dc
power to the circuit.

Basic parameters you would look for on an oscillator data sheet would be
frequency, output power, supply current, harmonics, and output return loss. If
you look at these parameters for a basic oscillator and pay attention to them,
you probably will have an oscillator that will do the job you wish it to do.

The term frequency is just like the other times we have used this term and
dictates what frequency, or range of frequencies over which the oscillator will
operate. This should be the very first parameter that you should examine
when choosing an oscillator. Many times a manufacturer will specify an
oscillator as a 5-GHz oscillator, for example. If you are going to be operating
over a frequency band of 5.1 to 5.8 GHz, you should be sure that this
“5-GHz” oscillator will cover your entire band and not only go to 5.5 or 5.6
GHz. This should be a very important parameter to make sure to get right
when choosing a device.
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Output power is a term that could be specified in watts (or milliwatts) or
in dBm. Recall that dBm is an absolute power and is found by taking the log
of the ratio of actual power to 1 mW and multiplying by 10. Many times you
will see an output power in dBm since this is a very common parameter used
throughout the microwave and wireless industries. The output power is
important since you may have a specific requirement in order to operate
another component. A mixer is a good example. Recall that the local
oscillator must be of a sufficient level to drive the diode circuit into the
nonlinear region so that mixing can occur. If your mixer requires a local
oscillator power of +7 dBm, for example, and you buy one that only has a
+5-dBm output, the mixer and the entire circuit will not work. Also, if you
are going to be driving an amplifier (a buffer stage, for example), you do not
want to overdrive that amplifier and create all sorts of spurious responses that
will cause many problems. So watch very closely the power output level that
your oscillator produces.

Supply current indicates how much current is needed for a particular
oscillator to operate with all of its parameters as specified. This will also give
you an indication of what power level the oscillator will produce. If you have
a supply current of 50 mA, you can be pretty sure that this is a low-level
oscillator, in the milliwatt range. If you have a supply current specified as 500
mA or 1.5A, that definitely is a higher-powered oscillator. Be sure that the
power source you are going to use will handle not only the oscillator current
requirements, but also all the rest of the components that require current in
your system.

Harmonics are always a parameter to which you give careful con-
sideration whenever you are generating a microwave or wireless signal or any
other kind of signal. The harmonics will usually be there in some form. The
trick is to get them at a low enough level so that they do not interfere with the
fundamental frequency or cause a nonlinear condition to occur when you
need a linear operation that is basically harmonic-free. Harmonics for the
typical oscillator should be down from the fundamental by at least 30 to 40
dB. This will usually result in problem-free operation of your oscillator. Of
course, if they are further down, that is great.

The parameter of output return loss tells you how well the oscillator will
be matched to the outside world. The return loss is the amount of power that
is being reflected back and not going to the next circuit. This parameter is in
decibels and actually lets you know what the voltage standing wave ratio
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(VSWR) of the device is. The higher the decibel value is (a good return loss
should be greater than about 20 dB), the better the match and the fewer the
problems you will have interfacing with the circuits you are required to drive
with this oscillator. If, for example, the return loss was only about 8 or 9 dB,
this is not a very good match and you would not get the power out of the
oscillator that you expect or would be specified on an oscillator data sheet.
You would be wondering where all the power was going and the answer is
that it is going back into the oscillator and not sent to the following circuits.
Sometimes a manufacturer will only specify the output VSWR rather than a
return loss. A good VSWR would be in the order of 1.5:1 or less. This will
ensure that your oscillator and any following circuits will operate properly.

We mentioned a few types of oscillators previously, and we need to
mention a couple more at this point. They are crystal oscillators and
voltage-controlled oscillators (VCOs).

When you get into crystal oscillators, there is a very common
misconception that the crystal is part of the frequency-determining circuitry.
In reality, although it has to oscillate at the proper frequency for the
particular circuit, its function is to hold the oscillator on frequency. There are
instances where you can get the oscillator circuit working, remove the crystal,
and the circuit will continue to operate. It will not be as stable as when the
crystal is in the circuit, but it will keep going.

A crystal oscillator circuit looks very much the circuits we discussed
previously (the Colpitts, Clapp, and Hartley). The big difference is that there
is a crystal, either in series with the feedback circuit or in parallel with the
circuit, inserted into one of these circuits.

We have been referring to this term called a crystal. What exactly are we
talking about? We are talking about a piece of quartz that has specific
properties that allow it to operate at specific frequencies. The main property
is the piezoelectric effect. This is a condition where, when the quartz crystal is
exposed to a mechanical force at a certain frequency, it will produce an
electrical signal at that same frequency. Similarly, when an electrical signal at
a certain frequency is applied to the crystal, a mechanical vibration of the
same frequency results. This is the heart and soul of the crystal and what
makes it so valuable for oscillator design.

The crystal by itself has parameters of which you must be aware and
consider when choosing a device for your operation. We have already talked
about the frequency of the crystal. The only thing to add at this point is that a
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crystal has two resonant frequencies: a series frequency and a parallel
frequency. Both of these frequencies should be known so that you can use the
series resonant frequency for series configurations and the parallel resonant
frequency for the parallel configurations.

Another very important parameter to be aware of is the temperature
coefficient. This is what happens to the frequency of the crystal as the
temperature changes. This can be a positive temperature coefficient or a
negative temperature coefficient. A positive coefficient tells you that when the
temperature increases, the frequency increases, or vice versa. The negative
coefficient says that an increase in temperature results in a decrease in
frequency. This obviously is why we say that this is a very important
parameter to know and pay attention to. You must take into consideration to
what your oscillator circuit will be subjected in the way of temperature and
choose a crystal accordingly.

The voltage-controlled oscillator is just what its name implies: an oscillator
where the frequency at the output can be varied by applying the appropriate
voltage to it. This type of circuit uses a component called a varactor diode.
This type of diode changes its reactance as the voltage applied to it changes.
This effect can be seen in Figure 4.59, which is the “transfer function” for a
voltage-controlled oscillator. This term (transfer function) is simply a way of
saying that a certain frequency will result when you apply a specified voltage.
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Notice in the figure that when there is no voltage applied (0V), there is a
resulting frequency that is called the rest frequency, fr, or is sometimes called
the natural frequency, fn. On either side of this frequency there will be a
change in frequency, either increased or decreased. This type of oscillator
uses the typical oscillator circuits and simply inserts the varactor diode in the
frequency-determining portion of the circuit. A primary application of
VCOs is for use in phase-locked loops that are used to stabilize and lock in
certain frequencies for circuits such as signal generators.

It can be seen from the earlier discussions that the oscillator is a very
important component that requires close scrutiny to be sure you have the
proper type for your particular application.

4.12 Summary

This chapter describes the components that make up RF, wireless, and
microwave circuits that, in turn, make up some very sophisticated systems. It
covered directional couplers, quadrature hybrids, power dividers, detectors,
mixers, attenuators, filters, circulators and isolators, antennas, amplifiers,
and oscillators. The operation of each type of device was explained, terms
associated with them defined, examples presented, and typical data sheets
were presented for many of them. These components truly are the main parts
of RF and microwave systems.
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5
Solid State Devices

Solid state devices in RF and microwave are an integral part of the commer-
cial advancements that have taken place over the past few years. The entire
field of wireless communications would not be possible without these
devices. If you look back at the first devices used to amplify signals and pro-
duce such components as oscillators, diode detectors, and signal modulators,
you can see that the miniaturization that has taken place over the past few
years would be impossible without solid state devices. The early days of elec-
tronics used vacuum tubes, which were large and bulky and needed an ac
voltage to heat the filaments so electrons could flow within the device. Let us
briefly look back at the vacuum tube and how it evolved into the transistors
and diodes that make up the world of RF, microwave, and wireless markets
today.

Look through any electronic books from the 1950s or 1960s, and you
probably will see the symbols for vacuum tube devices. You also may wonder
just what these things were and how they possibly could work. Figure 5.1
shows two types of vacuum tubes: the diode and the triode.

The diode tube has a filament and two elements: the cathode and the
anode. The cathode is the source of electrons that are sent to the anode
(sometimes called a plate). A diode operates as follows. An ac voltage (6.3V or
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12.6V) is applied to the filament of the tube. (The filament is the portion of
the vacuum tube that is glowing.) The filament is heated by the ac current
that flows through it. That causes the free electrons on the metallic cathode to
be “boiled off” and form a cloud of electrons just off the surface of the cath-
ode. The cloud remains there if the diode is not turned on. To turn the device
on, we apply a positive voltage to the anode element of the tube. The voltage
usually is in the range of +150V to +200V. By using some basic reasoning, we
can see that the large positive voltage will attract the electrons from the cath-
ode to the anode. The result is a current flow through the device. Because this
is a diode, the current will flow in one direction. Diode tubes, which were
used for many applications in early circuits, can be used as detectors,
half-wave rectifiers, and full-wave rectifiers for power supply circuits.

The circuit in Figure 5.1(b) is a triode. If you compare the triode to the
diode, you will see that there is an additional element in this device, a grid.
The grid is a wire mesh that is used to control the amount of current that
flows in the device. It is like a valve that determines the number of electrons
that will get to the plate of the tube. The grid has the input signal to a device
placed on it. For example, consider a sine wave applied to the grid and what it
does for the operation of the triode tube. When the input signal goes positive,
the grid attracts electrons from the cathode to be sent to the anode. When the
grid reaches its peak positive value, the maximum amount of current will be
flowing. As the signal goes beyond this maximum point, the signal will go less
positive, and the current will begin to decrease. When the input signal
reaches its maximum negative value, there will be a minimum current flow
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through the device. The process continues, and the input signal is reproduced
at a higher level at the output of the tube by a value determined by the gain of
the circuit.

Thus, the vacuum tube has a very logical operation that depends on sim-
ple positive and negative relationships and how like charges repel each other
and opposite charges attract. Also, the third element, the grid, has the impor-
tant task of providing control of the current through a basic diode circuit.
These concepts are presented here because the operation of a solid state
device is not much different, in theory, from the vacuum tube. There are,
however, no filaments that need to be heated, and there is no need for large
voltages to operate the solid state devices.

With what the early days of electronics had to offer in active devices
(active devices require a voltage to operate), let us now investigate modern
solid state devices and how they relate to RF and microwave applications. We
will look at a variety of devices used in RF and microwave circuits, as well as
the terms that are used to describe them.

The first order of business is to present and define some common terms
used in solid state technology. The first term we will define is one that often is
used without any idea of what it actually means: bipolar. All some people
know is that bipolar refers to some sort of transistor that does a nice job for
them. The term is, in fact, associated with transistors that can be used for RF
and microwave applications. To understand this term, you first must realize
the meaning of the prefix bi. You may recall that in 1976 the United States cel-
ebrated its 200th birthday, or its bicentennial. The Olympic Games include
the biathlon, which involves a combination of two events, cross-country ski-
ing and rifle sharpshooting. A person who can speak two languages fluently is
said to be bilingual. You can see where we are going. The prefix bi means two,
which is also how it relates to the term bipolar in RF and microwave
applications.

Most devices in electronics rely on a single means of moving energy
through that device, the electron (usually called a majority carrier). The bi in
bipolar refers to the device having both majority carriers and minority carri-
ers. As already mentioned, the majority carriers are the electrons. The
minority carriers are areas called holes, which can best be explained by an
example. Suppose we have a piece of wood with 10 holes drilled in it, and we
place nine ping pong balls in a row on the board, as shown in Figure 5.2(a).
The nine balls take up specific spaces on the board, and there is one empty
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space, or a hole. If we move the first ball on the right one space to the right,
we have the condition shown in Figure 5.2(b). The balls have moved in one
direction (left to right), and the empty space has moved in the other direc-
tion (right to left). In a bipolar device, the electrons move in one direction,
and the vacancy they produce when they move appears to move in the oppo-
site direction. That is where the bipolar characteristic comes into play. We
investigate this characteristic in greater detail later in the chapter. For now, it
is sufficient to say that in the bipolar device there are actually two modes of
moving current.

Another term that comes about when we are dealing with RF and micro-
wave applications is field effect device. Whereas a bipolar device has two
means of transferring energy through it, the field effect device is classified as a
unipolar system. That means there is only one carrier of energy in that partic-
ular device. Unipolar devices have many applications in RF and microwave
circuits since high frequencies take a very short period of time to cover one
cycle. If you have two means of transferring energy from one point to another
(electrons and holes), it takes much too long to respond to those high fre-
quencies. If there is only one means of transferring the energy (electrons
only), it takes much less time and allows more than sufficient time for the
device to respond to the applied frequency. Thus, the unipolar field effect
device is used for many high-frequency applications.

We now present the two areas of RF and microwave solid state devices
that find wide applications throughout the fields: microwave diodes and

174 Microwaves and Wireless Simplified

(a)

(b)

Figure 5.2 Examples of majority and minority carriers: (a) initial condition and (b)
condition after one ball has been moved.



microwave transistors. We will look at the characteristics and operation
of the Schottky diode, the PIN diode, and the Gunn diode. We will also take a
brief look at the tunnel diode to explain negative resistance in this device
and others. We will also describe bipolar transistors, field effect transistors,
high electron mobility transistors, and heterojunction bipolar transistors.
Section 5.2 will explain radio frequency integrated circuits (RFICs) and
microelectromechanical systems (MEMS).

5.1 Microwave diodes

When most people think of a diode, they think of a small, two-element device
that is used to rectify an ac signal in order to get a dc voltage at the output of a
power supply. That is basically what we described when we presented the di-
ode vacuum tube in Figure 5.1. Such devices were not used for anything but
rectification and occasionally for detecting a signal. For many low-frequency
applications, that is still true. If you look at what diodes are available for au-
dio and digital applications, you will see that these diodes are designated as
rectifiers that pass current in one direction but not in the opposite direction.
When you get into the RF and microwave spectrum, however, the situation
changes drastically and the diode does much more than simply rectify an ac
signal. This section shows that a simple two-element diode can amplify, oscil-
late, mix, detect, attenuate, and switch a high-frequency signal if used in the
appropriate circuit. That may be hard to visualize if you are geared to
low-frequency applications, but by taking advantage of modern solid state
technology, such devices do exist and are being used, even as you read this
book. We will cover four types of diodes used in RF and microwave applica-
tions: Schottky (which mix or detect), PIN (which attenuate or switch), tun-
nel (which amplify or oscillate), and Gunn (which also oscillate). These
high-frequency diodes are shown in Figure 5.3.

5.1.1 Schottky diodes
The Schottky diode gets it name from W. Schottky, who is known for his re-
search in rectifiers in 1938. The Schottky diode has a different type of con-
struction from what usually is encountered with conventional diodes. The
typical rectifying diode has what is called a PN junction, shown in Figure
5.4(a). In a PN junction, two semiconductor materials are “doped” with
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Figure 5.3 High frequency diodes.
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impurities to make one side primarily positive (P) and the other side negative
(N). The idea of impurities and doping is very important to the operation of
the PN structure. The base material for these devices is usually an “intrinsic”
silicon. By intrinsic, we mean a pure silicon with no other material present.
The intrinsic material then has certain impurities added to give it the proper-
ties that are either positive or negative by nature. In most cases, that is done
by adding boron (B) or aluminum (Al) to make the material a P-doped mate-
rial or by adding arsenic (As) or antimony (Sb) to make the material an
N-doped material. When the doped materials come together, they form the
junction shown in Figure 5.4(a). This device will now have bipolar properties
with electron and hole movement as we mentioned earlier.

The Schottky junction, on the other hand, consists of a semiconductor
(usually N-type) and a metal that comes in contact with the semiconductor.
This configuration can be seen in Figure 5.4(b). The metal used for these
devices is usually aluminum, and the junction formed has unipolar proper-
ties, with only the majority carriers (electrons) moving the energy from one
point to another. That is explained by considering that only one semiconduc-
tor comes in contact with the junction, so there is no hole movement across
that junction. That is true because the material on the left in Figure 5.4(b) is a
semiconductor, while the material on the right is a conductor (metal). That
means the impurity factor described for the PN junction, which justifies the
electron and hole movements, exists only on one side, that of the semicon-
ductor. So only one type of conductor is present that controls the device, the
majority carrier. That unipolar action makes the Schottky diode ideal for RF
and microwave applications, because the diode can respond to high frequen-
cies without distorting the output or causing other problems. It can respond
faster because we do not have to wait for two carriers to perform before the
device will operate. That means the time for the carrier to get across the junc-
tion, the transit time, is less than with the bipolar device.

The Schottky diode is the workhorse of the RF and microwave diode
community. It is a general-purpose diode that usually is used for mixer and
detector applications at those higher frequencies. Take another look at the
diagrams in Chapter 4 of detectors and mixers, and you will see that each
component has a diode or a diode circuit. Those diodes are Schottky diodes if
they are operating at RF and microwave frequencies. This type of diode has
many applications because it usually is low cost and readily available for a
designer to use. It also is relatively simple to design this type of diode into a
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circuit. All these characteristics make the Schottky diode an excellent choice
for many RF and microwave applications.

Figure 5.5 shows the equivalent circuit of a Schottky diode and the
parameters that make up the circuit. These parameters are the series induc-
tance, the series resistance, the junction capacitance, and a parameter called
the overlay capacitance, which designated as Co.

The series inductance, Ls, is the inductance of the bonding wires that go
from the actual diode chip to the connections to the outside world. This
parameter has typical values of 0.4 to 0.9 nH (nanohenries) (0.0000000004H
to 0.0000000009H). This very small value is well controlled during the manu-
facturing process and usually is consistent from unit to unit.

The series resistance in the Schottky diode is the total resistance in the
diode, including that of the semiconductor and the substrate on which the
diode is mounted. The semiconductor is the material that comes in contact
with the metal to form the Schottky junction. It has its own resistive proper-
ties that depend on the type of material. The substrate is the portion of the
diode that is in contact with the semiconductor material on one side and the
second terminal of the diode on the other end. It also has resistive properties
that depend on the type of material used for the substrate. This physical rela-
tionship is why we say that the total series resistance of the diode is the total of
the semiconductor resistance and the substrate resistance. Typical values for
this parameter, Rs, are 4Ω to 6Ω. This parameter appears on Schottky diode
data sheets. The value of the series resistance is particularly important when
we are choosing a diode for a detector or mixer application. If the resistance is
too high, power will be lost in the diode itself, and the maximum transfer of
power cannot take place in the device.
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The junction capacitance is the capacitance that is present across the
actual junction between the semiconductor and the metal. It can be seen that
with the Schottky junction a capacitance will be set up, since there are two
plates with a dielectric material in between. The size of the junction deter-
mines how much junction capacitance actually will be in a device. Values for
junction capacitance, Cj, range from 0.3 to 0.5 pF (picofarads).

The Schottky junction has another parameter that must be characterized
and taken into account. That parameter is the junction resistance, Rj, the nat-
ural resistance of the area where the semiconductor and the metal come
together. It stands to reason that some sort of resistance will be present at that
point because two very different materials are suddenly forced together and
allowed to have current flow through them. The junction resistance usually is
a much smaller value than the series resistance of the diode and, as such, is
not taken into account when we are determining the electrical properties of a
particular diode. The main resistance is the series resistance, because it has a
value that, if it were allowed to get too high, could hamper the operation of
the diode.

The last parameter is the overlay capacitance, Co, of the device. It is the
value of capacitance produced from the Schottky junction to the metal con-
tact of the opposite lead of the diode (not the lead where the Schottky junc-
tion is located). It is actually the capacitance across the combination of the
semiconductor and the substrate (see Figure 5.6). It can be seen that this is an
ideal capacitor in that it has two very distinct metal plates (the leads and the
junction construction) separated by a well-defined dielectric between the
plates.

