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INTRODUCTION






In the early stages of the development of modern radio techniques, only
the low end of the frequency spectrum was utilized because, not only was
there a limited number of users of these techniques, but the number of appli-
cations was limited as well. As members of the scientific and technical com-
munity became more cognizant of the field of radio and as applications of
radio waves became more extensive, the lower range of the RF spectrum be-
came overpopulated, resulting in confusion and conflict in the areas of trans-
mission and reception. To clear up this confusion, international conventions
had to be formed to allocate the usable frequency spectrum among the multi-
tude of national and international research, industrial, commercial, and gov-
ernment services employing it.

As techniques and components became more sophisticated, a wider
bandwidth was absolutely essential for full utilization of these improvements;
the obvious direction for expansion was into the higher reaches of the fre-
quency spectrum. This was done, but the state of the art kept advancing at
an ever-increasing rate. As a result, by the start of World War II the band-
width requirements of sophisticated communication and radar equipment
were in the microwave regions.

The increase in frequency meant a decrease in wavelength, as well as an
increase in problems because the geometry of the components used in equip-
ment became comparable to the wavelengths used. Transmission line theory
provides the solution to these problems in microwave technology.

The low-frequency boundary of the microwave range has not been set
officially, but it is usually considered to be the point at which lower-frequency
techniques and lumped-circuit elements cannot be used efficiently—generally
about 1 gigahertz. The high-frequency end of the range is considered to be
that point at which radio waves overlap with light waves, that is, where optical
techniques must be used to manipulate signal transmission. Transmission
line theory, distributed line analysis, and electromagnetic field theory are used
to analyze circuits operating in this range.

Microwaves are widely used in modern technology. One major field is
the television industry. Transcontinental transmission of program material is
in the microwave frequency range, using complex transmitter, relay, and re-
ceiver networks throughout the country. Local stations convert the signals
to lower frequencies for transmission to individual sets. On a local level,
microwaves are used from the studio to transmitter locations.

Microwaves are used in national and local security applications, such
as early-warning radar, missile guidance systems, and Doppler radars, to
detect and control the speed of vehicles.

Microwave communication networks and relay stations are used com-
mercially for routine multichannel communication transmissions, both long
distance and local. Air and sea navigation is much more reliable now that
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4 INTRODUCTION

microwave technology has been applied to that area. And, on a consumer
level, microwave ovens are becoming more common. These are just some of
the examples of the everyday uses of microwaves. The field is a relatively
new one, but it is very progressive and fast growing.
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2.1 TRANSMISSION LINES
2.1.1 GENERAL

As the uses of electromagnetic spectra increase, telecommunication
bandwidth requirements increase, and equipment must be designed for higher
and higher frequencies. As the frequency increases, the values of the com-
ponents used in networks keep decreasing. As one approaches ultrahigh fre-
quencies, for example, the values of inductors and capacitors become so small
that the ordinary techniques used at lower frequencies are not usable any
more. Even in the megahertz region, “lead dressing” is standard procedure
to alleviate parasitic effects due to stray fields. The use of “lumped-circuit”
elements at very high frequencies is impractical, so it is necessary to examine
other approaches for carrying high frequencies from one place to another
and to find some other ways of making resonant circuit components. If the
frequency of operation gets so high that the wavelength on a device or trans-
mission system is generally comparable with its size, transmission line theory
should be applied to analyze the behavior of that device or transmission
system,

High-frequency signals in such devices are usually sinusoidal or can be
analyzed as though they are composed of sinusoidal waves that are traveling
or propagating through a device from the input to output or outputs. If one
considers a voltage wave traveling through a device from input to output, it
is simple to see that, if the wavelength of the applied signal is comparable
with the device dimensions at different points on the device, the instantaneous
values of the voltage will vary due to its sinusoidal nature. This fact leads
one to conclude that some parameters other than voltage or current would be
needed to define such devices, since these values vary along the length of
propagation. Transmission line theory is devised to handle such problems.