As already stated, the Schottky diode finds many applications in detec-
tor and mixer circuits. If you recall from Chapter 4, a detector has the diode
in series with the matching circuit and takes the input RF signal and detects
it to allow a filter circuit to remove the RF and produce the required dc or
video output. A mixer circuit has the RF and LO signals applied to the diodes
that are used in the circuit. The diodes must be able to handle the LO signal
level and also must be driven into nonlinear operation so mixing actually
can take place. It is a good idea to have the diodes in the mixer matched as
close as possible so the most efficient operation can take place. These diodes
are good general-purpose diodes, but they also are very important parts of
some important circuits, such as RF and microwave detectors and mixer
circuits.
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5.1.2 PIN diodes
Chapter 4 referred to the PIN diode in the description of the construction of
an attenuator and a switch using PIN diodes and back-to-back quadrature
hybrids. At that time, we simply said that when no bias voltage was applied to
the diodes, there was a large resistance present, and when full bias was
applied, there was a very low resistance for the device. We will now expand on
those statements and explain the properties and operation of the PIN diode.

The PIN diode is actually a variation of the conventional PN junction.
The main difference is a very small layer between the P and the N layers. This
layer is called an intrinsic layer, which is where the I comes from in the PIN
designation. Intrinsic can have a variety of meanings. In its truest sense, it
refers to a perfect material, that is, a material with no impurities added. In
semiconductor applications, silicon or germanium by itself would be consid-
ered pure, or intrinsic, materials. In actual practice, the intrinsic layer has
some impurities, or doping, but substantially less than either the P or the N
layer. That makes the intrinsic layer appear to be a perfect layer compared to
the other layers. Because all materials have some impurities, it can be said that
the designations P, N, and I are simply a matter of the total quantity of impu-
rities in each material.
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The PIN diode has another unique property. When the diode is operated
at frequencies below about 100 MHz, it acts just like any other PN junction
device and rectifies the signals that are applied to its input. Above that fre-
quency, it acts like a microwave variable resistor. That is, as the bias on the
device is changed, the resistance of the device is changed. Figure 5.7 is a plot
of diode resistance as a function of bias voltage. You can see from the curve
that with no bias applied a very high resistance is exhibited by the diode. As
the bias is increased, the resistance decreases until, at some bias value, the
resistance is very low. Thus, the diode looks like a high-frequency variable
resistor and can be used as a variable attenuator for an RF or microwave
circuit.

Some important terms associated with the PIN diode should be defined
here, so you can see where the PIN diode might be used and when you have
an acceptable PIN diode for the application at hand. These terms are break-
down voltage, junction capacitance, series resistance, and carrier lifetime.

Breakdown voltage, VB, is a term that more or less defines itself. It is an RF
voltage that is determined by the width of the I layer of the diode. This RF
input voltage should not exceed the specification placed on the diode. If it
does, the PIN diode’s I layer will be punctured or destroyed, and the diode
will then operate basically as a PN junction diode.

The junction capacitance is a little different from that same parameter of
a Schottky diode. Junction capacitance for a PIN diode is designated Cj(v).
Notice that the capacitance is specified for a certain voltage condition; v indi-
cates what voltage must be applied to result in the capacitance shown. A
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specification of Cj(−50) gives you the junction capacitance that results when
50V is applied across the diode. The voltage must never exceed the break-
down voltage, VB.

The series resistance of a PIN diode is the total resistance of the diode
when a certain value of current is flowing through it. Just as the junction
capacitance was measured at a certain voltage, the series resistance given in a
data sheet is valid only if the resistance is checked at the specified current. The
value of the series resistance, Rs(i), usually is very close to being the minimum
resistance of the device.

The parameter of carrier lifetime is shown on PIN diode data sheets as τL
and is a measure of the ability of the diode to store an electrical charge. This
quantity usually is expressed in nanoseconds and can be increased by eliminat-
ing some of the impurities in the device. The higher the concentration of impu-
rities, the smaller the storage time, or carrier lifetime, for the device. If you are
going to use the diode for a switch or an attenuator, you need to know how long
the device will store a charge, so you can get some idea of what the response
time will be for the diode to go from full off to full on. This is a critical parame-
ter to know for proper operation of any component that uses PIN diodes.

The characteristics listed here make for some interesting applications of
PIN diodes. Consider the circuit in Figure 5.8, probably the most common
application for PIN diodes. You will recognize this configuration from Chap-
ter 4, in the discussion of quadrature hybrids. You will recall that in Chapter 4
this arrangement of back-to-back hybrids was called a constant impedance
device. That is one of the reasons it is used here. Figure 5.8 shows
back-to-back hybrids with two PIN diodes in between. The main difference
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between this figure and Figure 4.15 is that the circuit in Figure 4.15 has the
PIN diodes in series with the quadrature hybrids, while Figure 5.8 has them in
parallel, or shunt. The operation of the circuits is similar but necessarily must
have a different bias-to-resistance relationship. In Figure 5.8, the operation is
as follows. With no bias applied to the diodes, there is a very large resistance
in the diodes, and basically the entire input signal appears at the output (the
“Atten. Out” port in the figure). With some bias applied, there will be a
smaller resistance, and some of the signal is now sent to the diode and not to
the output. As the bias increases more and more, there is less and less signal at
the output of the attenuator, which is exactly what we want. When there is
full bias on the diodes, there will be very little signal at the output. We now
have full attenuation of the attenuator. As a side point, the discussion of
attenuators in Chapter 4 stated that for an attenuator to be efficient and use-
ful it must attenuate and also maintain its VSWR over the full range of atten-
uation. The arrangement in Figure 5.8 does both those functions very well.

The circuit described here is a continuously variable attenuator, but it
may be a step attenuator if the bias is applied in a specific manner to make the
attenuation be in discrete steps.

Figure 5.8 also shows two other designations: Switch out #1 and Switch
out #2. If we have no bias on the diodes, almost the entire input signal will
appear at the Switch out #1 port. If we now go to a full bias condition, all of
the input signal will be at the Switch out #2 port. Thus, we have created a
switch with low insertion loss, high isolation between ports, and an excellent
VSWR for both switched conditions.

So it can be seen that the PIN diode is not the everyday, ordinary PN
diode that many people are used to. It accomplishes tasks that cannot be done
with any other two-terminal device. Two functions are performed very nicely
by the PIN diode: attenuation and switching. What distinguishes those func-
tions from each other is how the bias is applied. It could be a continuous
application of the bias to the diode(s), a series of steps, or an instantaneous
change from zero bias to full bias. The method of bias application depends on
what the particular application.

5.1.3 Tunnel diodes
The tunnel diode gets its name from the tunnel effect, which is a process
whereby a particle, obeying all of the laws of quantum theory, virtually can
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disappear from one side of a potential barrier (basically a junction voltage)
and appear instantaneously on the other side. This transfer occurs even
though the particle does not appear to have enough energy to jump over the
barrier. It is as though the particle can “tunnel” under the barrier. The elec-
trons do get from one side of the barrier to the other and perform very well
when they go through this process.

The tunnel diode barrier is the same as the junction region of a regular
PN diode. The barrier in a tunnel diode is very thin, less than 1 microinch
(0.000001 in). It is so thin that penetration by means of the tunnel effect is
possible. The penetration results in additional current in the diode at very
small forward bias. This very small voltage requirement is one that many
designers use when power is limited, such in as portable transceivers and sat-
ellite applications, to name only two. The additional current in the device
produces a negative resistance characteristic for the tunnel diode. That resis-
tance is an ac resistance that is also called a dynamic resistance. It is important
to understand that it is not a measurable dc resistance that can be measured
with a meter and not a reverse indication on the meter. It must be calculated
from measured values. This negative resistance appears because as the voltage
applied to the diode increases past a certain point, the current ceases to
increase and begins to decrease. That is in sharp contrast to the normal
arrangement under Ohm’s law that says that the current is directly propor-
tional to the voltage applied. That is, an increase in voltage increases the cur-
rent, and a decrease in voltage decreases the current (assuming the resistance
of the device remains constant). Thus, the characteristic of negative resis-
tance is an unusual one, but one that can be taken advantage of to allow the
tunnel diode to perform some unusual functions that the normal PN junc-
tion cannot. Tunnel diodes are used for amplifiers and oscillators.

Two terms associated with the negative resistance of a tunnel diode are the
minimum negative resistance, RM, and the negative resistance at minimum K,
RN (K is the noise constant for the diode, also called shot noise). RM is the
smallest value of negative resistance exhibited by the diode. In Figure 5.9, it is
the point on the negative side of the resistance curve (bottom portion) that
comes the closest to either zero resistance or a positive resistance. Everything
on either side of RM is a greater negative value of resistance. The point on the
current-voltage curve for a tunnel diode (Figure 5.10) shows where the volt-
age applied to the diode must be to obtain the minimum negative resistance.
The minimum value of negative resistance is usually between 35Ω and 70Ω. It
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is interesting to note that VM is not the lowest voltage on the current-voltage
curve, but it is on the downward slope of the curve. You can see that the
minimum current in the tunnel diode creates an entirely different resistance.

The negative resistance at minimum K, RN, is the resistance where the
current is at its minimum value. This value depends on temperature, diode
current, junction resistance, and the diode voltage at which the measurement
is taken. Figure 5.9 shows where the value of resistance occurs. You can see
that it is not the minimum negative resistance but some value that is down
the curve away from the minimum value at VN. The current-voltage curve in
Figure 5.10 shows that the negative resistance at minimum K occurs when the
current reaches its minimum value. Thus, the term actually gives the value of
negative resistance for the best noise performance of the device, which hap-
pens when the current is at its lowest point. That makes sense, since the lower
the current in any device, the lower the noise. RN is a higher value of negative
resistance than RM; values can range from as low as 40Ω to as high as 120Ω.
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The value RS in Figure 5.9 is the series resistance of the tunnel diode. This is
a constant value that is lower than any value of resistance shown on the main
curves. It is also a positive resistance and depends on the structure of the diode.

Typical applications for a tunnel diode are for tunnel diode amplifiers,
tunnel diode oscillators, and tunnel diode detectors. The most common use of
the diode is for an amplifier. Recall that Figure 4.44 showed a block diagram
for a tunnel diode amplifier when we were covering circulators and isolators.
The amplifier and circulator only are reproduced here in Figure 5.11. It can be
seen from the figure that the input signal is applied to the input of the
circulator. Because of the circulator motion, which follows the arrow on the
schematic diagram, the signal is sent to the tunnel diode amplifier circuit. With
the negative resistance characteristics of the tunnel diode, the signal sees a large
mismatch and is reflected back into the circulator, where it is sent to the output
port. The reflections and the circulator operation produce an amplification.

The main advantage of a tunnel diode amplifier is that it operates with
very low voltage. It is not unusual to have a voltage requirement of only 125
mV, as opposed to +12 or +24V for other types of amplifiers. The amplifiers
deliver excellent gain, and the tunnel diode amplifier operates at frequencies
up to 20 GHz. The main reason that many of these devices were replaced was
that their main use was for satellite applications before field effect transistors
were introduced. The tunnel diode’s low power was ideal for the inefficient
solar panels used at that time. However, as the solar panels became more and
more efficient, field effect transistors found more applications since the
power was available for them. Another drawback for satellite applications
soon became apparent. The circulators that were used were very large in
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some cases, which was not what satellite designers wanted since the advan-
tage of low power was now gone. Even though not many satellite applications
still exist for tunnel diode amplifiers, there are still some ground-based sys-
tems for which these amplifiers are ideal.

The tunnel diode is one device that is still constructed on germanium. If
high gain and moderate noise characteristics are the goal, the germanium
device should be the choice. If the circuit is one that must have some very low
noise characteristics, gallium arsenide (GaAs) is the material that should be
used for the tunnel diode.

5.1.4 Gunn diodes
In the 1980s it was said that as long as the properties of semiconductors de-
pended on junctions and those junctions had to be made thinner as the fre-
quencies increased, high-power semiconductor devices at microwave
frequencies never would be possible.

Well, the adage “Never say never” applies here. Devices have been devel-
oped that do not depend on a junction for operation. One such device is the
Gunn diode, which is in a class of devices that exhibit microwave power
properties that depend on the behavior of bulk semiconductors rather than
junctions. Those semiconductors, for our applications, are GaAs and indium
phosphide (InP). The Gunn effect is the main representative of that group of
devices, which was discovered in 1963 by J. B. Gunn. He found that when a dc
voltage is applied to the contacts on the end of N-type GaAs or InP, the cur-
rent first rises in a straight line (linearly) from zero and then begins to oscil-
late when a certain threshold is reached. The time of those oscillations, that is,
the period for one cycle, is very close to the time it takes for carriers to travel
from one contact to another through the N-type material. This effect became
known as the Gunn effect, or bulk effect. The Gunn diode is the main device
that utilizes this effect to its fullest.

Calling the device a diode, however, is confusing, because there is no
junction, which all other diodes exhibit. Figure 5.12 is a cross-section of a
Gunn diode, showing the individual layers. It can be seen that there are only
N layers present in this device. (The plus and minus signs indicate how
heavily the N-type material is doped; a plus sign means it is more heavily
doped, a minus sign means less doping.) There is no PN junction to be seen
anywhere. Actually, the device is called a diode simply because it has two
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leads, just like all other diodes. Also, it is a more common way of referring to
the device rather than simply calling it a Gunn device. The term diode has a
much better ring to it and is more recognizable.

The Gunn diode, like the tunnel diode, is a negative resistance device.
Recall that this property shows up in the voltage-current relationship. When
the bias voltage is applied to the diode, it initially causes an increase in cur-
rent through the device. As the bias voltage is increased more and more, the
diode reaches a point where a further increase in bias will cause the current
through it to decrease. That relationship is shown in Figure 5.13, which is an
I-V curve for a Gunn diode. It can be seen from the figure that as the bias volt-
age is increased the resulting current also increases for the first part of the
curve. This is a nice linear curve that behaves very well. As we get to point A,
the bias voltage is still increasing, but you will note that the current now is
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decreasing. Point A is where the Gunn effect kicks in and causes the device to
become the negative resistance device that it is. Once the current starts to
decrease, there is a very straight portion of the curve from point A to point B.
That is where the diode should be operated. That nice linear area, even
though it is a negative resistance area, ensures that you are operating in the
optimum region for the diode to be the most efficient and able to generate a
stable frequency and power output level.

The primary application for a Gunn diode is as an oscillator. Many times
the LO for a microwave receiver will be a circuit with a Gunn diode. This is a
primary communications application. One area where the Gunn oscillator
also is used is for sweep generators to test RF and microwave circuits.

Applications for Gunn diodes extend beyond the microwave spectrum,
well into the millimeter range of frequencies. Gunn diodes also can be used
for radars, beacons, transponders, speed sensors, radio, and data links. To
cover that much range, the material used for construction of the device must
be considered. For a microwave oscillator, the diode should be constructed of
GaAs. For higher frequencies, in the millimeter frequency range (above 18 to
20 GHz), the diode should be constructed of InP. Gunn diode oscillators pro-
vide an excellent and stable output for the circuits or systems they must feed.
They also exhibit some very good noise characteristics.

5.2 Microwave transistors

The microwave transistor is the device that probably has advanced and im-
proved the most of any microwave device. Even though many new diodes
have been introduced, the transistor has advanced and improved on its basic
designs and structure while introducing basically only three new types. This
section describes those three devices, along with the conventional bipolar de-
vice that started the whole process.

The first transistors were fabricated by Drs. W. H. Brattain and J. Bardeen
in 1948. The discovery occurred while they were studying the properties of
germanium semiconductor rectifiers at Bell Laboratories. During their stud-
ies, Brattain and Bardeen observed that the flow of current through a rectifier
could be controlled if a third electrode was added to the device. That electrode
served much the same purpose that the control grid did for the triode vacuum
tube. Until these experiments were conducted, the only devices available that
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would rectify a signal were two terminal germanium devices. That was equiva-
lent to the diode vacuum tube. The vacuum tubes needed to be controlled, as
did the solid state devices that were being looked at in the 1940s.

The diode tube was improved by placing a control grid between the cath-
ode and the anode of the device. By placing various voltages on the grid, it
was possible to control the flow of current in the tube. In the same manner,
the experiments that were to lead to the first transistors were designed to have
a third element added that would control the flow of current through the ger-
manium crystal. What resulted from those experiments was the point contact
transistor (see Figure 5.14). This device was a major breakthrough for the
electronics industry because it promised to replace many of the bulky, hot,
and high-power-consuming vacuum tubes of the day.

The point contact transistor, however, had drawbacks. This revolution-
ary device generated much more noise internally than the vacuum tube it was
designed to replace. Also, it was not hermetically sealed and thus could not
tolerate temperature or humidity and was very fragile to handle. In 1949,
those problems were addressed when W. Schockley published a paper with a
description of the junction transistor, the basis for most of the transistors in
use to this day. Figure 5.15 shows the junction transistor and its different type
of structure. You can see that there are much stronger contacts for the leads
of the base collector and emitter because they are connected through a metal
contact as opposed to being directly connected to the P material, as the point
contact transistor was. The junction transistor has a much improved noise
performance and was considerably more rugged than the point contact
transistor.
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To clarify some of the terms used in reference to basic transistor con-
structions, we should briefly explain the contacts shown in Figures 5.14 and
5.15. The input to a transistor (bipolar for now) is the base lead. This is the
control element in the transistor where the ac signal or, possibly, a dc voltage
is applied to control operations in the device. The emitter is the source of
electrons to the transistor and can be related to the cathode in a vacuum tube.
The collector is the output lead of a transistor and can be related to the anode
of the vacuum tube. These explanations are for what is called a com-
mon-emitter type of configuration, which has the emitter going to ground
either directly or through a resistor. There are other arrangements in which
the emitter is the output, but those are special cases and are touched on only
briefly in this text.

The types of microwave transistors that evolved from the junction tran-
sistor are planar and epitaxial transistors, the most common devices in use
today. The planar device, as its name implies, has all its elements in the same
plane. Figure 5.16 is a basic diagram of a planar transistor. The doped materi-
als are diffused into the device at the proper locations to form the base and
emitter sections. (Diffusion is the combining of materials by forcing one into
the other.) The collector element is at the bottom of the device. Notice how
everything is lined up, or planar, in this device.
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The epitaxial device is similar to the planar transistor, with the exception
of an additional thin layer of low-conductivity material in the collector
region. In Figure 5.16, that layer would be placed between the N layer of the
collector and the P region used for the base regions. The collector region, as it
appeared in the planar package, is now a high-conductivity area designated as
N+, with the epitaxial layer (low-conductivity area) designated simply as N.
This type of construction sometimes is referred to as an epitaxial-collector
type of device, which often is its designation on data sheets. The epitaxial
device is probably the most widely used form of high-frequency transistor
construction used today.

We now will look at three types of microwave transistors in common
usage today: bipolar transistors, field effect transistors, and high electron
mobility transistors. Each type is presented and discussed to help you to
become familiar with how the devices do their jobs and how they can be used
for particular applications.

5.2.1 Bipolar transistors

Figure 5.17 shows two schematic representations of bipolar transistors, one
of an NPN device, the other of a PNP device. The way to distinguish between
the devices is to look at the arrows. For the NPN device, the arrows point out
of the device. A quick way to remember that is to say, “Not Pointing iN.” The
PNP device, on the other hand, has the arrows pointing in. You might re-
member that by thinking of the arrow as Pointing iN toward the device (and
just sort of ignore the final P). The voltage applied to the output terminal
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(collector) is positive for the NPN device and negative for the PNP device. An
easy way to remember which is which is to use the middle letter: P in the mid-
dle of NPN indicates a positive collector voltage, and N in the middle of PNP
calls for a negative voltage on the collector.

Figure 5.17 also shows the terminal names for the bipolar transistors.
These were covered previously but are briefly explained again for clarity. The
input terminal is the base of the transistor, the output terminal is the collec-
tor, and the third terminal is the emitter (the origin of the electrons that are
sent to the collector). In most applications, the signal to the transistor is
applied at the base of the device, with the emitter either grounded or having a
resistor bypassed with a capacitor. The output of the device is taken from the
collector, which is connected through a resistor to the collector supply (posi-
tive or negative, depending on the type of transistor). This configuration is
called a common emitter.

Figure 5.18 shows a typical common emitter circuit. The additional resis-
tors (R1 and R2) shown in Figure 5.18 are for dc biasing the transistor to allow
it to operate in the proper region of its characteristic curves. This is called a
voltage divider biasing network and is used for many low- and high-fre-
quency amplifier circuits. The input capacitor (Cin) and the output capacitor
(Cout) are in the circuit and are called coupling capacitors. Their function is to
couple the high-frequency signal into and out of the device and not allow the
dc voltages to interfere with the preceding or proceeding circuits. This is an
excellent circuit that is easy to build and produces a clean, amplified signal at
the output if the biasing is set properly and the coupling capacitors are the
proper value.

Solid State Devices 193

CollectorCollector

BaseBase

EmitterEmitter

(b)(a)

Figure 5.17 Bipolar transistors: (a) NPN and (b) PNP.



One type of bipolar transistor used in many RF and microwave applica-
tions is the low-noise transistor. This type of device must supply a certain
amount of gain for a circuit and, at the same time, exhibit a very low level
of noise. The way that the low-noise transistor provides a low-noise charac-
teristic is through the construction of the device. The emitter and base
regions of the transistor are fabricated in an interdigital construction. Chap-
ter 4 described that type of construction in the discussion of bandpass filters.
Figure 4.34 presented three types of filter constructions, the third one of
which was a series of resonators a quarter-wavelength long and grounded on
alternate ends. That last characteristic, the grounding on alternate ends, is
what makes the filter an interdigital filter. A similar construction is used for
low-noise transistors and is shown in Figure 5.19. The emitter and the base of
the transistor are split into a series of “fingers.” That splitting of the paths for
current is helpful in getting low-noise characteristics, because the best noise
source you can get is a resistance with current flowing through it. It is impor-
tant to note here that we use the term resistance, not resistor, when we talk
about generating noise. It is true that current through a resistor generates
noise, but that is a very special case. The more general—and more realis-
tic—case is when you have any type of resistance in the circuit through which
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current is flowing. That produces a noise that must be considered. Thus, if we
can reduce the resistance of a device or decrease the current flowing through
it, we can reduce the noise and create a low-noise device, such as a transistor.

The emitter-base junction of a transistor is a resistance with current
flowing through it. If that resistance can be lowered, or the current flowing
through it can be reduced, the overall noise in the transistor is lowered. That
is exactly what the inderdigital structure shown in Figure 5.19 does. It can be
seen in the figure that each emitter portion of the transistor is divided into
separate sections, with each section having specific resistance. Because all the
fingers are parallel, the total emitter resistance is much smaller than any one
of them individually. If all the fingers are the same resistance, the total resis-
tance is the resistance of one of them divided by the total number of sections
in the transistor. That greatly decreases the total resistance of the emit-
ter-base region and is an excellent start in creating a very low noise device.
Figure 5.20 shows the internal structure of a bipolar transistor.

In the same sense, the total current at the input to the interdigital struc-
ture is divided among all the sections of the structure. That results in each
individual section carrying much less current than if a single section for the
junction is used. With both of those parameters, resistance and current,
reduced by use of the interdigital structure, interdigital construction signifi-
cantly reduces the noise characteristics RF and microwave transistors.

The low-noise transistor has many applications in communications
receivers. Of the applications listed and discussed in Chapter 2 for wireless
systems, many areas require a low-noise receiver to improve performance
and increase the coverage range of the system. Thus, a low-noise device must
be right up front to guarantee that there are no problems with noise in the
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system. Often you might see a combination of two low-noise transistor stages
at the receiver input with a quadrature hybrid (or Lange coupler, which is the
microstrip version of the quadrature hybrid) used to supply the input signal
to both of the devices, as shown in Figure 5.21. So, you can see that the
low-noise transistor finds many critical applications in RF, microwave, and
wireless systems.

Another common bipolar RF and microwave transistor is the power
transistor. The power transistor produces the high-power output levels for
final amplifiers of RF and microwave transmitters. These transistors are
much different from low-noise transistors, primarily because they must carry
a much higher current than the low-noise devices. Recall from our discus-
sions of low-noise transistors that we worked hard to obtain a low current
through a low resistance to get low-noise characteristics. In the power tran-
sistor, there must be a high current to produce the required high output
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power. That is because power equals voltage times current. The voltage for
the power transistor is somewhat higher (e.g., collector voltages of +24V, as
opposed to +10 or +12V for a low-noise device), but the voltage is not the
primary parameter used to produce power in a device. That distinction goes
to the current. The higher the current, the higher the power.

Because we need to handle more current in a power device (1A to 2A,
compared to a few milliamps for a low-noise device), the power transistor
needs to be much more rugged and requires much larger elements than its
low-noise counterpart. You will notice that right away when you look at a
low-noise transistor and a power transistor side by side (see Figure 5.22). The
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first device is a low-noise transistor and shows a small area for the device with
some narrow leads for the base, the emitter, and the collector. This type of
device usually is put in the common emitter configuration, which has the
input on the base and the output on the collector. The second device is the
power transistor and has a different configuration. These devices usually are
built as common-base circuits, an arrangement in which the input is at the
emitter and the output at the collector. The “common” element is the base.
That can be seen in Figure 5.22 as that portion of the device connected to a
flange and attached to a base plate by two screws (designated by the two cir-
cles, which are through holes) in the base leads. The common-base configu-
ration is used so the necessary powers can be generated for a particular
application.

Note in Figure 5.22 that the power transistor has leads on it that are much
wider than in the low-noise device. Also, the package itself is much larger and
with a flange attached to it. The flange not only is an electrical connection but
is also a connection to remove the heat from the transistor itself. Used as a
heat sink, the flange gets any dissipated power inside the device away from
the transistor junction and is a good connection to the much larger heat sink
that is used for the entire power amplifier. A source for heat removal from a
power transistor is an absolute necessity for improved reliability. The more
heat that can be removed, the longer the device will last. Figure 5.23 shows the
internal construction of a bipolar power transistor. Notice the size of the ele-
ments compared to those of the low-noise device shown in Figure 5.20.

Another bipolar transistor, the linear transistor, is one that sort of falls
between the low-noise, low-current device and the high-power, high-current
power transistor. The linear transistor is designed to amplify signals that
come from the low-level transistor stages and go the high-power output
stages of many systems. It is called a linear transistor because it operates in a
very linear region of the power output versus power input curve (Figure
5.24). The linear curve was presented in Chapter 4 in the discussion of mixer
circuits and when discussing low-level linear amplifiers in Section 4.10.2. For
the mixer circuit we were looking for a circuit to operate in a nonlinear region
so that the mixing could occur. For the low-level linear amplifier, we need the
circuit to remain in this very straight, linear region of the curve. That is what
allows the low-level, low-noise devices to have a “clean” output signal from
the amplifier, that is, an output that was an amplified version of the input sig-
nal with no distortion.
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One difference that can be noted on transistor data sheets for linear
devices is the operating current level. For low-noise devices, the primary con-
sideration is to keep the current low so the noise level does not get too high.
For linear devices, noise is not the primary parameter to be considered; what
needs to be obtained is more gain. With that in mind, we can check the data
sheets for a low-noise device and for a linear device and find that the
low-noise device operates with currents of 5 to 10 mA, while the linear device
probably is in the 200- to 300-mA region, which certainly is not a low-noise
condition. But, as we have explained, the linear device usually is not a
low-noise device. It is, rather, a high-gain device designed to produce the
intermediate power levels that drive power amplifier circuits.

If you look at a linear transistor, you will see that its size and the size of its
leads fall between those of a low-noise transistor and a power transistor. The
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leads must be large enough to handle the increased currents of the low-noise
transistor, but they do not need to be as large as the power transistor leads
shown in Figure 5.22.

Linear transistors are devices that truly fall between the low-noise and
power devices we have discussed. They find many applications in RF and
microwave systems where a low-level signal must be amplified to drive a
power amplifier to achieve a specified power output.

For many years, bipolar transistors were the only transistors available
to designers, and they still find many applications in RF and microwave sys-
tems and circuits. They are not, however, the only game in town anymore,
and that is how it should be. Other forms of transistors used for these applica-
tions will now be presented. The idea is to evaluate the properties of bipolar
devices and other transistors and decide which is the best for a particular
application.

5.2.2 Field effect transistors (FETs)
The field effect transistor (FET) came into its own in the 1970s and was a buzz
word for many applications during that time. The theory for the FET, how-
ever, goes back to 1926. In 1952, William Schockley first proposed them as
devices that could solve a number of problems. At that time, however, many
technological and fabrication difficulties kept the FET from arriving on the
scene until around the 1960s. By then, however, the silicon bipolar device was
so well defined that it pushed FET development further into the 1970s. The
FET has had a rough history before the need and the technology got together
to produce one of the best semiconductor devices since the first germanium
diode was constructed.

One of the earliest FETs became available about the same time as the
bipolar was introduced. That transistor was the junction FET (JFET). This
device was a low-frequency transistor and did not really challenge the bipolar
transistor at the time of its introduction. Many advances in techniques for
designing and fabricating FETs led to the development of the
metal-oxide-semiconductor FET (MOSFET). This device also is referred to as
an insulated-gate FET, or IGFET.

The FET used for RF and microwave circuits is the metal-semiconductor
(MESFET). This device uses a Schottky junction (metal-to-semiconductor
junction). An end view of a MESFET is shown in Figure 5.25. A much
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different arrangement of the elements makes up this type of transistor than
for the bipolar devices. First of all, the designations for a FET are different
from those of a bipolar device. Recall that a bipolar transistor has a base, an
emitter, and a collector. The FET uses a gate (base), a source (emitter), and a
drain (collector) for its terminals. The source, as the name implies, is the
source of electrons, which, for the bipolar device, was the emitter of elec-
trons; the drain is where the electrons go to, similar to the bipolar’s collector;
and the gate controls the current flow from one element to the other, just as
the base did for the bipolar. One way to remember the designations for the
FET is to look at the device and say that the electrons come from a source, a
gate is used to control the flow of current, and the electrons must go down the
drain to escape.

Figure 5.26 shows two types of FETs: an N-channel and a P-channel. The
N-channel FET is similar to an NPN bipolar transistor in that it takes a posi-
tive drain voltage. Similarly, the P-channel FET is like the PNP transistor,
since it uses a negative drain voltage.

Referring back to Figure 5.25, we can see that the layout of the elements
on the FET is different from the layout of a bipolar transistor. A bipolar
device has the emitter and base terminals on the top portion of the device
with the collector at the bottom of the device. A FET, on the other hand, has
all its elements—the source, the gate, and the drain—on the top of the device.
Also, the FET uses the Schottky junction, which can be seen directly beneath
the gate element. The area under the FET elements, called the active layer, is
the semiconductor area and makes contact with the metal element of the gate
to form the Schottky junction. The FET is completed by the addition of a
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buffer layer of semiconductor material and placement of the entire assembly
on top of a GaAs substrate.

The FET, like the bipolar, comes in a low-noise version. The construction
of the low-noise device also emphasizes a low resistance and a low current
through the transistor. Because the geometry of a FET is different from that
of a bipolar, the interdigital structure is not used. Instead, the device keeps
the gate and the emitter well proportioned in regard to each other, and as the
structure appears it exhibits low resistance and current. Figure 5.27 shows the
internal structure of a low-noise GaAs FET.

A couple of terms must be understood when we are dealing with
low-noise FETs. The first term is, of course, noise figure. On a data sheet, that
may be termed optimum noise figure (NFOPT), minimum noise figure
(NFMIN), or spot noise figure. Each of those terms refers to the noise figure
when the conditions listed, drain-to-source voltage (VDS) and drain current
(IDS), are noted and complied with. The noise figure values do not occur if the
conditions are not duplicated as they were during the initial tests of the
transistor.

Another term that is of great value when looking at FETs is gain. Usually,
two gain numbers are involved when we are talking about, low noise FETs:
maximum available gain (GMAX or MAG) and gain at optimum noise figure
(GNF). Actually, the maximum available gain is not considered in a low-noise
application. It does come into play, however, in a low-level application that
needs a certain amount of gain. The current for this value of gain is higher
than that for the low-noise applications.
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The gain at optimum noise figure is a gain that occurs when the specified
noise figure is reached. That gain, as you might reason, is less than the maxi-
mum gain because less current is being drawn, so a low-noise condition
occurs. This gain must be known if a low-noise circuit is the goal.

Power FETs, as might be expected, are much different structures than
low-level or low-noise devices. The power FET has many areas on the chip so
that each element can carry its share of current. That is similar to the bipolar
power transistor structure, which also has many areas to carry the current.
The main purpose of a power FET is to produce a high-power output, which
is accomplished by producing and carrying a high amount of power. Figure
5.28 shows the internal structure of a GaAs FET power transistor.

Three terms apply to FET power transistors. The first term is the output
power, which is presented in two ways: as the straight power output of the
device and as the power output at what is called the 1-dB compression point.
The straight power output tells what the linear power is, that is, the power
that is at the output with a specific input power. As the input power is
increased, the output power follows it. That is the linear power output and is
a parameter that has been discussed many times throughout this text. The
familiar Pout versus Pin curve is repeated here as Figure 5.29.
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Figure 5.29 also describes the second type or power output specification
that appears on a GaAs FET power transistor data sheet, the power output at
the 1-dB compression point. The 1-dB compression point is shown in Figure
5.29 as the point where the curve starts to level off. It gets its name from the
fact that as you apply an input to a device you get a certain output that is
dependent on the gain of that particular device. If you keep increasing the
input level by 10 dB, you get a corresponding increase in the output. There is
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a point where a 10-dB increase in the input power produces only a 9-dB
change in the output. That point is the 1-dB compression point. The 1-dB
compression point also is the beginning of the nonlinear portion of the
power input versus power output curve. This was explained earlier in Chap-
ter 4 and shown in Figure 4.56.

The gain of a power transistor is always an important parameter to con-
sider. It would be rather crazy to supply dc power to a power transistor, work
hard to get an appropriate input power level for that device, and then have
the transistor have a gain of only 1 or 2 dB. There must, therefore, be a suffi-
cient gain either to produce the required output power for the system or to
get very close to it so that an additional stage will accomplish the task. Most
GaAs FET power transistors produce at least 7 to 10 dB of gain for the fre-
quency ranges used for RF and wireless applications. That usually is sufficient
to accomplish the tasks that need to be done for these RF systems. Be sure you
know the gain of the device you will be using and always check to see at what
frequency the gain is being specified. If you are going to need 10 dB of gain at
1.9 GHz, for example, it does you no good to have a transistor that has a max-
imum frequency of operation of only 1 GHz but has 15 dB of gain there. Be
sure to check the gain and the frequency for that gain.

When we are dealing with power transistors, we need to consider param-
eters that do not apply to low-level or low-noise devices, that is, the thermal
properties of the device. With high-power transistors, there are much higher
drain currents and, thus, an elevated temperature within the transistor itself.
One of the primary parameters is the thermal resistance, expressed in degrees
Celsius per watt, which tells you how well the device gets the heat generated
inside the device out of the device. A power device has a chip, which is the
actual device, attached to a substrate, which is attached to some sort of flange,
which attaches to a chassis. The heat must go from the chip to the chassis in
the shortest amount of time and encounter the least resistance possible. That
is where thermal resistance comes into play. It is the amount of resistance
that the thermal energy will encounter as it makes its journey to the chassis.
The value, which should be as small as possible, depends on temperature and
power, thus the measurement in degrees Celsius per watt. So consider how
much the temperature will be elevated with the power you will be generating
when you are choosing a device to be used for a power application.

The FET is a device that was designed to solve many of the problems that
the bipolar transistor had for some applications. It actually did so, but that is
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not to say the FET has completely replaced the bipolar for every application.
There is room in the RF and microwave world for both devices.

5.2.3 Heterojunction bipolar transistor (HBT)
It may seem a bit strange that we are including a whole new section of this
book on bipolar transistors since we have said in Sections 5.2.1 and 5.2.2 that
the bipolar had limitations in speed for use in microwave and wireless appli-
cations. As you recall, we said the field effect transistor (FET) was much better
to use since it is a unipolar device rather than being a bipolar device, which
must take time to allow two different types of carriers (electrons and holes) to
move across the junctions. What have we done to the conventional bipolar
transistor that now makes it acceptable for use in microwave applications?
Basically, we have made a device that will take advantage of many different
materials and varied the bipolar structure to speed up the process.

This variation in the bipolar transistor is the heterojunction bipolar tran-
sistor. The typical, or original, bipolar transistor we discussed previously used
either silicon or germanium as a base material for making up the doped sec-
tions of the device. Germanium was the original material with silicon becom-
ing the dominant material because of its very desirable characteristics. The
heterojunction bipolar transistor (HBT) utilizes two different types of junc-
tions. For some applications both silicon and germanium are used in one
device. Other devices use a combination of elements that are excellent for
high-frequency usage. These elements and combinations are discussed later
in this section.

The term heterojuntion is described as the interface between two regions
of dissimilar semiconductor materials. This is where the large difference
comes into play. The term “dissimilar” is the key to the HBT. It is not a com-
bination of similar materials as in the well-behaved basic bipolar transistor.
Also, recall that when we discussed field effect transistors we emphasized that
we were now forming a junction (Schottky junction) by combining a semi-
conductor and a metal that allowed the carriers to move faster across the
junction and be only a single type of carrier (electrons in this case). We now
have put together devices that use semiconductor material on both sides of
the junction, but not the same material. This is very similar to research a few
years ago that focused on stripline structures. The idea was that if we use a
material of different dielectric constant as the top board and then use the
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original dielectric constant board material as the bottom, or circuit, board,
you might be able to increase isolation for directional couplers. This worked
to a certain extent, but was not the tremendous success that was anticipated.
The heterojunction idea is a tremendous success in that it provides a bipolar
transistor that can go through the entire microwave range and into the milli-
meter range (60, 70, and 80 GHz). Just what types of material are used for
HBTs and how to they accomplish this great task? The materials can be sili-
con (Si) and germanium (Ge), or may be materials such as GaP/GaAs (gal-
lium phosphide/gallium arsenide). Notice that the elements such as Ga
(gallium), As (arsenic), In (indium), and P (phosphorous) were materials
that we used for microwave field effect transistors and the worked very well
for our applications in microwaves.

The heterojunction that we are discussing has the property of accelerat-
ing electrons so that they can switch at very high speeds, as opposed to the
homojunction device (which is the structure that uses the same semiconduc-
tor material, discussed earlier). The homojunction bipolar actually appears
to slow the electrons as the cross the junction, because there is a time required
for the holes to cross too. This causes considerably slower switching times.
You can see very easily that the heterojunction device is ideal for microwave
applications.

If you look back at Figure 5.16, you will see a bipolar planar transistor,
the most common type of higher-frequency bipolar transistor. We actually
advanced this version with the epitaxial bipolar transistor, but we will refer to
the planar bipolar for this discussion. Notice that there are two junctions in
this device, a base-emitter junction and a base-collector junction. The point
to notice in this figure is that, although it does not say it in the figure, there is
only a silicon base material that is doped to form P and N areas so that the
device will work. The only material that a designer has to worry about is sili-
con and the materials used as dopants (boron, arsenic, antimony, and so
forth).