A transmission line is essentially a system of material boundaries form-
ing a continuous path from one place to another and capable of directing the
transmission of electromagnetic energy along this path.! When analyzing
transmission lines, it is generally assumed that the cross-sectional geometry
is constant, forming a uniform transmission line. The transmission line will
be considered to be uniform if there is no change in the geometry of the line
along the path of propagation. If there is a change in the geometry at any
point, there will be a “discontinuity” in the line.

Traveling Waves

When a sine wave is applied to an infinitely long transmission line, the
wave will propagate along the line. Figure 2.1-1 shows this wave at three

 Moreno, T., Microwave Transmission Design Data (New York: Dover Publications,
Inc., 1958; © 1948, Sperry Gyroscope Company), p. 1.



8 TRANSMISSION LINE THEORY

successive instants in time. (Note that the crest of the wave progresses down
the transmission line.) The voltage wave on a uniform, lossless transmission
line is always accompanied by a current wave of similar shape, and, regardless
of their shape, the two waves will be propagated without any change in mag-
nitude or shape. These waves have definite electrical characteristics. The
length of the wave \ is defined as the distance between successive points which
have the same electrical phase. This wavelength depends upon the frequency

Fig. 2.1-1. A traveling wave.

of variation of the wave and the dielectric constant (a physical characteristic
of the medium) of the medium through which the wave is traveling. In free
space a wave will travel with a velocity of approximately 300,000,000 meters
per second. However, in a medium other than free space, the velocity will

be reduced by the factor 1/ V. ;, where ¢, is the relative dielectric constant of
the medium. (For practical purposes the relative dielectric constant of air
can be considered to be unity.)

The following formula shows the relationship between the various fac-
tors which determine wavelength:

1
)\ T o e e
Ve [
where v = velocity of propagation in free space,
J = frequency of oscillation,

& = relative dielectric constant of the medium the wave is traveling in.

Wavelength can also be defined as the distance in which the phase changes
by 2r radians, where 2x radians = 360°. (See Fig. 2.1-2.)

Using Equivalent Circuits for Transmission Line Analysis

To understand fully the behavior of signal propagation on a trans-
mission line, it is not enough to understand the voltages between conductors
and the currents carried in the conductors. If a signal is applied to an infi-
nitely long, uniform transmission line, electromagnetic waves will be carried
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Fig. 2.1-2. Wavelength and phase change.

down its path. Voltage exists between the conductors, and current flows
through them. Electric and magnetic fields are formed between and around
the conductors respectively, and their behavior and field configurations are
also very important,

A small section of such a transmission line can be analyzed by using
lumped-circuit analogy. For example, a unit-length-long piece of a parallel
wire transmission line and its equivalent circuit are shown in Fig. 2.1-3.
The circuit contains a series inductance. An inductor is defined as a current-
carrying conductor forming a magnetic field around itself that delays the
voltage. Since a piece of wire does establish a magnetic field around itself,
according to the Biot-Savart law, it does have inductance. Since the con-
ductor can have finite resistance, a series resistor will define it adequately.
The two conductors are a finite distance apart, and they form some parallel
capacitance. A dielectric medium keeping the two conductors a constant
distance apart can have dielectric losses, so parallel conductance would de-
scribe this effect sufficiently. In the Giorgi (MKSA) system, inductance is
measured in henries/unit length, capacitance in farads/unit length, resistance
in ohms/unit length, and conductance in mhos/unit length. It can be imag-

o O

o O O O

Fig. 2.1-3. Unit-length piece of parallel wire and its
equivalent lumped-circuit model.
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O

Fig. 2.1-4. Impedance of the equivalent circuit.

ined that a transmission line is built of an infinite number of infinitely short
lengths of this type of “two-port” network “cascaded” one after the other
(connected in tandem).

Impedance/Admittance Relationships

In transmission systems, impedance relationships take a leading role in
defining propagation characteristics. It is desirable to analyze the series and
parallel elements of the equivalent circuit separately. Kirchhoff’s law allows
us to add impedances in series and admittances in parallel configuration.
The impedance of the equivalent circuit can be measured as shown in Fig.
2.1-4 with the output short-circuited. The parallel circuit components are
shorted; only the series components are measured.