In contrast to Figure 5.16, there is Figure 5.25, which is a metal-semicon-
ductor field effect transistor (MESFET) where there is a substrate (semicon-
ductor), which is GaAs (gallium arsenide) and a metal (usually aluminum)
that form the very popular Schottky junction for this device. We have
emphasized many times that this device (the MESFET) will operate at higher
frequencies because of its junction capabilities. When there is a difference in
materials used, you can use it at much higher frequencies. This is what we are
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leading up to in our discussions of the HBT, the fact that the same material is
not used (this time the materials are two different types of semiconductor
materials as opposed to a semiconductor and a metal), and that this differ-
ence results in excellent microwave and wireless capability.

Typically the HBT will consist of two types of junctions: the
heterojunction at the base-emitter junction and the homojunction (typical
bipolar junction) at the base-collector junction. A typical heterojunction
combination is InP/InGaAs, which is indium phosphide/indium gallium
arsenide. To make it much more realistic, the combination is actually
InP/In0.53Ga0.47As. The subscript numbers are the percentage of each element
that is involved in making up the total compound. In this case there is 53%
indium and 47% gallium.

As mentioned earlier, the base-collector junction is usually a
homojunction structure. This is usually a silicon base with an impurity such
as boron or arsenic or antimony used to make up the required PN junction,
just as we discussed in Section 5.2.1. This combination of heterojunction and
homojunction will make up the typical HBT. This structure results in supe-
rior performance for these devices. This excellent performance is due to a
concept called a quantum well in the base-emitter junction. A quantum well
is associated with the energy gap, which is a vital parameter in all semicon-
ductors. A diagram of a quantum well is shown in Figure 5.30. You can see
that the horizontal axis is the distance through the device, in nanometers
(10–9 meters) and the vertical axis is the energy in the energy gap expressed in
electron volts (eV). It can be seen that there are various “wells” that the elec-
trons will encounter as they go through the device.

The term energy gap can best be understood by considering a fence that
you need to get past in order to get into a particular area. If this fence is very
small, it is relatively easy to get over and takes little energy to do it. If, how-
ever, the fence is very high, there will need to be a large amount of energy
available to you to propel you over it to get to the other side. This is the same
in semiconductors. There is a lower energy level called the valence band,
which is the energy level in the outer ring of an element. This is the level that
the valence electrons are at as they sit in the particular rings of an atom. In
order to put these electrons to work we must get them into the higher energy
level called the conduction band where the electrons can actually constitute a
current flow.
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To take this description one step farther, the quantum well is where you
place a narrow-gap semiconductor between thicker layers of wide-gap mate-
rial. This creates different levels of energy that form a well that will trap elec-
trons which requires them to obtain an increased amount of energy in order
to “get out of the well” and be in the conduction band for current flow. When
they are in the well, they are gaining energy and not producing current flow.
When they get out of the well, they have much more energy and can use this
in the heterojunction device. The main purpose of the quantum well is to
stop the back-injection of holes (remember we are still dealing with bipolar
devices) from the base into the emitter, which reduces the base current and
increases the current gain. The well also permits the increase of base doping
which lowers the resistance within the base, reduces the transit time for the
electrons to move within the device, and thus increases the frequency range
of operation. With this combination of lower base resistance and lower base
current, you can see the possibility of lower-noise characteristics, since the
most efficient form of a noise source is running current through a resistance.
The lower the resistance and/or the lower the current, the lower the noise
characteristics. Thus, you can see that it is possible to have low-level,
low-noise devices with the heterojunction bipolar transistor.

There are also devices that are called double heterojunction bipolar transis-
tors (DHBT) where both junctions are heterojunctions. By adding this second
heterojunction, there is an overall improvement in the device performance.
With both junctions exhibiting the properties we have discussed, it can be
seen how the overall performance will be enhanced.

Some of the materials used for DHBTs are InP (indium phosphide) and
InGa (indium gallium). Also, other combinations use a small amount of
nitrogen into a combination of InGaAs, which reduces any strain on this com-
pound layer which is usually on a GaAs (gallium arsenide) layer. This layer is
the counterpart of silicon in the homojunction bipolar transistor. The intro-
duction of nitrogen into the devices lowers both the conduction band and the
valence band to allow for more conduction with less energy applied. This is a
good improvement in the devices to once again increase the current gain. It
can be seen that there is no simple combination for the heterojunction as there
was in the bipolar transistor when it was first introduced in this book.

Many times you will see power amplifiers in microwave and wireless
applications using HBTs and DHBTs since the dissimilar material increase
the current gain of the device as we previously explained when presenting the
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quantum well principles. This, of course, is what is necessary for power
amplification, and a high current gain. This is probably one of the most mis-
understood factors that designers have about power amplifiers, that the most
important parameter in developing power is current. If your current gain is
large, you stand a very good chance of building a very satisfactory power
amplifier for your applications. In contrast, for low-noise and low-level lin-
ear applications, there is a need for voltage gain, you do not want a lot of cur-
rent to be going through the resistances of the junctions to produce excess
noise within the device and the circuit. So the HBT and DHBT, in particular,
are excellent for power amplification at microwave and wireless frequencies.

5.2.4 High electron mobility transistors (HEMTs)
The latest addition to the lineup of solid state devices is the high electron mo-
bility transistor (HEMT). This technology has come through the typical
growing pains that both the bipolar and the FET had to encounter as they
were being developed. When HEMTs first were proposed in 1978, they re-
ceived an indifferent reception. Since then, they have attained a much higher
credibility in the industry simply by demonstrating their performance in ac-
tual applications. In some areas, they have outperformed the GaAs FET,
while in other areas they have not. So, it is the typical situation in which no
one device is good for all applications. The HEMT is available both as a
low-noise device and as a power device. It was not originally developed to
compete with the GaAs FET power transistors, but it has found many
applications where it does just that.

The HEMT looks similar to the low-noise FET. Their gate-source-drain
structures are almost identical. So, what is it that makes this device any better
than the conventional FET? The answer is that the difference is not in the
structure but in the semiconductor materials. HEMTs use a doped
GaAs/AlGaAs structure in which the motion of the charge carriers is confined
to a thin sheet within the GaAs buffer layer. The type of structure results in
the electrons within the transistor having a significantly higher degree of free-
dom. The freedom results in a higher mobility for the electrons (which is
where the name comes from) and having them able to respond much faster
for use at higher RF and microwave frequencies.

HEMTs have many applications in RF and microwaves. Their claim to
fame is the lower noise characteristics at higher frequencies. For example, a
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GaAs FET may have a noise figure of 1.0 dB at 5 GHz, but the HEMT will have
a noise figure in the range of 0.4 to 0.5 dB. The gain of the HEMT, however,
will be less than that of the FET. At that same 5 GHz, the FET will have a gain
in the neighborhood of 20 dB, while the HEMT will have around 15 dB.
These values can be seen in Figure 5.31. Looking at the curves in the figure,
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you can see that there are tradeoffs in the decision of which device to use for
which application. Some applications require the low-noise figure, while oth-
ers do not need that as a critical parameter. On the other hand, some applica-
tions need as much gain as possible. The choice of HEMT or FET depends
entirely on the application.

As with other solid state devices, certain parameters on the data sheet
must be taken into account, for instance, the minimum noise figure. That
parameter is, as the name implies, the minimum-value-of-noise figure for
the device. This parameter does not appear by itself; it always is accompanied
by the conditions it was taken under (VDS and IDS), as well as the frequency at
which the data were taken. Usually, a variety of frequencies are used and, as a
result, a variety of noise figures. It can be seen from Figure 5.31 that the noise
figure is fairly flat over the frequency range shown, but there are some varia-
tions from one end of the range to the other.

Gain is also an important parameter for HEMT. Associated gain figures
and maximum available gain figures usually are on HEMT data sheet. The
associated gain is the gain that results when the value-of-noise figure listed in
the minimum noise figure category is achieved. This is the same parameter
that was described for other devices. The maximum available gain is just that,
the maximum gain that is available from the device if the noise figure is not a
consideration. There may be a difference of 5 to 6 dB in these figures. There
also is a much greater difference in the noise characteristics when you con-
sider the gain only of the device you are using.

Thus, the HEMT joins its predecessors in the RF and microwave field.
This device has had—and continues to have—its ups and downs, its tri-
umphs and defeats, just like the bipolar and the GaAs FET. The HEMT, just
like the bipolar and GaAs FET, has found its place in the technology and will
find many more applications in the future.

5.3 Solid state techniques

We will look briefly at two types of solid state techniques in this section. They
are RFICs and MEMS.

RFICs are exactly what their name implies. It is a method of integrating
many RF (or microwave) circuits into a very small area. You can notice the
benefit of this technology in cell phones today. When the cell phone first
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came out, the major electronics was many times put in the trunk of a car so
that it would not get in the way of the driver or passenger. Today, the phones
are so small that they will fit in the palm of your hand and do many more
functions than was ever imagined some 30 years ago when they were first
conceived.

If you look in an electronic dictionary for the definition of integrated cir-
cuit, you will find the following: “An electronic circuit in which all of the
active and passive components are made from a single semiconductor sub-
strate.” To understand this definition, you must remember that active cir-
cuits are the circuits that require a dc voltage to operate. Such components as
amplifiers and oscillators fall into this category. Passive components, there-
fore, are components that do not require a dc voltage for operation. Such
components as directional couplers, power dividers, quadrature hybrids, fil-
ters, circulators and isolators, and most mixers fall into this category as well
as basic components such as resistors, capacitors, and inductors, to mention
only a few. All of these components can be “integrated” on a single substrate
and become a microwave-integrated circuit. You can fabricate an entire
receiver or transmitter on a single substrate by using this technology.

The obvious advantage of using this type of technology has already been
mentioned earlier in this section: size. The technology of microwave-inte-
grated circuits allows many circuits to be placed in a very small area so that
circuits take up less space and are more convenient to use, if, for example, you
consider only one device, the pager, and do not use integrated circuit tech-
niques. A “conventional” receiver used at these frequencies would be much
larger than the approximately 2.5 × 2-inch version that clips on your belt.
You would certainly not want to carry around a unit that weighs 4 or 5
pounds just so that everyone can find you when they need you.

Similarly, as we mentioned earlier, the cell phone has been shrunken
considerable over the years due to the integration process. If you look at some
of the TV shows in the early 1980s where they are using cell phones for com-
munications, especially police shows, you will note that the phones they are
using are almost as large as the walkie-talkie units that were seen in many
World War II movies. The cell phones you see today on the shows and in the
movies are the very small versions to which we have become accustomed. Just
as in every other technology, evolution takes place and we adapt to what is
available. Certainly, the cell phones of the 1980s were more than adequate for
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what they were used and were absolutely necessary in order for the present
models to become available to us.

You will notice that we have been emphasizing items such as cell phones
and pagers when we have been speaking of RFIC technology. There is a very
good reason for this emphasis. The tremendous thirst for communications
among people has driven the RFIC technology to the level it is today and will
undoubtedly drive it to the level to which it will rise in the future. If you look
at a basic receiver circuit, for example, you will see that it requires that you
have circuits such as a variety of filters, a low-noise amplifier, mixer circuits,
intermediate-frequency amplifiers, and an oscillator to be used in conjunc-
tion with the mixer circuit. If you are building a typical printed circuit board
receiver that will take up a great deal of space, you will be required to have
each individual component attached to the circuit board. This in itself is not
that difficult to accomplish. What is the more difficult and time-consuming
task is to connect these components together. If you are at lower frequencies,
this is not as much of a task as it will be at RF and microwave frequencies.
This if because at these higher frequencies there is a transmission line
involved in this interconnection, which is a task much more involved than
simply attaching components with a wire or a printed line that is of a width
and length that is convenient for the layout that you want to use.

This idea of transmission lines and transmission line theory came to light
once before a few years ago when the digital world decided to keep raising the
rates of personal computers and computer circuits. As a result, many digital
people starting attending microwave conferences and symposia in order to
understand what the microwave engineer takes for granted—the elements of
transmission line theory. It had reached a point, and continues to be so, that
the rates were rising well into the microwave and RF range and a simple
wire-wrapped system was not going to do the job or a standard PC board was
going to cause problems. There were now many areas where the placement of
components and the length and width of transmission lines were very critical
for the operation of the overall system. This was a lesson that was learned very
well by digital individuals.

The idea of critical transmission lines is not usually a real problem in RFIC
technology. This is because the circuits are so small and the components so
close together that the interconnection between them is a very insignificant
portion of a wavelength and, therefore, it is basically a nonfactor. Recall from
our coverage of transmission lines and basic microwaves in this text that there
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were fractions of a wavelength that are very critical to circuit operation. These
were: quarter-wavelengths (λ/4), half-wavelengths (λ/2), and a quick refer-
ence to an eighth-wavelength (λ/8), which can be used to simulate reactance
in a circuit. The interconnecting lines in RFIC are nowhere close to these
dimensions. If we look at λ/4 for a signal operating at 5 GHz with a dielectric
constant of 3.0, we discover that this line would be 0.340 inch. This is a very
large number when you are dealing with integrated circuits. You can put a
number of components in a space of 0.340 inch. So you can see that the trans-
mission line is not the most prominent term that you need to consider when
doing RFIC. This nonfactor for the transmission line results in another factor
becoming less important. That factor is impedance.

If you are dealing with low-frequency analog designs, input impedances
are required to be very high (as in operational amplifiers) and the output
impedances are required to be very low (also as in operational amplifiers).
Ideally, the input would be infinity and the output would be zero. This, of
course, is not practical but we come as close as is practically possible. If we use
transmission lines, the impedance is very important to operation of the cir-
cuits and the system. Usually we are talking about impedances such as 50Ω or
75Ω for both input and output. These numbers are considerably lower for an
input impedance and considerably higher for an output impedance. We have
said, however, that for RFIC we do not have to use transmission lines since
the spacing between components is very small. Therefore, we do not have to
worry about specific impedances and can choose arbitrary impedances, the
task becomes much more simple.

We listed some components used for a simple receiver preciously. Let us
now look at some of these and see how RFIC can make our lives a little easier.

The first area we examine is the filters. There are some issues that you
must address if you are going to use filters in your system. It is important that
there are many different filters that will be required in a receiver. There are
input RF filters, image rejection filters before the mixer circuit, and interme-
diate-frequency (IF) filtering. As discussed in Chapter 4, a filter is basically a
nonstandard component. That is, there is no such thing as a standard filter
that you can buy off the shelf. There are specific parameters, but they change
with every application. Obviously, the filter that is used in the RF section will
not have the same properties as those in the IF section. The frequency and
bandwidth and every other parameter will be different. Saying this, you can
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see that the filters used in an RFIC system should be components that deserve
a lot of attention.

The filters used in an RFIC setting are required to determine a noise floor
(a minimum level where, beyond this level, the noise takes over the signal),
RF bandwidth, IF bandwidth, and image rejection. All of these func-
tions need to be addressed when designing filters in an integrated circuit
configuration.

The active devices that are used in integrated circuits are, as you can
imagine, also very important components to consider. This includes the
low-noise amplifier (LNA), IF amplifier, mixer, and oscillator needed for the
system to work. If you are working with low-frequency analog applications,
you are concerned with placing individual transistors on a PC board and con-
necting the required resistors, capacitors, and inductors in their appropriate
locations. Most of the conventional layouts will have the transistors or diodes
in standard packages or in a surface-mount configuration. These devices
exhibit certain parameters that include wire connections within the package
to get from the transistor chip to the outside world. There is usually an addi-
tional inductance and capacitance associated with the extra packaging. If you
look at many microwave devices you will see a difference in input and output
reflection coefficients (input/output impedances) from the parameters that
are presented for the chip only. If you are using a cased device, you must use
the parameters associated with them as design parameters.

When using RFIC, only the chip is used without the package. This makes
a tremendous difference in performance since there is no additional
reactance associated with the chip.

Connections directly to the chip can be much shorter so that our previ-
ous discussions on transmission lines and impedance come into play. Usually
you will be using bipolar devices for analog RFIC use. These can be
homojunction or heterojunction devices that were discussed previously.

The final components that we will discuss in RFIC are the components
that are the most recognizable to everyone who works in electronics: resis-
tors, capacitors, and inductors. When you see these on a conventional PC
board, they are the components that are either lying down or standing up on
the board and have radial leads going through the board to be soldered on the
opposite side or they are in a surface-mount configuration where they are
flow-soldered to the top of a board. In either case, they take up a lot of room
on a PC board, which makes the final product much larger than you really
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want it to be. The answer to this configuration is to “print” these components
on the board. When we say “print,” we mean that these components are actu-
ally produced by doping a silicon layer to achieve the proper parameters. This
is true in particular for resistors.

Resistors that can be used are polyresistors or diffusion resistors.
Polyresistors are made of conductive polycrystalline silicon directly on top of
the silicon front end. Basically this type of layer acts like a resistive line, which
is exactly what you want. The diffusion resistor is made by doping a layer of
silicon until it has the desired resistance. This can be achieved using either a p
doping material or an n type.

One of the statements that was made earlier in this book was that capaci-
tance is the enemy of high-frequency circuits. That is to say that capacitance
that you do not want is the enemy of high-frequency circuits. This capaci-
tance, however, can be put to use if you do things right and RFIC allows you
to do this. Once again we can have two types of capacitors for use in RFIC cir-
cuits: metal-insulator-metal and polycapacitors.

If you recall from the sections on transmission lines, we said that these
transmission lines have extra capacitance (parasitic or stray capacitance).
This is usually something from which you try to stay away by making the dis-
tance between layers of the circuit board as small as possible. If we want to
make an intentional capacitor and conserve chip area (which is exactly what
RFIC is all about), we make the oxide between the two lines very thin to
increase the capacitance per unit area. This is the metal-insulator-metal
(MIM) capacitor concept. Since the distance between the plates of the capaci-
tor is very small, the total capacitance will be higher, according to the basic
definition of what capacitance is.

Capacitors can also be made from two layers of polysilicon separated by a
layer of dielectric material. This is, once again, the classic model of a capaci-
tor: two plates of a certain area separated a certain distance by a dielectric
material.

The final component to be covered in RFIC is the inductor. This is prob-
ably the most difficult component to fabricate on a substrate. We should clar-
ify this further by saying that a high-quality inductor is difficult to fabricate.
This is because in silicon, which is the standard material used, there are losses
in the substrate and high-resistivity metal lines. This has become easier to do
due to improved methods and materials over the past few years, but still is the
most difficult component to build.
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To understand why these losses are so significant, consider the “Q” factor
(quality factor), which is the ratio of the inductive reactance (XL) and the
resistance (R). The XL is a function of inductance, L, and frequency, F. The
whole relationship is multiplied by the factor 2π. If the Q is large, the band-
width of the circuit it is in will be narrow. Conversely, if the Q is low, the
bandwidth will be wide. This happens when you change the value of R. This,
of course, is what we have been saying in our opening discussions about
inductors on integrated circuits. This is why they are difficult to fabricate:
The r values are high. This sometimes limits the performance of the circuits
that the inductors are used in. This can be compensated for to some degree by
making the inductors in square spirals, which allows the lines of flux to inter-
act and effectively increase the inductance per unit length. If the inductance
increases and the resistance stays basically the same, the Q will be higher and
the circuits will operate more effectively. So it can be seen that there are ways
that have been developed where you can have very efficient components in
RFIC. Whether they are transistors, diodes, filters, resistors, capacitors, or
inductors, they can be fabricated on substrates to make the circuits smaller
and smaller. The future looks bright for miniaturization in the area of RF
circuits.

To wrap up RFIC coverage, we will look at a basic list of how integrated
circuits are fabricated. IC fabrication is based on photolithography and
chemical etching. The process is as follows:

1. The wafer is a thin-film material (SiO2 for silicon technology or sili-
con nitrate for GaAs technology).

2. This thin-film material is then coated with a light-sensitive material
(photoresist).

3. A photomask is placed over the wafer and the photoresist is exposed
through the mask with high intensity ultraviolet (UV) light.

4. The photoresist is developed with a process similar to developing or-
dinary photographic film in your camera. The resist may be either
positive or negative. If the resist that is exposed to UV light is washed
away, leaving the thin-film material, it is positive resist. A negative
resist remains on the surface whenever it is exposes.
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This process is used for all integrated circuits and, knowing this, you
should be able to understand why this technology is used so much and why it
is capable of reducing the size of circuits to the level they are today.

The second type of solid-state technique is the microelectromechanical
system (MEMS). This is also an integration process, just as RFIC is. The dif-
ference is that MEMS is the integration of mechanical elements (sensors,
actuators, and so forth) and electronic elements on a common substrate.
RFIC is only electronic elements integrated on a substrate. The electronic
portion of this technique use conventional integrated circuit (IC) methods
(CMOS, bipolar, and so forth), while the mechanical components are fabri-
cated using micromachining processes that etch away parts of the silicon or
add new structural layers to form the mechanical or electromechanical
devices. It can be seen how important this technology is for miniaturizing cir-
cuits in all areas. By having both the electrical and mechanical devices inte-
grated on the same substrate, there is a continuity that can be very important
in a variety of applications. Previously the electronics was fabricated and
then, by wires or cables, interfaced with any mechanical device, such as a sen-
sor or relay, and then both would be put into an enclosure of some type. Now
they are all on the same substrate when we use MEMS technology. This is
kind of like having every member of your family sitting in the same row on an
airplane. You do not have to worry about what the kids are doing five rows
back because you can keep track of them all through the flight. Similarly, if all
of your components are on the same substrate, the most difficult area of a sys-
tem design—integration—is taken care of.

This problem of integration can really be appreciated if you have ever
been given a series of components such as amplifiers, filters, mixers, oscilla-
tors, and attenuators and told to put them together in a working system. You
are also told that the input and output impedances are 50Ω. This sounds like
a very simple, straightforward task to perform. However, when you start to
cable these components together, you find that all of the input and output
impedances are not quite close enough to 50Ω to just attach a cable to them
and piece them all together. You find out very quickly that there is also a cer-
tain amount of matching that has to take place in order to put all of these
“50Ω” components together so that they will work, so a technology that pro-
vides the integration for you is very valuable.

We have compared MEMS and RFIC in our previous explanations. We
looked at the steps required to produce an integrated circuit in our earlier
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discussions. Please refer to these steps again as a reference for the discussions
that follow.

The MEMS technology has basically been develop from the IC technol-
ogy and the methods shown above. The processes are conventional processes
and do not completely apply to the MEMS technology. The conventional
methods allow transfer of a circuit layout pattern onto a two-dimensional
wafer. These processes do not allow a three-dimensional structure to be fab-
ricated, which is essential for MEMS. In order to do this there are two pro-
cesses that have been derived just for this purpose: bulk micromachining and
surface machining.

Bulk micromachining occurs by using the actual bulk (or internal area of
the wafer) instead of the surface of the wafer as used in the integrated circuit
configurations. This process involves the removal of some parts of the wafer,
or substrate, and is not a new one as it was originally developed when produc-
ing silicon pressure sensors in the late 1950s. It has found a new application
when the technology of MEMS evolved and there was a need to incorporate
such components as sensors into integrated systems.

The process of bulk micromachining is incorporated by judiciously com-
bining highly directional (anisotropic) etchants with nondirectional (iso-
tropic) etchants and the wafer’s crystallographic orientation. An isotropic
material is defined as having physical properties that are the same regardless
of the direction of measurement. This means that there are etchants that
always remain the same while anisotropic etchants will change properties.
When you combine the two together, capitalize on the mechanical crystalline
structure of the wafer itself, and vary the etching rates you can accomplish a
wide variety of mechanical structures that are required for MEMS.

Even though bulk micromachining has a long history, it, like everything
else, has limitations. One area is that, since you are relying on the wafers crys-
tallographic structure, some of the parameters you need to accomplish are
restricted by the materials that you are trying to use.

In surface micromachining, thin-film material layers are deposited and
patterned on a wafer (substrate). This is another method that goes back to the
late 1950s and early 1960s. Thin-film materials are deposited wherever either
an open area or a free-standing mechanical structure is desired, are called sac-
rificial material. The material out of which the free-standing structure is
made is called structural material. To accomplish a given micromachined
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structure, a combination of wet etching, dry etching, and thin-film deposi-
tion must be used.

The final step in surface micromachining is that of dissolving the sacrifi-
cial layer to free the structural elements so that they can be actuated. This can
be understood by noting that we are talking about mechanical components
that must be free to move from one state to another. This is not something
with which we are concerned when we are talking about electrical integrated
circuits since there is no movement of the components. The only thing we
want to move in these circuits is the current flowing within them. The term
that is used to place the mechanical structures to the substrate or to accompa-
nying components is stiction. This can be done either when the wafer is pulled
out of the sensing solution that is used to dissolve the sacrificial layer or when
the structural elements are in a humid environment.

We referred to the fact that the MEMS require mechanical motion as
opposed to the conventional integrated circuits. The term that is used to refer
to this motion is actuation. There are a variety of actuation mechanisms that
can be used for MEMS. Such mechanisms as electrostatic, piezoelectric, and
magnetic can be used. The particular type that you use will depend on your
application.

The electrostatic mechanism is based on the construction of a capacitor.
We discussed capacitors when we covered RFIC in the previous section.

Under normal circumstances, a capacitor consists of two plates separated
by a certain distance with a dielectric material between them. With the typical
capacitor, the two plates are constrained by an electrostatic force that bal-
ances out the forces and keeps them the same distance apart. If this force is
changed in such a way that the forces on the top plate are not as much, the
plate can move down and then back up again when the forces are reapplied.
This is the idea behind the electrostatic mechanism, where the attraction and
repulsion of electrical charges cause the mechanical action. The structure and
forces with a uniform load and nonuniform load is applied. It can be seen in
Figure 5.30 how a mechanical device is now created and ideal for many
MEMS applications.

The piezoelectric effect is a condition that previously was only consid-
ered when speaking about crystals and crystal oscillators. The effect says that
when a mechanical force is applied that mechanical vibration will cause a
voltage to develop at the exact frequency of the vibration that was applied.
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Similarly, if a voltage at a specific frequency is applied, there will be a corre-
sponding mechanical vibration at that same frequency. With this definition
presented, we can say that piezoelectric actuation is a process that relies on
the deformation of structures caused by the motion of internal charges as a
result of an applied electric field.

The basic piezoelectric MEMS device is the cantilever beam. In this
scheme the beam consists of a composite-layer structure of a piezoelectric
material places between two electrodes (note that this is the structure of a
capacitor). A voltage across the capacitor structure sets up an electric field
that causes a strain, or elongation, on the piezoelectric material layer. Since
the beam is not piezoelectric, it does not change in size, so it bends and results
in a mechanical function as the result of an electrical input, exactly what is
needed for our MEMS assembly.

Magnetic actuation uses a magnetic field to generate a force. This mag-
netic force can be generated using a current (electromagnet) or a fixed
magnet. When an electromagnet is used, the current through the circuit gen-
erated a magnetic flux that draws the contact across an air gap and closes the
gap. With the permanent magnet, the device also generates a field that can be
used in the same manner as described earlier.

All of the actuator methods presented are designed to affect a mechanical
motion of a component when there is an electrical impulse applied to the cir-
cuit as a control signal. In this way the electrical and mechanical functions are
all integrated into one MEMS.

So you can see how important any form of integration is, especially for
microwave and wireless circuits that are at higher frequencies. Also, the idea
of electrical and mechanical components together is one that will save much
in the way of time, effort, and money.

5.4 Summary

This chapter presented the world of RF and microwave from the perspective
of high-frequency semiconductors. A general introduction presented some
critical definitions and standards regarding RF and microwave semiconduc-
tors. Microwave diodes include the Schottky, PIN, tunnel, and Gunn diodes.
The area of high frequencies is the only area where a two-element device can
amplify, oscillate, attenuate, switch, mix, and detect.
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This chapter also covered microwave transistors: the bipolar transistor,
the field effect transistor (FET), the high electron mobility transistor (HEMT),
and the heterojunction bipolar transistor (HBT).

We finished the chapter by looking at two solid-state techniques: RFIC
and MEMS. Both of these are highly developed integration techniques that
allow a designer to miniaturize many of the circuits and systems in use today.

It can be seen from this chapter that there are many high-technology
options available to both a component engineer and a system engineer. The
choices of diodes, transistors, and integration systems are many and should
result in very efficient circuits and systems.

Reference
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6
Microwave Materials

Microwave materials have advanced to a new level over the past 10 to 15
years. Many years ago, only one material was available to RF and microwave
designers. That material was a woven Teflon fiberglass material that came in
only one thickness, and was used for every application, regardless of the fre-
quency ranges, power levels, or loss requirements that were called out. Today,
there are many types of materials with a variety of parameters, so materials
can be custom fitted to just about any application. With a variety of materials
available, there is no excuse for using the same material for every application.
No one should rely on a pet material for all designs. The mind-set “We’ve
always used this material, why not use it again?” or “This material worked
great for our last job, so we might as well use it again; why take chances?” does
not work today. There is no excuse for not having a working circuit, provided
that the right design procedures are used, if the time is spent choosing the
proper material for the application at hand.

Microwave materials are special types of materials. These materials are an
integral part of the circuits they support, not like the low-frequency and digital
circuit boards (those with low data rates), where the only functions are to sup-
port components and get current from one point to another. The microwave
material is actually a part of the circuit that is being designed. This was shown
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briefly in Chapter 1, when we distinguished between lumped and distributed
components. Also, recall from Chapter 3 that microstrip and stripline trans-
mission lines are constructed on a circuit board material and that the required
lengths and widths of the transmission lines are determined by the characteris-
tics of the material on which they are placed. So you can see that microwave
circuit boards are not ordinary in any respect and that they do much more than
support components. The circuit board material is an integral part of the RF
and microwave’s circuits for which they are the base. A common thought in the
field of RF and microwaves that designers should spend almost as much time
choosing a material to use as they do to design the final circuit. That is how
important the material is in these high-frequency circuits.

6.1 Definition of terms

As in any topic, the terminology used to describe microwave materials is
important. Specific terms need to be defined and understood before any
meaningful discussions can take place. The terms that we look at in this sec-
tion are dielectric, dielectric constant, dissipation factor, dielectric thickness, peel
strength, copper weight, anisotropy and coefficient of thermal expansion. All
these terms appear on material data sheets and should be understood by any-
one involved with microwave materials. Some alternative terms may be used
by engineers; these are the same terms, just expressed differently than some of
the conventional terms.

The first term is dielectric. The dictionary describes it as an insulator, that
is, a device or material that does not allow current to pass through it. That is
an accurate description of a dielectric as it applies to power line insulators or
the material in capacitors. It is not, however, an accurate definition for use in
microwave materials. To understand the difference, consider the following
example. A large pipe is suspended by wires with a target attached to the wall
at the end of the pipe. If the pipe is empty, we can throw a ball through it and
hit the target fairly easily. If we fill the pipe with some loosely packed feathers
and throw the ball toward the target, more energy is required to get the ball to
the target and it will get there a little slower than when the pipe was empty,
but it probably will get there. If we fill the pipe with water (and use a bit of
license to pretend that the water does not spill out of the pipe at both ends), it
will be very difficult to get the ball to the target.
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In our example, the ball did not change, the pipe did not change, the tar-
get did not change. The only thing that changed was the medium that we had
to throw the ball through. In the second and third case, we slowed the
ball and impeded its path to the target. We obstructed its path. That is what a
dielectric does when it is applied to microwaves. It is an obstruction to the
microwave energy that slows down the velocity of the signal from the
ideal velocity in air. The more dense the dielectric, the slower the energy
moves.

The term dielectric constant (sometimes referred to as simply the DK or
the permittivity of a material) goes right along with the definition of dielec-
tric. The dielectric constant describes a material’s density relationship to air.
The dielectric constant of air is 1, so every other material has a dielectric con-
stant greater than 1. Pure Teflon, for example, has a dielectric constant of
2.10 (listed as 2.08 in some tables). That means the velocity of the signal is
decreased through Teflon to 69% of that in air. The velocity is decreased by
the reciprocal of the square root of the dielectric constant. So, for Teflon, it is
the square root of 2.1 (1.4491) divided into 1, or 0.69, or 69%. Similarly, a
dielectric constant of 3.5 decreases the velocity of the signal to 53.4% (1/1.87)
that in air, and a dielectric constant of 10.2 decreases the velocity 31.3%
(1/3.1937) of the velocity in air.

As a rule of thumb, you should use low-dielectric materials at the higher
end of the microwave spectrum. Doing that results in a much more reason-
able length for transmission lines at the high frequencies, for example, when
circuits with quarter-wave transmission line lengths have to be built. Materi-
als with higher dielectric constants work better at the low end. These guide-
lines are for size considerations. At low frequencies, the wavelengths get
considerably larger. By using a higher dielectric constant material, the lengths
are easier to handle and put on a circuit board to maintain an architecture
that will be small and conform to the RF and microwave size constraints.
These are very general rules, however, since there is a tremendous overlap
of material dielectric constants for different frequency ranges, as shown in
Figure 6.1. It can be seen in the figure that usually more than one dielectric
constant material can be used for a particular frequency range. For an appli-
cation that operates from 1 to 2 GHz, for example, if you only looked at Fig-
ure 6.1, you could choose dielectric constants ranging from 2.32 to 10.2. That
could get confusing and cause problems. For that reason, designers use other
parameters to make their final choice.
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One of the parameters that may determine which material to use is the
dissipation factor (sometimes referred to as simply the DF). The dissipation
factor is the loss in the material to RF and microwave energy. Another
designation for this term is tan δ, which is the angle of a curve that indicates
loss and conduction (Figure 6.2). The higher the conduction of the energy,
the lower the angle and the smaller tan δ. That means the lower the value of
dissipation factor (tan δ), the lower the losses and the better the material.
Figure 6.2 tells us that for a small angle of δ to occur, we need a large
conduction figure. That is understandable because the better the conduction
in a circuit, the lower the losses are in that circuit.

Unlike the dielectric constant, the dissipation factor is a parameter that
changes with frequency. The dielectric constant has some minor variations
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over a large frequency range, but generally it is thought of as being constant
and not a function of frequency. The dissipation factor is a loss and thus a
function of frequency. As the frequency increases, so does the dissipation fac-
tor. That change is not linear, however; it usually is fairly low at low frequen-
cies and as the frequency gets higher and higher it increases at ever greater
rates until it approaches an exponential increase. Typical values for dissipa-
tion factor for RF and microwave materials are in the range of 0.004 to 0.006.
These values are for frequencies in the area of 10 GHz. For the wireless fre-
quency ranges, the values should be in the neighborhood of 0.003 to 0.0045.
Such material would be considered to be low loss material and would find
many applications in the RF, microwave, and wireless world.

The dissipation factor is used to find out if a filter will have a high inser-
tion loss, if a directional coupler will have the proper coupling loss or inser-
tion loss, or if a long delay line will have the proper loss or an extremely high
loss that will prevent it from being used. Often, to check out a dissipation fac-
tor parameter for a material, bandpass filters are designed to operate at a vari-
ety of frequencies. When the filters are built and tested, the data show if the
proper insertion loss and passband are present according to the initial design.
If the loss is greater or the passband is smaller, the dissipation factor is not
what the designers thought it was. At that point, they start to ask a few ques-
tions or look for another material for the task.

The next parameter was referred to in Chapter 3 in the description of
stripline and microstrip transmission lines. That parameter is the dielectric
thickness, also called the b dimension of the material, which is how it is desig-
nated in design equations. Recall from our discussions of stripline and
microstrip that the dielectric thickness is a dimension of the material itself,
not of the copper attached to it. However, since only one piece of material is
used in a microstrip construction, the b dimension is the actual thickness of
the material. The b dimension for stripline is actually twice the dimension of
the material, because two pieces of material are used. Regardless, the dielec-
tric thickness is really the thickness of only the material. Figure 6.3 shows the
relationship between dielectric thickness and b dimensions for both stripline
and microstrip. For stripline, the b dimension is used in design equations to
determine the width of transmission lines or the spacing between transmis-
sion lines. That b dimension is two thicknesses of material, as shown in Figure
6.3(a). For microstrip, there is only one piece of material, so the b dimension
and the dielectric thickness are the same number.
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The common dielectric thicknesses are 0.020 and 0.030 inch,
and most manufacturers list their materials as being available from 0.005 to
0.060 inch. The actual thickness, however, is not the most important number
to look at when choosing the thickness of a material. The tolerance of the
material is significantly more important. It is necessary to have very close tol-
erance on the dielectric thickness because it is so important in determining
other parameters for components, such as characteristic impedance and cou-
pling. Many of these tolerances are ±0.001, ±0.0015, or ±0.002 inch, which
are very close tolerance materials. We get further into the tolerances required
for these materials as we progress into the chapter. For now, it is sufficient to
say that the typical printed circuit board materials usually do not have such
close tolerances and do not work well for RF and microwave applications.
That is not to say those are bad materials. They are excellent for what they
were designed to do and they do it very well. They just were not designed for
RF and microwave work.

The next term to be investigated is peel strength. To understand this term,
you must picture the construction of a piece of microwave material. For most
cases, the construction is as shown in Figure 6.4, in which a dielectric material
has copper attached to both sides of it. There are also cases in which there is
copper on only one side of the dielectric. Regardless of the number of sides
that have copper attached to them, the peel strength comes into play in all
cases.

Peel strength is the amount of force required to separate the copper from
the dielectric material. It is expressed in pounds per inch. This important
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parameter should be as high as possible to ensure that the copper stays
attached to the dielectric material when it is manufactured, after it is sold,
during fabrication, and when in use in a circuit or system. The last thing
designers want to happen is to have their beautiful circuit literally fall apart
when it gets out in the field. Some typical numbers for peel strength are 8, 10,
12, and 15 lb/inch.

The copper must remain attached to the material during the fabrication
process, and during the cutting and etching of the material itself. Another
area of fabrication that requires a certain minimum peel strength for a mate-
rial is soldering. When a soldering iron is applied to a piece of copper
attached to a dielectric material, that copper must remain attached as
securely as it was before the iron was applied. If the peel strength of the mate-
rial is too low, the copper will be dislodged from the material and the circuit
will not operate properly.

Another term that is very important to microwave materials is copper
weight. This is related to the copper thickness on a microwave material. At
first glance, it might seem strange to have a term called copper weight and
have it refer to the thickness of the copper. Actually, the copper weight speci-
fied on a materials data sheet is the weight of 1 sq ft of that copper. If we have
standard 1-sq-ft pieces of copper and the only thing that can be changed from
piece to piece is the thickness, then there is a very good connection between
weight and thickness.

You will see copper weight designated as 1 oz, 2 oz, ½ oz, and so on.
When we specify a material with 1-oz copper on it, we are saying that the cop-
per is 0.0014 inch thick. That is the standard copper on many RF and micro-
wave materials. With that as the starting point, we can say that 2-oz copper is
0.0028 inch thick, ½ oz is 0.0007 inch thick, and ¼ oz is 0.00035 inch thick. So
it can be seen that there is a close relationship between the copper weight
specification and the thickness of the copper on the RF and microwave
materials.
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Why are there so many different thicknesses of copper on these materi-
als? If there is a standard thickness, why not use it for all circuit applications?
The answer is the same as it has been throughout this text. A variety of appli-
cations come up, and no one material or copper-thickness requirement will
take care of all of them. Thus, we have a variety of thicknesses from which to
choose. If, for example, we are going to have some very narrow transmission
lines in our circuit or are going to require some very small spaces between
transmission lines, we probably would use a material with ½-oz copper on it
so we would not have to etch off as much copper and thus would be able to
get much better registration of lines with much straighter edges. Also, the
cross-section of the transmission lines would be much more rectangular than
if you had a longer etching time for a thicker copper, which can be seen in
Figure 6.5. In Figure 6.5(a), the cross-section has nice steep sides on it and a
flat top to form a rectangular transmission line. Figure 6.5(b) is a more typi-
cal cross-section of a transmission line. In that figure, there is a certain
amount of undercutting, so the shape is not the ideal rectangle but can be
formed close to it if the etch time and the copper weight are taken into con-
sideration. It can be seen what may happen if the copper weight is too large or
small. If it is too large, it will take a long time to etch the copper, and the
transmission line cross-section will be distorted. If the copper is too small,
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the copper will be completely undercut, and the transmission line will lift off
the material. Neither condition is desirable for a properly etched transmis-
sion line in the RF and microwave spectrum.