Impedance can be expressed as

Z =R+ joL

Admittance information can be gained by measuring from the other end when
the front end is open-circuited. Figure 2.1-5 shows the admittance measure-
ment setup. Since the series elements are left open, only the parallel compo-
nents will be measured. Admittance is expressed as

Y = G+ juC
L
I\ AAA O

)
| \J \AAd

OPEN

CIRCUIT CI- G ——

I Vo
~J

Fig. 2.1-5. Admittance of the equivalent circuit.
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Transmission Line Parameters

The four components of the equivalent circuit of a uniform transmission
line are divided into series and parallel groups defining the impedance and the
admittance of the transmission line, respectively. Two parameters can be
derived using the impedance and admittance expressions. It is convenient
to define the propagation constant as

v = VZY = V(R + juL)G + juC)

Since the square root of the product of two complex numbers is also complex,
the propagation constant is generally expressed as

v =a+j8
where « is the attenuation constant in nepers/unit length (if the circuit compo-
nents are given in the MKSA system, as described above) and g is the phase

constant in terms of radians/unit length. By definition, the other parameter
is the characteristic impedance:

[z _ [R+jeL
Zg = \/Y— \/ﬁG +_](.0C ohms

If R and G are negligible in size, that is, if there is no absortive loss on the
transmission line, then
Zy = \/é’, ohms

The characteristic impedance becomes a real number that is independent of
frequency changes (if R = G = 0, jw will cancel).

The reciprocal of the characteristic impedance is defined as the charac-
teristic admittance:

1
YO—Z)th

2.1.2 WAVES ON TRANSMISSION LINES

Incident and Reflected Waves

Voltage applied to a transmission line can be written in exponential
form:

Vi = Vigei«t

where p stands for peak value. Current resulting from the voltage applied
to the transmission line can then be written:

L = It
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These voltages and currents are periodical waves. If that voltage is applied to
a transmission line, a voltage wave will proceed along that line. The voltage
wave may be written in exponential terms:

V = Viert
The associated current wave flowing in the line is
I = L!

If the transmission line is not infinitely long, it is terminated with an imped-
ance Z;, as shown in Fig. 2.1-6. Since that load impedance is not equal to the

LTI
O
v Z,%#1,
O

Fig. 2.1-6. Transmission line terminated with an
impedance not equal to characteristic
impedance.

characteristic impedance, not all the energy propagated down the trans-
mission line will be absorbed, and part of the signal is reflected because it is
mismatched. This signal is traveling in the opposite direction from the “inci-
dent” signal. The voltage and current waves are:

V = Vet 4+ Viye !
I = Ile'yl — [26—7l

V1 and V, are periodical voltage waves; I; and I, are periodical current waves.
The voltage across the load impedance will become

VL = Vl + V2
The current flowing through the load is

—n_p=_r
In=1I5—IL= 7. Z
Then the load impedance is
f— VL
Zy = A

Two wave trains are traveling opposite to each other: the incident wave and
the reflected wave. Since both are really traveling on the same line, which
has a characteristic impedance of Z,, the equation can be written as
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V;

The following equation can be derived from the preceding equations:
Ve _Z1—2,
Vi Zp+ 2

This equation shows that the relative amplitudes and phases of both waves
are determined by the terminating impedance only. The absolute magnitudes
of the waves are dependent of the impedance of the source.

Transmission Modes

Associated electric and magnetic fields are formed as voltage and current
waves travel down a transmission line. Since these fields are the result of
voltage and current waves, which are periodical, the electric and magnetic
waves also vary in a periodic manner. As propagation frequency increases,
an appreciable portion of the wavelength of that propagating signal becomes
comparable to the cross-sectional geometry of the transmission line, more
than one kind of electromagnetic field configurations can be imagined. As
the frequency increases, more and more different types of propagation modes
can exist on a certain transmission line. If propagating frequency increases
to infinity, an infinite number of propagation modes can exist. These modes
are the so-called high-order modes of propagation. The principal mode is the
one which can carry energy at all frequencies. Higher-order modes are those
that propagate only above a definite frequency range. The point at which
these frequencies start to propagate is called the cutoff frequency for that
particular mode.

The following analogy is presented to show how these high-order modes
are established. Figure 2.1-7 shows rice being blown down the inside of a
blowgun. As the figure clearly shows, the rice can fit in the blowgun in only

Fig. 2.1-7. Rice propagating down a blowgun.

one way. If rice is continuously blown through the tube with a constant
velocity, a certain propagation will exist. This is analogous to a single mode
propagation. If one either increases the inside diameter of the blowgun or
decreases the particle size of the rice, the rice could propagate down the tube
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Fig. 2.1-8. Rice propagating down a blowgun when
the particle size of rice is small compared
to the cross-sectional geometry of the tube.

in different modes, as shown in Fig. 2.1-8. The particle size of the rice is small
compared to the cross-sectional geometry of the tube. Consequently, the rice
will not be required to move down in the tube in a predetermined way. It can
tumble around and move all over inside the tube, slowing down the propa-
gation of each particle and at the same time increasing it to a certain extent
as rotational velocity may be added to the motion. This is analogous to some
high-order modes of propagation on transmission lines.

One can imagine a number of patterns the rice particles can assume
while propagating down that particular transmission line. If the rice size is
decreased again, one can imagine more and more types of patterns that are
analogous again to some even higher-order modes. This clearly shows that
certain patterns can occur only when a definite size change occurs either in
the transmission line or in the propagating frequency (wavelength).

The transmission line in Fig. 2.1-9 shows the principal mode of propa-
gation and the electric and magnetic field configuration of the pattern on the
parallel wire. Since there is a difference in potential between the wires, an
electric field is established in between them. The solid lines in the figure
show the electric field configuration. Since current flows in the conductors,
magnetic fields are established around them. At any point in space, the
electric and the magnetic field lines are perpendicular to each other. The
figure also clearly shows that these fields are all transverse to the direction
of propagation. In other words, no components of either electric or mag-
netic field align in the direction of propagation. That is why these waves,
in the principal mode, are called transverse electromagnetic waves, abbre-
viated as the TEM mode of propagation.

Now, if the propagating frequency increases so much that the length of
the wave traveling down the transmission line is comparable in size to the
cross-sectional geometry of that transmission line, higher-order modes can
propagate. These higher modes will have at least one of their field compo-
nents showing in the direction of propagation. Depending on which com-
ponent shows in the direction of propagation, it will be called the H- or
the E-wave of propagation. The H-wave is that in which at least one com-
ponent of the magnetic field shows in the direction of propagation. This
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Fig. 2.1-9. Electric and magnetic field configuration of
the parallel wire transmission line.

mode is called the transverse electric mode, abbreviated as the TE mode.
The E-wave is that in which the electric field will have at least one compo-
nent showing in the direction of propagation. This is called the transverse
magnetic, or TM, mode. The number of these modes on a transmission
line is infinite. Although each TE and TM mode can be infinite in number,
at a certain frequency there can be only a finite number of higher-order
modes propagating. The number of these modes is dependent entirely upon
the geometry of the transmission line.

As was mentioned in the blowgun analogy, the velocity of propagation
of the TE and TM modes is different from that of the TEM mode. In fact, two
kinds of velocities can be imagined: group velocity and phase velocity. Group
velocity means the velocity of the entire group moving down in the transmis-
sion line, and phase velocity includes all rotations and turns of the individual
moving particles. Generally, in the TEM or principal mode, phase and group
velocities are identical to each other. In a standard transmission line with no
dielectric material around it, they would move with exactly the velocity of
light,

¢ = 300,000 km/s

In higher-order modes, group velocity and phase velocity are related to each
other by the following equation:
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¢ =V,

where v, = group velocity,
v, = phase velocity.

The geometric means of the phase velocity and the group velocity are equal
to the velocity of light.