With the copper weight defined, we now look at how the copper for the
materials is fabricated. There are two methods of fabrication: electrodeposited
(ED) and rolled. The standard method used for many materials is the ED cop-
per. Rolled copper is usually a special order used for more critical RF and
microwave applications.

If you look up electrodeposition in the dictionary, the basic definition says
that it is the process of depositing a substance on an electrode by electrolysis.
Unless you are a chemist, that definition probably tells you no more that you
knew when you first looked up the term. You could look up the term electrol-
ysis, which the dictionary says is the process of changing the chemical compo-
sition of a material by sending an electric current through it. If you put these
two definitions together, you get some idea of what we are talking about.
Basically we can say that electrodeposited copper is a material produced by a
chemical process in which the individual copper particles are electrically
joined to form the desired sheet thickness.

The process is similar to taking small pieces of clay and building one con-
tinuous sheet from the small pieces. If you had a certain number of pieces of
clay placed next to one another over some base surface (as ED copper is
plated on a rotating drum structure and then pulled off), you would have a
structure that was a certain thickness and consistency. That can be likened to
plating (or depositing) a layer of ½-oz copper (0.0007 inch). If you need 1-oz
copper (0.0014 inch), you would repeat the process until the desired thick-
ness was achieved. The electrodeposition process can be precisely controlled
by controlling the time and the current used.

The easiest way to picture rolled copper is to compare it to putting a gar-
ment through an old-time wringer washer. For the many people who have
never seen a wringer washer, it is an arrangement that has two rollers, one on
top of the other, that are geared to a motor so they turn in opposite directions
and feed a material through them. The tension can be adjusted on the rollers
so you can squeeze a lot of water or only a little out of the clothes. The rollers
used to make rolled copper are similar to those in a wringer washer. The cop-
per block to be fabricated is sent through the roller combination, which has a
force applied to each roller. The force applied determines the final thickness
of the copper. Following the compression process are various processes that
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can be used on the copper to obtain the desired consistency and hardness. For
electrical applications, the copper should be relatively soft to increase the
conductivity in the material. That process is used for the more critical RF and
microwave applications because the rolled copper is a much more evenly dis-
tributed and consistent copper than ED copper. That is not to say that ED
copper is not a good conductor, but when critical applications that require
the absolute minimum of losses in the material are called out, rolled copper
may be better for the application. Rolled copper exhibits a lower loss charac-
teristic because it is a much more uniform structure than ED copper. It
should be pointed out that rolled copper costs more than ED copper.

Another term that to define, anisotropy, is connected with the dielectric
constant of a material. When we discussed dielectrics and the dielectric
constant, we referred to the dielectric properties and dielectric constant in the
X-Y plane, that is, εxy. There is, however, also a dielectric constant value that
characterizes the parameter in the Z plane: εz. Anisotropy is the comparison
of the two dielectric constants. Ideally, the ratio of the two, εxy/εz equals 1.0,
that is, the dielectric constant of the material is exactly the same in the X-Y
plane as it is in the Z plane. That, however, usually is not the case. There
usually is a small difference between the two numbers so that the ratio
obtained is somewhat greater than 1.0. The difference in dielectric constants
comes about because fill materials (ceramic, glass, etc.) are added to a pure
material (e.g., Teflon) to obtain dimensional stability. When that happens,
the material no longer is completely consistent in all directions. The
difference is the anisotropy of the material. Some data sheets do not even list
anisotropy as a standard parameter for a material. It may be necessary to
contact the manufacturer to find out what the missing dielectric constant is.

Anisotropy is closer to 1.0 for lower dielectric constant materials. Con-
sider the addition of fill materials to pure materials. The less fill you add, the
lower the dielectric constant and the closer the material comes to a consistent
material that exhibits the same properties regardless of the orientation
used. Typical values for anisotropy are in the range of 1.025 to 1.040 for some
low-dielectric Teflon fiberglass materials to 1.090 to 1.150 for some
higher-dielectric materials of the same configuration.

Anisotropy is a term that some designers never encounter, while others
deal with it every day. That is because not every design must be concerned
with the dielectric constant in every direction. The major concerns come
about in microstrip and stripline circuits, where the difference in dielectric
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constant produces additional capacitances at the edges of the line. Those
capacitances are called fringing capacitances. The type of circuits that have
additional fringing capacitance are those that have resonators (such as the fil-
ters discussed in Chapter 4), circuits with narrow transmission lines, and
directional couplers that rely on coupling from the edge of the line rather
than the side of the line. In all those cases, the effects of fringing capacitance
must be known and taken into account. If you have a material with a high
anisotropy and do not know it, the circuit probably will not perform as
expected. So when you are choosing a material for which the listed types of
circuits are used, be sure to determine what the anisotropy is for that
material.

The final term that we will examine in this chapter is the coefficient of
thermal expansion (CTE). This is a parameter that is overlooked many times
when choosing a material. It is the amount that the material changes
mechanically with temperature and is expressed as parts per million per
degree Centigrade (ppm/ºC). This is a significant number for ceramic-filled
materials as well as PTFE/Glass materials (PTFE is Teflon material and will be
explained in later sections of this chapter). To understand how important
this parameter is, consider that the CTE for aluminum is 28 ppm/ºC. Alumi-
num is one of the primary materials used for cases for microwave and wire-
less circuits. If we have a material that has basically the same CTE as the case
in which it is placed, we stand a much better chance of the circuit operating
properly and remaining intact over a wide temperature range. This is
because, as the temperature varies, the material and the case move at the same
rate and there is no strain on any of the connections.

The CTE for ceramic-filled materials and for PTFE/Glass materials is sig-
nificant. This is true, but for entirely different reasons. The CTE for
PTFE/Glass materials is 130 ppm/ºC, while that of ceramic-filled materials is
in the area of 24–24 ppm/ºC. It can very clearly be seen that the ceramic-filled
materials more closely match the CTE of the aluminum case that they are
placed in. There is a mismatch in CTE for the PTFE/Glass material. This may
seem to be a point that completely eliminated PTFE/Glass materials from
consideration. This is not true. CTE comes into play only when the micro-
wave circuits need to operate over a wide temperature range. If the circuit is
to only be used at a basic ambient temperature, there is no need to be con-
cerned with CTE and you can use other parameters to determine which
material you should use.
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6.2 Material requirements

Microwave materials are special types of materials. The definitions presented
in Section 6.1 give some indication of how they are special. To really under-
stand just how special they are, we should answer two questions: “Why is it
necessary to use special materials?” and “What makes these materials spe-
cial?” The answers to those questions are evidence that RF and microwave
materials actually are integral parts of the circuits they are used for.

To answer the first question, we refer to the typical epoxy printed circuit
board used for radio and television circuit boards and that basically provides
a support for components and gets current from one point to another. The
specifications for a typical type of this material are as follows:

◆ Dielectric constant: 4.0 to 4.6;

◆ Dissipation factor: 0.018 to 0.025;

◆ Thickness tolerance: 0.031 inch ±0.004 inch; 0.062 inch ±0.006 inch.

The point to be emphasized with this information is the tolerances for
the material. First, there is a 15% possible change in the dielectric constant of
the material. The wavelength of a signal is found by dividing the speed of light
by the product of the frequency and the square root of the dielectric constant.
The wavelength calculation is used to find the length of transmission lines, so
we can create specific situations to make the RF or microwave circuit
function properly. If the dielectric constant of the material varies all over the
place, it is difficult to determine a specific length and be able to characterize
the transmission line for that circuit. Therefore, we need a material with a
very close tolerance on the dielectric constant over a wide range of
frequencies. You can see how a material that has such a close tolerance for the
dielectric constant will pin down the wavelength to a specific number. If we
need a transmission line 0.135λ long, we know that if we make the
transmission line that length it will work and have the circuit perform
properly. That is one area where we can use special materials.

The second area to look at is the thickness tolerance for the material (the
dielectric thickness). The thickness varies from 10 to 12%. This is the b
dimension for microstrip and b/2 for stripline (even though we still use a b
designation for the ground-plane thickness). You will recall that certain
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relationships determine the width of a transmission line or the spacing
between transmission lines when coupling is desired. Those relationships are
the w/b ratio and the s/b ratio. The w dimension, which is the width of the
stripline or microstrip transmission line, determines the impedance of the
transmission line. If the b dimension varies a great deal, the impedance of the
transmission line also will vary. That is an unacceptable condition in RF and
microwave circuits. The impedance of the transmission lines must remain
constant for every circuit that is built. Imagine what the result would be if you
needed a 50-Ω transmission line and the thickness of the material varied so
much that the actual impedance you measured was 60Ω. That would create a
mismatch where you did not expect a mismatch and would cause further
problems in other circuits that followed, as well as those ahead of the circuit,
since there now would be reflections coming back.

Also consider what would happen if you need a directional coupler and
determine that you need a gap, using the given value of dielectric thickness, of
0.010 inch. If the dielectric thickness from sheet to sheet of material or from
one side of a single sheet to the other varies in such a manner that the gap
effectively is 0.018 inch, the directional coupler would have considerably
more loss through the coupling than you planned. Therefore, the tolerance
on the dielectric thickness must be very small for RF and microwave circuits
to perform properly.

To further understand why special materials are needed, consider the fol-
lowing data for a typical RF and microwave material that is used for many
applications throughout the industry:

◆ Dielectric constant: 2.50 ±0.05;

◆ Dissipation factor: 0.0015;

◆ Thickness tolerance: 0.031 in ±0.0015 inch; 0.062 inch ±0.002 inch.

It can be seen from the data that the tolerances are much tighter than
those of conventional printed circuit board material. Some quick calcula-
tions show that the dielectric constant is held within 2%, compared to a 15%
change for the conventional material. Also, the thickness is held within ±5%
in one case and ±3% for the other. That compares to 10 to 12% for the
conventional material. So you can see how much tighter the tolerances are
held in microwave material than in conventional material. Tighter tolerances
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guarantee that when you calculate a wavelength or line width for a specific
material, the calculated value will be exact and remain constant over the
frequency range used.

One more observation should be made concerning the comparison of
the two materials. The dissipation factor for the conventional material is
listed as 0.018 to 0.025, while the dissipation factor for the microwave mate-
rial is 0.0015. That is an order of magnitude better for the microwave mate-
rial. Recall that the lower the number, the less the loss. So the microwave
material is also much better as far as loss is concerned.

Now we should be in a position to answer the questions posed at the
beginning of this section. Actually, the answers to both questions are closely
related. First, we use special materials for RF and microwave circuits because
these circuits depend heavily on a tightly held value of dielectric constant and
dielectric thickness, and the microwave materials ensure that all lengths and
widths will be exactly as designed. Second, the RF and microwave materials
are special because they do hold the tolerances as tightly as required. The dis-
sipation factor is also much lower, which results in less loss through the mate-
rial over the frequency of operation. Therefore, the two answers rely on each
other and result in a closely controlled material that is ideal for RF and micro-
wave applications.

6.3 Types of materials

We are now at a point where we can talk about some types of materials used
for RF and microwave applications. The discussions here will be general in
nature because of the great changes that are taking place in the materials mar-
ket. Each type of material is presented with some typical specifications so that
you can get an idea as to what each material is capable of doing. From the dis-
cussions, you should be able to make an educated decision as to which mate-
rial is the best for a particular application.

6.3.1 Teflon fiberglass materials

A standard material for RF and microwave applications for many years was
Teflon-based material. It was, and still is, an excellent choice for high-fre-
quency circuit board material because of its uniform construction. Recall
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that the high-frequency energy propagates through the material in order to
perform certain functions. If there are obstructions in the material, the en-
ergy slows down and is not as efficient. Teflon material allows virtually an un-
obstructed trip through the material. As good as the Teflon material is for the
electrical portion of the RF and microwave applications, it is almost as bad
for the mechanical portion of those same applications. Teflon is a very soft
material that will “cold flow” if pressure is applied to it. That means the mate-
rial changes its thickness dimension under pressure and does not always
come back to its original dimension when the pressure is removed. That is a
problem because the dielectric thickness must remain in tact and be held to
very close tolerances to have the circuits perform as expected. So, mechani-
cally, pure Teflon is not one of the more acceptable materials to use. The key
word here is pure. Most of the Teflon applications in RF and microwaves are
not pure Teflon. It is a Teflon-based system with fillers to make the material
more acceptable mechanically. The fillers usually are fiberglass, although
recent advances use other materials.

The first Teflon-based material we will look at is the Teflon fiberglass
material that was the first material to be used for RF and microwave applica-
tions. This material is usually referred to as PTFE-glass material. (PTFE is the
abbreviation for polytetrafluorethylene, the chemical name for Teflon.) The
fiberglass is used to reinforce the Teflon and make it more structurally rigid.
It does that job very nicely, but it also changes the characteristics of the origi-
nal Teflon material. We had a pure material (Teflon) and added an impurity
(fiberglass) to it. That changes some of the parameters of the original mate-
rial. Adding fiberglass to pure Teflon increases the dielectric constant of the
material, but it also increases the losses. The dielectric constant of pure Tef-
lon is 2.10 (although some reference books list it as 2.08). Adding fiberglass to
Teflon raises the dielectric constant to approximately 2.60 before the losses
become too large; the addition of more fiberglass only makes the perfor-
mance worse.

Two methods are used to place the fiberglass in a Teflon material: woven
and nonwoven. The woven type of structure looks like magnified cloth fabric.
Figure 6.6 shows a basic structure for such a material. A base of Teflon has
fiberglass strands woven throughout the material to form a very nice struc-
ture that performs well in RF and microwave applications. Figure 6.7 is a
close-up picture of woven teflon fiberglass material.
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As previously mentioned, the parameters are changed when we add
fiberglass to a pure Teflon base. For an illustration, consider Table 6.1, which
lists three woven PTFE-glass materials and three important parameters:
dielectric constant, dissipation factor, and peel strength.
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Fiberglass

Teflon

Figure 6.6 Woven PTFE structure.

Figure 6.7 Woven Teflon material.



It can be seen from Table 6.1 that the parameters will change as more
fiberglass is added. Material 1 has the lowest amount of fiberglass and mate-
rial 3 the most fiberglass added to it. With that in mind, you can see that the
dielectric constant has indeed increased with the amount of fiberglass, but
the loss also has gone up. Another point to make here is that the peel strength
increased when fiberglass was added to the pure Teflon. Remember that Tef-
lon is also the material that keeps eggs from sticking to a frying pan. It is not
too hard to see that the less effect the Teflon has on the material, the better the
copper will adhere to the material. That can be seen in the table as an increase
in the peel strength when the dielectric constant reaches 2.50. So the amount
of fiberglass has a significant effect on many parameters for the RF and
microwave materials.

The second type of PTFE-glass is nonwoven material, also called
microfiber. In this Teflon-based material, the fiberglass particles are added in
a random fashion and not the woven structure we saw in Figure 6.6. This type
of structure produces a material with a dielectric constant variation of less
than ±1% and low dissipation factors. It also is very stable, dimensionally
being able to withstand temperatures up to 550°F (288°C) without warping.
Figure 6.8 is a close-up picture of nonwoven Teflon fiberglass material.

If we look at laminates (materials) with various amounts of fiberglass in a
nonwoven structure and use the same parameters as in Table 6.1, we have the
data given in Table 6.2 for nonwoven materials.

It can be seen from Table 6.2 that the same pattern is realized as in Table
6.1 with the woven material. As the fiberglass content increases, both the
dielectric constant and the dissipation factor increase. The main difference
between the two tables is that in Table 6.2 the peel strength is good for both
materials and does not increase or decrease with the fiberglass content.

As stated previously, the introduction of fiberglass into a Teflon base
increases the dielectric constant of the resultant material. Also, as the

Microwave Materials 241

Table 6.1
Comparison of Parameters for Three Woven PTFE-Glass Materials

Parameter Material 1 Material 2 Material 3

Dielectric constant 2.17 ±0.02 2.33 ±0.04 2.50 ±0.04

Dissipation factor 0.0009 0.0015 0.0018

Peel strength 8 lb/inch 8 lb/inch 12 lb/inch



fiberglass content increases, the dissipation factor increases to a point where
the losses are very high above a dielectric constant of about 2.60.

To allow the continued use of Teflon for higher dielectric constants, the
filler must be changed. The material used as a filler for higher dielectric con-
stants with reasonable dissipation factors is one that finds many applications
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Figure 6.8 Nonwoven Teflon material.

Table 6.2
Comparison of Parameters for Two PTFE Nonwoven Materials

Parameter Material 1 Material 2

Dielectric constant 2.20 ±0.02 2.33 ±0.02

Dissipation factor 0.0009 0.0012

Peel strength 15 lb/in 15 lb/in



throughout the field of RF and microwaves. That material is ceramic. With
ceramic-filled PTFE, it is possible to obtain dielectric constants that range
from 3.0 to 6.0 to 10.2. These materials find many applications for both high
and low frequencies. To show how ceramic-filled PTFE materials compare to
one another and to woven and nonwoven PTFE-glass materials, refer to
Table 6.3. This table shows the dielectric constants of the available standard
materials for many commercial RF and microwave applications.

The term coefficient of thermal expansion is the same term we described in
Section 6.1. It is the amount that the microwave material changes with
temperature and is expressed as ppm/ºC. Notice how close it is to the CTE of
aluminum, which is 24–25 ppm/ºC. This is very important for applications
with a wide temperature range of operation.

6.3.2 Non-PTFE materials
For many years, the only materials available for RF and microwave applica-
tions were those with a Teflon base, the PTFE laminates. Those materials
worked well for a long time and did a variety of tasks. With the change in
markets in recent years, there has been the birth of a new line of materials that
do not use Teflon but are reinforced hydrocarbon-ceramic laminates. Hy-
drocarbons are defined as any compound that contains only hydrogen and
carbon. Materials such as benzene and methane are common hydrocarbons.
This different combination has found many applications, especially since the
common ceramic material is also used.

An important property of hydrocarbon-ceramic materials makes them
more appealing than PTFE-based materials for some applications. PTFE has
one property that can cause some problems if used for certain designs. That
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Table 6.3
Dielectric Constants for RF and Microwave Materials

Parameter Material 1 Material 2 Material 3

Dielectric constant 3.0 ±0.04 6.0 ±0.15 10.2 ±0.30

Dissipation factor 0.0013 0.0025 0.0035

Peel strength 6–8 lb/in 6–8 lb/in 6–8 lb/in

Coefficient of thermal
expansion

20–25 ppm/°C 20–25 ppm/°C 20–25 ppm/°C



property is a transition region at 19°C (68.2°F), which is shown as curve A in
Figure 6.9. It can be seen from the figure that the dielectric constant is rather
well behaved on both sides of the transition region, but the drop in dielectric
constant is where the problem occurs. This natural property of Teflon has
been tolerated over the years, since no other materials had been developed to
eliminate the transition.