Discontinuities

When a sudden change in geometry occurs on a transmission line and
when uniform transmission lines exist before and after the plane of that dis-
continuity, the problem can be handled as two uniform transmission lines
joined together. The only question is what happens at the plane or near the
plane of the discontinuity. Figure 2.1-10 shows a discontinuity formed at the

TN

Fig. 2.1-10. Discontinuity on a transmission line,

plane where two uniform transmission lines are joined. The electric field be-
tween the conductors is drawn. As is apparent, the electric field lines are bent
in the region near the discontinuity; but after some distance, they straighten
out again. When either electric or magnetic field components are aligned in
the direction of propagation, higher-order modes are launched. Although it
is assumed that higher-order modes cannot be propagated on this particular
transmission line, this does not mean that they cannot be launched. Since
they cannot be propagated, they will decrease their effectiveness exponentially,
and they will be attenuated accordingly. Discontinuities in the transmission
line will effectively launch certain higher-order modes, and energy will be
stored when they do. It is known from lumped-circuit theory that energy
storage will occur where either capacitance or inductance is present. Discon-
tinuities can be understood as reactive components on a transmission line.

Another effect can be observed from Fig. 2.1-10. The electric field dis-
tortion occurs only at the right (widest) side of the discontinuity; no field
distortion occurs immediately left of the plane of discontinuity. Whether the
discontinuity bends the electric or the magnetic field determines the equiva-
lent circuit. If there are more discontinuities, there are more steps one after
the other on the transmission line; if they are close enough to each other, they
might interact (see Fig. 2.1-11). As can be seen, interference will occur when
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Fig. 2.1-11. Multiple discontinuities (a) interfering
(b) not interfering with each other.

-

the field lines due to one discontinuity are not straightened before another
discontinuity occurs. Some discontinuities (as shown in Fig. 2.1-11b) are
close to each other, but, as they do not distort the field in a common direction,
they do not interfere with each other. If they interfere, a third effect will
occur. This modifies their single and simple effect by a mutual coupled effect.
This field distortion is very similar to the effect in capacitors due to fringing
field effects. In fact, the very same term is used for these field distortions
in the literature.

2.1.3 PROPAGATION CHARACTERISTICS

Asttenuation Constant, Phase Constant

As an electromagnetic wave is propagated down a transmission line, it
is continuously attenuated by the lossy elements of the line. The propagation
constant

v = V(R + joL)(G + juC) = a + j8

clearly shows that it is composed of the attenuation and phase constants. («



18 TRANSMISSION LINE THEORY

is negative and is not shown since it is not gain but attenuation.) In previous
paragraphs the incident wave was shown to be

Vl - e'yl’
which can be further expressed as
Vy = el = eal X Bl
The first part of this equation shows that the voltage gets attenuated exponen-
tially as the wave travels down the line. It was also seen that the attenuation
constant « will be expressed in terms of nepers per unit length if it is calculated

in the MKSA system. To convert nepers to the more commonly used decibel
per unit length, multiply by 8.69: 1 neper = 8.69 dB.

Sources of Attenuation

Attenuation can be contributed by many factors, such as the following:

Conductor losses (skin effect)
Dielectric losses

Hysteresis losses

Mismatch losses

Losses due to radiation

el el e

The first three—conductor, dielectric, and hysteresis losses—are absorptive
losses by nature; they dissipate energy. Mismatch loss and losses due to
radiation reflect and guide the energy away from the transmission line,
respectively.