Curve B in Figure 6.9 is the curve for the hydrocarbon-ceramic material.
It is a much more consistent curve, which allows the material to have a pre-
dictable dielectric constant over a wide range of temperatures. There is no
sharp drop in the dielectric constant, so a designer can use some straightfor-
ward relationships to design a circuit that will perform as expected. One area
where this type of material is valuable is in the design of filters. Recall the filter
constructions shown in Chapter 4 with all the resonators and quarter-wave
transmission lines used to build them. Their lengths depend heavily on the
dielectric constant of the material used. If the dielectric constant varies over a
temperature range, the filter response also varies and very well could be com-
pletely out of the range in which the filter was designed to operate.

Some properties of two hydrocarbon-ceramic materials are shown in
Table 6.4.

The materials in Table 6.4 also have a coefficient of thermal expansion of
46 to 50 ppm/°C, which is very close to that of copper. When you consider
this, you can understand how important it is to have the expansions of the
copper and the material to which the copper is attached be basically the same.
That makes for a very stable material over a wide temperature range.
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6.3.3 Thermoset polymer composites

Another material that has come about from the increased commercial appli-
cations for RF and microwave circuits is the ceramic thermoset polymer
composite. Once again, notice the use of ceramics for a high-frequency mate-
rial. Ceramic comes up over and over again, and it certainly will continue to
for many areas of RF and microwaves. These materials allow the material
manufacturer to obtain a higher dielectric constant, good loss characteristics,
and excellent material stability.

If you define all the terms, you get a better idea of what this material is. A
thermoset is defined as a material that becomes permanently hard and
unmoldable when once subjected to heat (certain plastics are thermosets); a
polymer is a material that consists of many parts, either natural or synthetic;
and a composite is defined as a material made up of many distinct parts. So
what we have is a group of thermally combined materials with a ceramic base
that will not soften when heated. This is an important property to have when
a circuit is to operate in temperature extremes. The actual materials used in
this type of laminate are, of course, proprietary, but they obviously are put
together properly since they work so well. Table 6.5 lists some of the parame-
ters for thermoset materials.
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Table 6.4
Properties for Two Hydrocarbon-Ceramic Materials

Parameter Material 1 Material 2

Dielectric constant 3.38 ±0.05 3.48 ±0.05

Dissipation factor 0.002 0.004

Peel strength 6 lb/in 5 lb/in

Table 6.5
Parameters for Three Thermoset Polymer Composites

Parameter Material 1 Material 2 Material 3

Dielectric constant 3.27 ±0.016 6.00 ±0.080 9.80 ±0.24

Dissipation factor 0.0016 0.0018 0.0015

Peel strength 3 lb/in 3 lb/in 3 lb/in



6.4 Choice of materials

To answer the question of how to choose an RF and microwave materials,
one must know many factors about the application. It is not a question that
can be answered by always saying material A is best or material B is ideal.
Many factors come into play. Many different types of materials are available,
and no one material will do every task. So, the choices must be studied before
the final decision can be made. That is much different from years ago, when
only one material was available. Many times that one material was not good
for an application, but it had to be adapted since it was the only one you could
get. Today’s designers are faced with the opposite dilemma: many, many ma-
terials are available and they have to sort through all the claims and advertis-
ing to determine just which material will do the job.

In the choice of a material, two closely related factors usually come up
first: the dielectric constant and frequency. Figure 6.1 related dielectric con-
stants and frequency. In that figure were areas that overlapped, but generally
you could begin to choose a material from the chart. The dielectric constant is
important and related to frequency, because the lengths of the transmission
lines will be determined by the dielectric constant of the material and their
frequency of operation. What you should be looking for is a dielectric con-
stant that will produce transmission lines of a “reasonable” length. For most
applications, a transmission line that is supposed to be a quarter-wavelength
should not be 25 inches long or even be 0.010 inch long. Those would be
unreasonable lengths. Use some common sense and choose a material that
will give you some good lengths.

The next parameter to looked at is the dissipation factor, which is the loss
characteristic of the material. If the operation of a circuit depends on having
very low losses in the circuit, choose low-dissipation materials for that appli-
cation. If it is possible to compromise on this parameter, you probably can
use a variety of materials for your circuit. Dissipation factor for filters and
antennas should be one of the primary parameters to look at in the choice of a
material.

Such mechanical properties as peel strength, coefficient of thermal
expansion, and dielectric thickness all should be looked at. The peel strength
ensures that the copper is going to stay in place when the circuits are in opera-
tion. The coefficient of thermal expansion should be looked at closely if the
application is to be subjected to temperature extremes. Careful examination
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of this parameter and of the interfaces of materials, such as copper, alumi-
num, and the material, ensures that there will be no broken connections or
removal of ground planes during the temperature extremes. The dielectric
thickness determines the widths of the transmission lines you will be using
and lets you know if they will be easy to bend around corners, if necessary.
Also, the thickness lets you know if you will be able to construct, for example,
a directional coupler with a very small gap between the main line and the
coupled line.

Obviously there are other parameters on a material data sheet, but the
ones discussed here are the important ones that should be considered for the
majority of applications for RF and microwaves. It cannot be stated too
strongly that it is important to really look at the materials that are available
and choose the one that is going to do a given job. The answer to the question
of how to choose an RF and microwave material is “very carefully.” Remem-
ber, the best material that is available today is the one that will do the job.

6.5 Summary

This chapter covered an area that many times is overlooked or even ignored
by many people. They still consider the RF and microwave material to be a
printed wire board (PWB) and do not understand how important this
material is.

The chapter began by defining many of the terms that relate to RF and
microwave materials: dielectric, dielectric constant, dissipation factor,
dielectric thickness, peel strength, copper weight, and anisotropy. This chap-
ter also showed how those properties influence the operation of a circuit that
is placed on the material.

Next, we got into material requirements, why we need special materials,
and what makes them special. The next section described five types of materi-
als: Teflon-fiberglass materials, ceramic-filled PTFE, nonPTFE materials,
and thermoset polymers.

Finally, the critical choice of the material to use was covered. This process
should take just about as much time as the design itself. It is that important.
Some of the critical parameters were outlined and steps were shown that will
help in the choice of the proper material.
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Glossary

amplification The process of increasing a signal level by applying it to the
input of an amplifier circuit.

amplitude balance The comparison of the two power levels at the output
of a quadrature hybrid. It indicates the difference in amplitude, if any, be-
tween the two outputs.

anisotropy The ratio of the dielectric constant in the X-Y plane to the di-
electric constant in the Z-plane (εxy/εz).

attenuate To lessen the value of a signal. Attenuation is measured in
decibels.

automatic leveling circuit (ALC) A circuit that takes an unleveled RF in-
put signal and provides an output that is flat across a wide band of
frequencies.

average power The peak power of a signal multiplied by the duty cycle of
the system.
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bandwidth The band of frequencies over which a component or a system
works; also, the band of frequencies over which the specifications of a data
sheet are valid.

Barkhausen criteria The criteria for sustaining oscillations in a circuit.
They are: a signal must be exactly in phase with the original input signal and
the gain around the loop must be exactly equal to ONE.

bipolar device A device that has a construction such that there are major-
ity carriers (electrons) and minority carriers (holes) moving through the de-
vice, for example, a bipolar transistor.

Bluetooth A standard used for wireless technology that operates at
2.4 GHz.

carrier lifetime The measure of the ability of a PIN diode to store an elec-
trical charge. It is expressed in nanoseconds and is improved by reducing im-
purities in the diode.

cellular telephone A mobile telephone that relies on cell stations
throughout the area to provide communications between parties.

characteristic impedance A dynamic impedance, in ohms, that is con-
stant throughout the transmission line. For RF and microwave applications,
the characteristic impedance usually is 50Ω.

chips Sections of the time and frequency domain that are used in spread
spectrum secure communications systems. They are there for a specific pe-
riod of time at a certain bandwidth of frequency.

coaxial cable A high-frequency transmission line with a center conductor
surrounded by a dielectric and a ground shield. It is basically one line inside
another.

code division multiple access (CDMA) A scheme used in spread spec-
trum secure communications with chips at specific times and frequencies.

coefficient of thermal expansion The amount that a material changes
with temperature, expressed in parts per million per degree centigrade.

compression point The point on a power-input-versus-power-output
curve where the response is no longer a straight line (linear). This is usually
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defined as the 1-dB compression point where a change in an input level of 10
dB results in an output change of only 9 dB.

conversion loss The loss through a mixer that is measured from the RF
input to the LO output.

coplanar waveguide A transmission line where distributed element cir-
cuits are used and the circuit and the ground plane are on the top of the cir-
cuit board. A special case is the structure described with a ground plane also
on the bottom of the circuit board (ground-backed coplanar waveguide).

copper weight The designation used to describe the thickness of the cop-
per on a microwave circuit board. It is the weight of 1 ft2 of copper.

coupler A component that moves energy from one circuit to another
without any direct connection. The energy is “coupled” between circuits by
the electric field that is set up by the signal traveling down the line.

cutoff frequency Designated as fc, it is the frequency that makes the “a”
dimension of a waveguide look like exactly one-half wavelength. It is also the
point on a lowpass or highpass filter where the response is attenuated by 3 dB
(half-power).

CW power Continuous wave, which is a signal that is not interrupted,
but exhibits a continuous pattern.

decibel (dB) A relative number that is the ratio of two powers or two volt-
ages. There is no unit associated with dB.

decibels referred to milliwatts (dBm) An absolute power number that is
the ratio of a power compared to 1 mW (0 dBm is 1 mW).

degenerative feedback A signal fed back from the output to the input of a
circuit that decreased the input signal in some manner (amplitude, phase,
and so forth).

dielectric An obstruction to RF and microwave energy that slows down
the velocity of the signal from the ideal velocity in air.

dielectric constant The value of an RF and microwave material that tells
you its density in relation to air.
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dielectric thickness The dimension that measures the distance between
the copper on both sides of the material. It is the actual thickness of the di-
electric material.

directional detector A component that consists of a directional coupler
and detector built into one unit.

directivity A parameter of a directional coupler that is determined by tak-
ing the value of the isolation of the coupler and subtracting the coupling. It is
a measure of the desired signal strength to the undesired signal strength.

dissipation factor The RF and microwave loss in a material. It may be re-
ferred to as the DF or the tan δ.

distributed element component A component that is distributed over
the surface of a high-frequency circuit board. This is much more efficient
since it takes advantage of the skin effect at high frequencies.

Doppler effect The change in frequency of a signal as it approaches or
leaves a reference point.

downconverter A circuit that takes an incoming signal and converts it to
a lower-frequency output. This is accomplished in a superhetrodyne circuit,
in which the mixer produces an intermediate frequency that is lower than the
incoming RF signal.

duty cycle The amount of time that a pulse is actually on in a pulsed sys-
tem. It is the ratio of the pulse width to the pulse repetition rate.

effective dielectric constant The dielectric constant used for microstrip
calculations. It is the result of the combination of the dielectric constant of
the material and the dielectric constant of the air that is at the top of the
material.

effective isotropic radiated power (EIRP) The actual power radiated
from the antenna. It takes into account the power amplifier output and the
antenna gain.

electrodeposited (ED) copper A material produced by a chemical pro-
cess in which the individual copper particles are electrically joined to form
the desired sheet thickness.
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epitaxial A layer formed by the condensation of a single crystal film of
semiconductor material on a wafer. An epitaxial device is one in which the
collector region is formed on a low-resistivity silicon substrate.

far field The area beyond the near field, with the near field being that field
generated very close to an antenna; also called the radiation field.

field effect device A device that is also called a unipolar device since there
are only majority carriers present within the device. The common device is
the field effect transistor (FET).

frequency How many times an electromagnetic wave repeats itself. It is
the reciprocal of the time it takes, 1/T.

frequency division multiple access (FDMA) A scheme in which the fre-
quency is divided into bands and the signal is on all the time.

gigahertz (GHz) A unit of frequency measurement that is 1 × 109 Hz (cy-
cles per second), or 1 billion Hz.

global positioning system (GPS) A system of 24 fixed orbit satellites that
result in a very accurate indication of location at any point on the Earth.

ground-plane spacing In stripline, the spacing of the two dielectric mate-
rials or the distance between the two copper layers, or ground planes.

guard band A small band of frequencies placed between the desired
bands of frequencies in the FDMA scheme.

guard time A small period of time between the allocated time slots in
TDMA.

gyromagnetic motion A circular motion caused by the interaction of a
magnetic field and a ferrite device.

HEMT High electron mobility transistor.

heterojunction The interface between two regions of dissimilar
semiconductor materials (silicon and germanium, for example).

image frequency This is the unwanted intermediate frequency (IF) that is
at the output of a mixer. If you want the difference frequency (RF – LO), the
image would be the sum of the input signals (RF + LO). If you want the sum,
it would be the difference signal.
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insertion loss The low-loss parameter of RF and microwave components.
This is the loss through the straight-through port of a coupler or the loss in
the passband of a filter.

intermodulation product The spurious responses that are the result of
two signals being applied at the input to an amplifier that are both within the
bandpass of the amplifier. The lower the level of these products, the better
they are.

intrinsic A perfect, or pure, material. Usually it has either no impurities
in it or very few.

lumped circuits Standard resistors, capacitors, and inductors that have
their entire values lumped into the components and not distributed over a
larger area.

Magic Tee A waveguide component that exhibits much the same
properties of a quadrature hybrid coupler in distributed element compo-
nents. One input, two outputs of a certain phase relationship (either 0° or
180°, depending on which input is used).

major lobe The area of a radiation pattern for an antenna where the larg-
est majority of the energy is concentrated.

megahertz A unit of frequency measurement that is 1 × 106 Hz (cycles per
second), or 1 million Hz.

MESFET Metal-semiconductor field effect transistor.

microelectromechanical systems (MEMS) Integration of both mechani-
cal and electrical components on a single substrate.

microstrip An RF and microwave transmission line that is made up of a
dielectric material with a circuit etched on one side. The top of the circuit is
air.

microwave tag A microchip that stores information and is connected to
an antenna. This tag operates at 5.8 GHz and is used in radio frequency
identification circuits.

microwaves A radio wave operating in the frequency range of 500 MHz to
20 GHz that requires printed circuit components instead of conventional
lumped components.
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minimum negative resistance The smallest value of negative resistance in
a tunnel diode.

minor lobe A secondary, or lower-level, lobe of an antenna radiation pat-
tern. Side lobes and the back lobe are secondary lobes.

mobile telephone switching office (MTSO) An integral part of the cellu-
lar telephone system.

near field The close-in area of an antenna; also called the induction field.

noise figure The ratio of the input signal-to-noise ratio to output
signal-to-noise ratio, and the log of this ratio multiplied by 10.
Signal-to-noise ratio is the ratio of the amplitude of a signal compared to the
amplitude of the noise around it.

oscillation A fluctuation, instability, or variation of a signal in a circuit.

passband The band of frequencies in which the loss is at a minimum
value.

peak power In a pulse system, the amount of power present at the top of
the pulse. This is as opposed to the continuous wave (CW) power, which is
on all the time.

peel strength The amount of force, in pounds per inch, required to re-
move the copper from a dielectric material.

permittivity Another way of designating the dielectric constant of a
material.

personal communications network (PCN) Mobile communications net-
work that interfaces with the standard telephone system.

phase balance The difference in phase between the two output ports of a
quadrature hybrid.

piezoelectric effect When a mechanical force is applied as a vibration at a
certain frequency, the result is a voltage at that same frequency. Also, when a
voltage at a certain frequency is applied, the result is a mechanical vibration
at that same frequency.

PN junction A junction of two semiconductor materials. One has a dop-
ing that makes it basically positive, and the other is basically negative.
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polytetrafluorethylene (PTFE) The chemical term for Teflon.

pulse repetition rate The amount of time between pulses in a pulsed sys-
tem; usually designated as T.

pulse width In a pulsed system, the width of the pulse in seconds; usually
designated as τ.

quadrature hybrid A coupler that provides equal amplitude output levels
that are 90° apart in phase.

radiation pattern A pattern of gain versus angle that characterizes the ra-
diation of an antenna. It contains major and minor lobes that show what area
is best for operation of that particular antenna.

radio frequency integrated circuit (RFIC) The integration of many RF
circuits into a very small area.

radio frequency identification (RFID) A generic term for any combina-
tion of circuitry that uses RF or microwave energy to provide a means of
identification.

reflection coefficient The percentage of signal that is being reflected back
from a mismatch.

regenerative feedback A signal fed back from the output to the input of a
circuit that increases the input signal in some manner (amplitude, phase, and
so forth).

resistive card attenuator A waveguide attenuator that uses a material
with a high resistance to provide a lowering of a signal level within the guide.

return loss The level of signal that is being reflected back from a mis-
match condition; expressed in decibels.

RFID active tag A circuit that contains a battery that powers a microchip
and transmits a signal to a reader. This is used in RFID applications.

RFID passive tag A circuit used in RFID applications that does not have
an internal battery.

RFID semipassive tag A circuit used in RFID applications that is similar
to the active tag except that the battery is used to power the microchip but is
not used to communicate with the reader.
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ripple The amplitude variation of a filter response. This is in the passband
of the filter.

rolled copper A method of producing the desired thickness of copper for
a material. It is produced by running the copper through a set of rollers that
are under pressure.

rotary vane attenuator A waveguide attenuator which has an absorbant
material that is inserted into the waveguide to provide various degrees of
attenuation of the signal.