Conductor Losses (Skin Effect)

Conductor losses are caused by the series resistance of the conducting
medium. Existence of the skin effect is known from lower-frequency tech-
niques. As frequency increases, skin effect becomes more critical. In other
words, in higher frequencies in the transmission line, the current is restricted
to travel in only the surface layer of the conductor. The penetration of the
current flow is defined by the skin depth (8). The skin depth is the thickness
of the layer where the current density drops to 1/e the value on the surface.
Skin depth can be calculated from the following formula:

1 [p

where p is the specific resistivity of the conductor in terms of @ cm, p, is the
relative permeability of the conductor (this is considered only when the ma-
terial is ferromagnetic and has a relative permeability different from non-
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ferrous material; in other words, this value is equal to 1), and f'is the operating
frequency in terms of gigahertz. Table 2.1-1 gives the specific resistivity of a

Table 2.1-1. Specific Resistivity of a Few Maetals

Metal Specific Resistivity (ohm-cm) X 106
Aluminum 2.83
Brass 6.4-8.4
Copper 1.724
Gold 244
Lead 22.0
Palladium 11.0
Phosphor Bronze 10.5
Platinum 10.0
Rhodium 5.0
Silver 1.629
Zinc 6.1

few metals. Since skin depth at microwave frequencies is a very small fraction
of the conductor thickness (portions of thousandths of an inch), it is common
practice to plate the surfaces of conductors. Plating with a highly conduc-
tive metal a couple of thousandths of an inch thick completely masks off the
effect of the base material since all the current will be flowing in the plating.

Caution should be exercised when calculating skin depth and effective
losses with the specific resistivity of plated metals. Solid metals and plated
surfaces have different resistivities since plated metals are not so dense as
solid metals. They are porous in nature. If high conductivity is desired,
plated surfaces are burnished to pack the plating more densely. It is a good
practice not to plate only to the thickness of the skin depth but to take at
least three to five times the thickness which has been calculated. The surface
finish of the plated material also comes into consideration. Because current
penetration into the surface is so shallow, the currents have to follow all sur-
face imperfections, consequently increasing the path of the current and thus
increasing the actual resistance of the conductor. When very low losses are
desired, microwave transmission line components are usually highly polished
so that all the machining marks are essentially polished out. Even micro-
scopic scratches crossing the current flow can appreciably increase the equiva-
lent resistance of the conductor. However, if the machining operation is
planned so that the machining marks will be in line with the current flow, the
effect of these marks on the resistance will be negligible.

Dielectric Losses

It was shown in the first paragraph that propagation velocity is slowed
down if a dielectric insulator is placed around and between the conductors.
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It is also known that the dielectric material in a capacitor increases the effec-
tive capacitance between said conductors; however, most dielectric material
has losses associated with this space-saving effort (longer electrical length in
the same physical length). These losses can be taken into account if the di-
electric constant is handled as a complex value, as in the formula

€= ¢ — je'’
where ¢’ is the real part of the dielectric constant and ¢’ is the imaginary part
of the dielectric constant. Losses of the dielectric material are usually ex-
pressed by the loss tangent. Using the complex expression of the dielectric
constant, the loss tangent can be defined as

/7
tan 6 = 57
€
Since the loss tangent of commonly used dielectric material is very small,
it is approximately equal to the power factor of a capacitor. It is true that
the power factor is defined by cos 6, where

0=90°—3%

Since very small angles, tangents and sines, are approximately equal, power
factor and loss tangent can also be taken as equal.

Hysteresis Losses

For most practical purposes hysteresis losses are included in the skin-
effect formula. If material with permeability differing from nonmagnetic
materials is used, plating is usually applied, and the effect of hysteresis losses
is negligible or entirely alleviated. Hysteresis will be discussed more thor-
oughly in later chapters in which ferrite materials are covered.

MISMATCH LOSSES and LOSSES DUE TO RADIATION are not absorptive
losses. Mismatch loss occurs when a discontinuity appears on a transmission
line or when a termination of the transmission line is not equal to the charac-
teristic impedance. Conscquently, not all the power available at that point
on the transmission line is transmitted or propagated; part of it is reflected.
So, as far as the transmission line and the terminating load are concerned,
not all the energy is delivered into the load. The losses from the available
signal and the dissipated signal are due to mismatch. Discontinuities or open-
ings on transmission lines at higher frequencies are more serious than at lower
frequencies. The microwave energy, the electromagnetic wave, will radiate
out of the line and cause losses. For all practical purposes, this type of loss
is not intentional, and cracks should be looked for and repaired. At high
microwave frequencies, some cables have to be double- and triple-shielded
to alleviate losses due to radiation.
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The attenuation of a transmission line, as defined by the propagation
constant, includes all the attenuations described above. Usually the different
attenuations due to different sources of losses are calculated and handled
separately, and finally they are totaled, giving the total attenuation.

2.1.4 REFLECTIONS ON TRANSMISSION
LINES

Reflection Coefficient

If a signal is applied to a uniform, practically lossless, transmission line,
and if that transmission line is terminated with an impedance not equal to the
characteristic impedance of the line, that impedance will not be able to absorb
all the energy. Part of the signal will be reflected. Figure 2.1-12 shows a

PLANE OF
REFLECTION
__E_i_’— +
O
2, #12,
o —————
Ey

Fig, 2.1-12. A transmission line terminated with
impedance not equal to characteristic
impedance will reflect part of the
incident signal.

transmission line not terminated in its characteristic impedance. E; is the
incident signal traveling toward the termination. E, is the reflected signal
traveling in the opposite direction. The ratio of these two voltages, the re-
flected signal over the incident signal, gives the so-called reflection coefficient.
Er
The reflection coefficient, T', is a vector, since it has magnitude as well as
phase information. Both the incident waves and the reflected waves are travel-
ing on the same transmission line but in opposite directions. Their relative
phases are dependent on the terminating impedance and only on the terminat-
ing impedance and the distance from the termination to the point of measure-
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ment. The magnitude of the reflected voltage depends on how much the
terminating impedance is mismatched. That is why the reflection coefficient
serves as a figure of merit for the termination at the end of any particular

transmission line. The absolute value of the reflection coefficient,
E,

E;
is usually given with the Greek letter p.

=l =0p

Standing Waves

If two waves of the same amplitude and frequency are traveling on a
transmission line in opposite directions, they will alternately add to and sub-
tract from each other. The result is known as a standing wave. See Fig. 2.1-13
for a diagram showing how two traveling waves combine to form standing
waves. (Note that the maximum and zero voltage points do not shift with
respect to time. This is the difference between traveling waves and standing
waves.) The zero crossings are called nodes, and the positions of maximum
amplitude are called antinodes. The following discussion will describe the
manner in which standing waves are produced, detected, and suppressed,
and it will also discuss their effect on the transmitted signal.

Waves having the same length but not necessarily the same magnitude
will form an interference pattern. This is called the standing-wave pattern.
The bottom line of Fig. 2.1-13 shows the standing-wave pattern as it is formed
on the transmission line. In practice, this pattern has to be detected to enable
one to plot it, and only the envelope will be shown as it is drawn in Fig.
2.1-14. It is worthwhile to mention that these standing waves were built of

Fig. 2.1-14. Detected standing-wave pattern of total
reflection.

total reflection. Figure 2.1-15 shows a standing wave built of a nontotal re-
flection. The reflection coefficient will be less than 1. The peak value of the
standing-wave pattern will be called E... The smallest value will be called
Ein. The voltage standing-wave ratio is defined as the ratio of these two
values.

Emax

VSWR = ¢ = Eo
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Emin

Fig. 2.1-15. Standing-wave pattern of a load not
forming a total reflection.

Epax 18 really the sum of the absolute values of the incident and reflected
voltages,

Emax == |Ez‘ + |Er'
and E,,, is the difference of the absolute value of the incident voltage and the
absolute value of the reflected voltage:
Emin == |E7,| - iEr‘
Substituting these equations into the standing-wave ratio equation,
Emax - ‘Ez| + |Er|

VSWR = ¢ = =
T Eun  |Ei|— |E|
Dividing with |E,,
E,
g = 1 + E
et
'=E

gives the expression for the voltage standing-wave ratio in terms of the re-
flection coefficient,

_ 14y
IL—op

This equation may be rewritten to solve for the absolute value of the reflection
coefficient in terms of the voltage standing-wave ratio:

og—1

P=5 + 1
As the standing-wave pattern was built of voltage waves, it can be imagined
that it can be built of power waves also, and then the power standing-wave
ratio can be defined. The power standing-wave ratio is really equal to the
square of the voltage standing-wave ratio:

PSWR = ¢?
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If the voltage standing-wave ratio must be expressed in terms of decibles, as
when large standing-wave ratios are involved, then

SWR (dB) = 20 log o

One might want to know how far down the reflected wave is from the incident
wave in terms of decibels. This information is called the return loss:

return loss (dB) = —201logp

The negative sign on the return loss merely shows that it is a loss and not a
gain.