Schottky junction The junction of a semiconductor and a metal, usually
aluminum. This type of device is used for high-frequency diodes and
transistors.

semirigid cable A coaxial cable with a solid-center conductor, solid di-
electric, and solid outer conductor.

short circuit A condition in which the center conductor of a transmission
line is connected directly to ground. This arrangement is used to establish a
reference for impedance measurements.

signal-to-noise ratio Comparison of the signal level to the noise level in a
system.

skin depth The depth to which electromagnetic energy penetrates the
conductor.

skin effect The condition in which the high-frequency current in a trans-
mission line travels only on the “skin” of the line.

standing wave A wave that results when there is a mismatch at the end of
the transmission line. It is the combination of the forward and the reflected
waves and appears to stand still on the line.

stripline A transmission line that consists of two pieces of material with
the circuit sandwiched between them. There is a ground plane on both sides
of this structure.

tangential sensitivity (TSS) A measure of the lowest signal that can be de-
tected by a microwave detector.
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thermal resistance The resistance present in a power transistor that tells
how well the heat will be taken away from the chip inside the device.

time division multiple access (TDMA) A process used for many digital
communication applications, in which signal transmissions are time shared
and not on all the time.

transition region The area around a PN junction.

transmission line A device used to transmit energy from one point to an-
other efficiently.

upconverter A system that uses a mixer to take an incoming signal and
change it to a higher output frequency.

voltage standing wave ratio (VSWR) The voltage representation of the
standing wave.

waveguide A transmission line used at high microwave frequencies that
usually consists of a rectangular pipe construction although other shapes
such as circular, are available. This type of construction allows the energy to
be “guided” down the transmission line without the use of a center
conductor.

wavelength The distance on a signal between corresponding points on
that signal: minimum to minimum, maximum to maximum, and so on.

wireless A communications system that accomplishes its function of
transmission from one point to another without the aid of cables or wires.

wireless local area network (WLAN) A short-range network that does
not rely on cables to transmit information from one location to another.
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defined, 132
illustrated, 135, 137
insertion loss, 132
interdigital, 135, 136
rejection, 134
response, 132
ripple, 133
section response, 133
short-circuited quarter-wave

stub, 135, 136
side-coupled wave-resonator,

135
See also Filters

Bipolar, 173
Bipolar transistors, 192–200

emitter circuit, 193, 194
internal structure, 196
linear, 198–200
low-noise, 194–96

NPN, 192, 193
PNP, 192, 193
power, 196–98
terminal names, 193
See also Microwave transistors

Bluetooth, 36–37
BNC connector, 62
Bulk effect, 187
Bulk micromachining, 220

Capacitance
fringing, 235
junction, 181–82
overlay, 179, 180
transmission lines, 51, 217

Cellular systems
cell site, 29

handoff, 28
illustrated, 27
roaming, 30

Center conductor
defined, 57
flexible coaxial, 59
striplines, 69

Characteristic impedance, 79
coaxial line, 79
defined, 5
ideal, 7
transmission line, 7

Characteristic wave impedance, 79
Circular waveguides, 83
Circulators, 141–47

applications, 146–47
construction, 143
data sheet, 145
ferrite, 144
gyromagnetic motion, 142
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insertion loss, 146
puck, 143
schematic representation,

143–44
See also Microwave components

Citizens band (CB) radios, 32
Coaxial connectors

BNC, 62
illustrated, 59, 62
N, 63
SMA, 62
TNC, 62

Coaxial transmission lines, 56–67
cable illustration, 56
defined, 56
dielectric constant, 56–57
flexible, 58–63
semirigid, 63–67
See also Transmission lines

Code division multiple access,
11–12

Coefficient of thermal expansion
(CTE), 235, 243

Collision avoidance, 23–24
Combining amplifiers, 105–6
Conductance, 52
Conduction band, 208
Constant-impedance device, 103
Continuous wave (CW) signals, 17
Conversion loss, 124
Coplanar waveguides, 74–77

advantages, 77
circuit trace, 75
defined, 75
ground-backed, 76
ground plane, 77
illustrated, 75
series/shunt elements, 76–77

See also Transmission lines
Copper fabrication, 233–34

electrodeposition, 233
rolled, 233–34

Copper weight, 231–33
defined, 231
designation, 231
undercutting and, 232–33
See also Microwave materials

Cordless phones, 33–34
Coupling deviation, 92
Crystal, 167, 168
Cutoff frequency, 79, 137, 140

Decibels (dB)
defined, 4
illustrated, 4, 5
negative number, 8
referred to milliwatts (dBm),

4–5
Detection process, 113, 114
Detectors, 81–83, 84, 112–19

attenuator and, 119
data sheet, 117
diode, 113
directional, 117
illustrated, 113, 115
impedance, 116
leveling circuit, 118
lowpass filter circuit, 114
maximum input power, 116
monitoring circuit, 117–18
oscilloscope, 119
polarity, 116
sensitivity, 114
TSS display, 115, 116
See also Microwave components

Dielectric, 226–27
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Dielectric constants, 52, 227
center conductor, 57
chart, 228
coaxial transmission lines,

56–57
defined, 227
effective, 73
microstrip transmission lines, 73
microwave material, 243
RF material, 243
temperature vs., 244
Dielectric thickness, 229–30
defined, 229
illustrated, 230
tolerance, 237
See also Microwave materials

Diode tubes, 172
Dipole antennas, 151–52

half-wave, 152
illustrated, 152
quarter-wave, 151
start of, 151
See also Antennas

Direct broadcast satellites (DBSs),
14

Directional couplers, 81, 82,
88–99

coupling deviation, 92
data sheet, 93
defined, 88–89
directivity, 92
dual, 97
four-port, 90
frequencies, 92
illustrated, 89, 90
insertion loss, 91
isolation, 91–92

leveling circuits, 95–96
monitor circuits, 93–94
monitor illustration, 94
power, 92
power measurement, 96–97
reflectometers, 97–99
schematic representation, 91
versatility, 98–99
See also Microwave components

Directional detectors, 117
Directivity, 92
Direct-sequence spread spectrum

(DSSS), 36
Dissipation factor, 228–29, 238

defined, 228
illustrated, 228
use, 229
See also Microwave materials

Distributed element components, 3
Doppler radar, 22–26

collision avoidance, 23–24
defined, 22
moving targets, 22
object detection system, 24–25
police, 22–23
weather, 25–26
See also Radar

Double HBTs (DHBTs), 209–10
Downconverters, 123
Dynamic impedance, 5

Effective dielectric constant, 73
Effective isotropic radiated power

(EIRP), 154
Electromagnetic spectrum, 15
Energy gap, 208
Epitaxial transistors, 192, 207
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Feedback circuit, 164
Ferrite circulators, 144
Ferrite isolators, 149
Field effect devices, 174
Field effect transistors (FETs),

200–206
defined, 200
designations, 201
gain, 202–3
junction (JFETs), 200
low-noise, 202
metal-oxide-semiconductor

(MOSFETs), 200
metal-semiconductor

(MESFETs), 200–201, 207
N-channel, 201, 202
P-channel, 201, 202
power, 203–5
See also Microwave transistors

Filters, 131–41
bandpass, 132–37
function, 131
highpass, 140–41
IF, 215
lowpass, 137–40
RFIC, 216
types of, 131
See also Microwave components

Flexible coaxial transmission lines,
58–63

applications, 62
basic cable, 58
center conductor, 59
characteristics, 61
connectors, 59, 62–63
defined, 58
dielectric, 60
limits, 61–62

outer conductor, 60
RG designation, 61
semirigid cable vs., 64, 66
See also Coaxial transmission

lines
Frequency

amplifiers, 158
defined, 9
directional coupler, 92
intermediate (IF), 112
modulation (FM), 126
oscillators, 165
radio (RF), 14, 32, 121

Frequency division multiple access
(FDMA), 10–11

Frequency-hopping spread
spectrum (FHSS), 36

Fringing capacitances, 235

Gain
amplifier, 157
FET, 202–3
HEMT, 212
oscillator, 163
power FET, 205

Gigahertz (GHz), 2
Global positioning systems (GPSs),

14, 42–48
control segment, 43–44
defined, 43
error correction, 44
limits, 48
positioning illustration, 46
receivers, 45
satellite group, 45
segments, 43
segments illustration, 44
space segment, 45
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GPS (continued)
system characteristics, 43
user segment, 45
uses, 47
WGS 84, 46

Ground-plane spacing (GPS), 70,
71

Gunn diodes, 187–89
applications, 189
defined, 187
illustrated, 188
I-V curve, 188
as negative resistance device, 188
See also Microwave diodes

Gunn effect, 187

Half-wave dipole antennas, 152
Handoffs, 28
Heterojunction bipolar transistors

(HBTs), 206–10
base-collector junction, 208
conduction band, 208
defined, 206
double (DHBTs), 209–10
electron acceleration, 207
energy gap, 208
heterojunction, 208
homojunction, 208
junction types, 206
quantum well, 208, 211
See also Microwave transistors

High electron mobility transistors
(HEMTs), 210–12

applications, 210–12
defined, 210
doped GaAs/AlGaAs structure,

210
GaAs FETs vs., 211

gain, 212
minimum noise figure, 212
See also Microwave transistors

Highpass filters, 140–41
applications, 140–41
cutoff frequency, 140
defined, 140
response, 141
See also Filters

Hydrocarbon-ceramic materials,
244–45

Image-rejection mixer, 111
Imaging radar, 19–21

defined, 19
display, 21
illustrated, 20
See also Radar

Impedance, detectors, 116
Inductance, 50–51
Inductors, 217–18
Industrial, scientific, and medical

(ISM) bands, 37
Input power, 128
Insertion loss, 91, 124

bandpass filter, 132
circulators/isolators, 146

Intermediate frequency (IF), 112,
215

Intermodulation product, 158
Isolation, 146

directional coupler, 91–92
hybrid junction, 99, 101

Isolators, 147–49
applications, 147–49
data sheet, 145
ferrite, 149
insertion loss, 146
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See also Microwave components

Junction FETs (JFETs), 200
Junction transistors, 191

Leveling circuits, 95–96
automatic (ALCs), 96
defined, 95
illustrated, 95
See also Directional couplers

Linear transistors, 198–200
applications, 200
defined, 198
linear curve, 199
size, 199

See also Bipolar transistors
Local area networks (LANs), 10, 35
Local oscillator (LO), 112, 121
Loop antennas, 154–55
Lossless transmission lines, 52
Low-level linear amplifiers, 160
Low-noise amplifiers (LNAs), 159,

216
Low-noise FETs, 202
Low-noise transistors, 194–96

applications, 195–96
defined, 194
emitter-based junction, 195
illustrated, 197
interdigital construction, 195
See also Bipolar transistors

Lowpass filters, 137–40
applications, 139—40
cutoff frequency, 137
defined, 137
equivalent circuit, 139
illustrated, 138, 140

rejection points, 139
response, 138
See also Filters

Magic tee, 80
Majority carriers, 173, 174
Matched condition, 7
Matched detectors, 103–4

defined, 104
illustrated, 104
See also Quadrature hybrids

Matched diodes, 103–4
Megahertz (MHz), 2
Metal-insulator-metal (MIM)

capacitors, 217
Metal-oxide-semiconductor FETs

(MOSFETs), 200
Metal-semiconductor FETs

(MESFETs), 200–201, 207
defined, 200
illustrated, 201

Microelectromechanical systems
(MEMS), 175, 219–22

bulk micromachining, 220
integration process, 219
mechanical motion requirement,

221
piezoelectric devices, 221–22
surface micromachining,

220–21
technology development, 220

Microstrip transmission lines,
71–74

assembly illustration, 74
defined, 71–72
dielectric constant, 73
illustrated, 72
impedance, 73–74
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Microstrip transmission lines
(continued)

material thickness, 73
uses, 74
See also Transmission lines

Microwave applications, 13–48
GPS, 42–48
radar, 14–26
summary, 48
telecommunications, 32–48
telephones/telephone systems,

26–32
types of, 14

Microwave centrifugal force, 3
Microwave components, 87–169

amplifiers, 155–62
antennas, 150–55
attenuators, 126–31
circulators and isolators,

141–49
detectors, 112–19
directional couplers, 88–99
filters, 131–41
mixers, 119–26
oscillators, 162–69
power dividers, 107–12
quadrature hybrids, 99–107
types of, 88

Microwave diodes, 175–89
Gunn, 187–89
PIN, 180–83
Schottky, 175–80
tunnel, 183–87
See also Solid state devices

Microwave materials, 225–47
advancement, 225
anisotropy, 234–35
choice of, 246–47

construction, 231
copper fabrication, 233–34
copper weight, 231–33
CTE, 235
defined, 225–26
definition of terms, 226–36
dielectric, 226–27
dielectric constants, 227, 243
dielectric thickness, 229–30,

237
dissipation factor, 228–29, 238
non-PTFE, 243–45
peel strength, 230–31
permittivity, 227
requirements, 236–38
summary, 247
Teflon-based, 238–43
thermoset polymer composites,

245
types of, 238–45

Microwaves
defined, 2
learning about, 1–2
narrowband, 39
testing, 53

Microwave tag, 41
Microwave transistors, 189–212

bipolar, 192–200
defined, 189
epitaxial, 192, 207
FET, 200–206
first, 189–90
HBT, 206–10
HEMT, 210–12
junction, 191
planar, 191
point contact, 190
See also Solid state devices
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Minority carriers, 173, 174
Mixers, 119–26

conversion loss, 124
data sheet, 125
defined, 120
downconverter, 123
elements, 122–23
filter circuit, 122
illustrated, 121, 123
insertion loss, 124
noise figure, 125
nonlinear property, 121
signals in, 123–26
superheterodyne receiver,

125–26
upconverter, 123
See also Microwave components

Mobile telephone switching office
(MTSO), 27, 28

Monitor circuits, 93–94
Monopole antennas, 154

Narrowband microwave, 39
N-channel FETs, 201, 202
N connector, 63
Negative temperature coefficient,

169
Noise figure, 125, 158, 212
Non-PTFE materials, 243–45

Object detection system, 24–25
Organization, this book, x
Oscillation, 162
Oscillators, 162–69

components, 163
creating, 163
dc voltage, 163

defined, 162
feedback circuit, 164
frequency, 165
frequency-determining

components, 163, 164
gain, 163
inductor-capacitor (LC)

combinations, 164–65
local, 112, 121
output power, 166
positive feedback, 163, 164
resistor-capacitor (RC)

combinations, 164
voltage-controlled (VCOs), 167,

168, 169
VSWR, 166–67
See also Microwave components

Oscilloscopes, 119
Overlay capacitance, 179, 180

Pagers, 34, 213–14
Patch antennas, 154, 155, 156
P-channel FETs, 201, 202
Peak power, 18
Peel strength, 230–31
Personal communications

networks (PCNs), 30–31
defined, 30–31
ITA equipment, 31

Personal communication systems
(PCSs), 14, 34

defined, 34
wireless, 10

Phase balance, 103, 110
Piconets, 37
Piezoelectric effect, 167
Piezoelectric MEMS devices,

221–22
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PIN diodes, 180–83
breakdown voltage, 181
carrier lifetime, 182
curve, 181
defined, 180
functions, 183
junction capacitance, 181–82
series resistance, 182
See also Microwave diodes

Planar transistors, 191
PN junctions, 175, 176
Point contact transistors, 190
Polarity, 116
Positive temperature coefficient,

168
Power amplifiers, 160–61
Power dividers, 107–12

0-degree, 112
amplitude balance, 110
defined, 107
illustrated, 108, 110
image-rejection mixer, 111
intermediate frequency (IF), 112
local oscillator (LO), 112
outputs, 109
phase balance, 110
two-way, 108
Wilkensen, 107
See also Microwave components

Power FETs, 203–5
compression point, 204
gain, 205
internal structure illustration,

204
output power, 203
structure, 203
thermal properties, 205

See also Field effect transistors
(FETs)

Power measurement, 96–97
Power transistors, 196–98

defined, 196
element size, 197
heat removal, 198
illustrated, 197
internal structure, 199
See also Bipolar transistors

Printed wire board (PWB), 247
PTFE material, 239–43

ceramic-filled, 243
fiberglass, 239
nonwoven, 241, 242
parameter comparison, 241, 242
transition region, 244
woven structure, 240

Pulse repetition frequency (PRF),
18

Pulse repetition rate (PRR), 18
Pulse-type signals, 17
Pulse width, 18

Quadrature hybrids, 99–107
amplitude balance, 103
amplitude vs. frequency plot,

101
back-to-back, 101
combining, 102
combining amplifiers, 105–6
constant-impedance device, 103
defined, 99
features, 100
illustrated, 100, 102
isolation, 99, 101
matched detectors, 103–4
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phase balance, 103
SPST switches, 106–7
See also Microwave components

Quantum well, 208, 211
Quarter-wave dipole antennas, 151

Radar, 14–26
Doppler, 22–26
imaging applications, 19–21
signals, 17
system illustration, 16
tracking/measurement

applications, 19, 20
transmit/receive (T/R) switch, 16
See also Microwave applications

Radiation patterns, 153
Radio frequency identification

(RFID), 39–42
active tag, 39
defined, 39
frequencies, 41
microwave tag, 41
passive tag, 40
read-only tag, 41
read-write tag, 41–42
semipassive tag, 40
system categories, 41
system cost, 42
See also Telecommunications

Radio frequency integrated circuits
(RFICs), 175, 212, 215

components, 216–18
fabrication process, 218–19
filters, 216
using, 216

Radio frequency (RF), 14, 32, 121,
243

Reflection coefficient, 54–55

defined, 8, 54
determining, 54
phase angle, 55
Reflectometers, 97–99

defined, 98
illustrated, 98

Resistance, 51
Resistive card attenuator, 80, 81
Resistors, 217
Return loss, 55

defined, 8
example, 55

Roaming, 30
Rolled copper, 233–34
Rotary vane attenuator, 80, 81

Schottky diodes, 175–80
applications, 179
defined, 175
equivalent circuit, 178

junction capacitance, 179
junction resistance, 179
junctions, 176, 177
overlay capacitance, 179, 180
series resistance, 178
unipolar action, 177
See also Microwave diodes

Semirigid cables, 63–67
common types, 65–66
cost, 67
defined, 63
designation, 64–65
electrical properties, 66
flexible cable vs., 64, 66
illustrated, 64, 65
sizes, 65
testing applications and, 67
use decision, 67
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Semirigid cables (continued)
See also Coaxial transmission

lines
Sensitivity, detector, 114
Short circuit, 9
Signal-to-noise ratio, 125
Single-pole single-throw. See SPST
switches
Skin depth, 3
Skin effect, 2
SMA connector, 62
Solid state devices, 171–223

microwave diodes, 175–89
microwave transistors, 189–212
summary, 222–23
techniques, 212–22

Spread spectrum, 36, 38–39
characteristics, 38
direct-sequence (DSSS), 36, 38
frequency-hopping (FHSS), 36,

38
SPST switches, 106–7

defined, 106
illustrated, 106
step attenuator, 107

Standing waves, 7
Step attenuators, 107
Striplines, 67–71

center conductor, 69
cutaway view, 68
defined, 67
drawbacks, 70
evolution, 68
ground plane, 69
ground-plane spacing (GPS), 70,

71
grounds, 69
illustrated, 72

uniform construction, 69
use decision, 70–71
See also Transmission lines

Superheterodyne receiver, 125–26
Super-high frequency (SHF), 2
Surface micromachining, 220–21
Surface mount technology (SMT),

74

Tangential sensitivity (TSS), 115,
116

Teflon fiberglass materials, 238–43
Telecommunications, 32–42

cordless phones, 33–34
defined, 32
pagers, 34, 213–14
PCS, 34
RFID, 39–42
WLAN, 35–39
See also Microwave applications

Telephone systems, 26–32
cell site, 29
handoff, 28
illustrated, 27
MTSO, 27, 28
PCNs, 30–31
roaming, 30
See also Microwave applications

Temperature coefficient, 168
Thermoset polymer composites,

245
Time division multiple access

(TDMA), 10
TNC connector, 62
Tracking/measurement radar, 19,

20
Transmission lines, 49–85

capacitance, 51, 217
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characteristic impedance, 7
coaxial, 56–67
conductance, 52
coplanar waveguide, 74–77
coupled, 88
critical, 214
cross-sections, 232
defined, 49–50
equivalent circuit, 50
inductance, 50–51
length, 89
lossless, 52
microstrip, 71–74
open-ended, 150
resistance, 51
strip, 67–71
summary, 83–84
theory, 214
waveguide, 77–83

Transverse electric (TE) waves, 79
Transverse electromagnetic (TEM)

waves, 79
Transverse magnetic (TM)

waves, 79
Tunnel diodes, 183–87

advantages, 186
amplifier, 186
barrier, 184
current vs. voltage curve, 185
defined, 183–84
negative resistance, 184–85
resistance vs. voltage curve, 185
series resistance, 186
See also Microwave diodes

Ultra-high frequency (UHF), 2
Upconverters, 123

Vacuum tubes, 172, 173
Variable attenuators, 128–30

data sheet, 130
illustrated, 129
types, 128
See also Attenuators

Very high frequency (VHF), 2
Voltage-controlled oscillators

(VCOs), 167, 168
primary application, 169
transfer function, 168
See also Oscillators

Voltage standing wave ratio
(VSWR), 129, 131,
166–67

best value, 53
defined, 7
for open circuit, 54
understanding, 53

Waveguides, 77–83
attenuators, 80, 81
characteristic wave impedance,

79
circular, 83
components illustration, 85
cutoff frequency, 79
defined, 77
detectors, 81–83, 84
directional couplers, 81, 82
low-power termination, 83
magic tee, 80
at microwave frequencies,

77–78
quarter-wave sections, 78
See also Transmission lines

Wavelength
defined, 8
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Wavelength (continued)
definition illustration, 9

Weather Doppler radar, 25–26
Wilkensen power dividers, 107
Wireless

applications, 10
communications systems, 9–10
defined, 9

Wireless local-area networks
(WLANs), 10, 35–39

advantages, 35
Bluetooth, 36–37
defined, 35
DSSS, 36
FHSS, 36
IR, 37–38
spread spectrum, 36, 38–39
See also Telecommunications

World Geodetic System 1984
(WGS 84), 46
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