Mismatch Loss

One more fact can be given about the reflection of a termination, that is,
the so-called mismatch loss. This describes how many decibels less than the
incident voltage available are being absorbed by that termination. If the
termination happens to be an antenna, that information can really be very
valuable. It would tell how many decibels less power are being radiated from
the antenna due to the mismatch than are available at the port of the antenna.
It can be calculated from the following equation.

mismatch loss (dB) = —101log (1 — p?)

2.1.5 IMPEDANCE AND ADMITTANCE
TRANSMISSION LINE
RELATIONSHIPS

The impedance of a termination is generally a complex value,
Z=R+jX

where X can be either positive or negative. If X is positive, it is called the
inductive reactance; if it is negative, it is called capacitive reactance. If one
desires to plot an impedance on a chart, the Cartesian (rectangular) coordi-
nate system would be an excellent one to start with. Figure 2.1-16 shows an
impedance plotted in a rectangular coordinate system. From the figure it can
be clearly seen that the absolute value of the impedance can be calculated
by the Pythagorean formula,

Z| = VE F X3
and the angle of that impedance is given as

X

tan ¢; = -R'i
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Fig. 2.1-16. Impedance plot in a rectangular
coordinate system.

Reactance Charts

Historically, reactance charts were used to present a graphic approach
to wave relations on transmission lines. As can be seen from the figure, the
reactance lines are on the vertical axis: inductive reactance is in the positive
direction and capacitive reactance is in the negative direction. Resistance is
plotted along the horizontal axis. Note that the left half of the chart repre-
senting negative resistances is not used in this case. Other charts (discussed
in Chap. 6) can be expanded into negative resistances.

Figure 2.1-17 shows a reactance chart. On the chart, the values of the
scales are normalized so that a characteristic impedance of 1 occurs at the
point (1, 0). The reactance chart method is considered more graphic and
easier to understand than the equation method, in which impedance at a par-
ticular point on the transmission line is determined from the following
equation:

(ZL + Z())(?VX + (ZL — Zo)e""X
(ZL + Zo)e"X — (ZL — Zo)e_—'YX

where 1 is the propagation constant, Z;, is the impedance of the load, X is the
distance along the line from the load, and Z, is the characteristic impedance
of the line. However, there are serious limitations to this reactance chart:
(1) not all values of impedance out to infinity are presented on the chart;
(2) it is difficult to interpolate between constant standing-wave ratio circles
since the pattern is an ever-expanding circle array; (3) these angle indications
are not radial.

Zx=Zo
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Fig. 2.1-17. Reactance chart.

The Smith Chart

In the late 1930’s, Philip H. Smith devised a chart that avoided all the
limitations mentioned above by a conformal transformation of that reactance
chart. This method posed the infinity points of the jX; and jX¢ axis around
to a common point. At infinity on the resistance axis, the resultant graph
shows positive and negative infinities of the reactances also emerging at that
point. This is known as the Smith Chart (Fig. 2.1-18). The values of the axis
are normalized by dividing the impedance of interest by the characteristic
impedance. For example, if the impedance of a 50Q transmission line was
found to be 100 at a particular point, the normalized impedance at that
point would be 2. In the case of complex impedances, the normalized im-
pedance is determined by the following equation:

Z R X

z- 2"z
Points along the center line on the Smith Chart represent pure resistance;;
points around the outer edge of the chart represent pure reactance with no
resistance. The circles tangent to the right edge are circles of constant resist-
ance. The lines tangent to the resistance horizontal axis at infinity represent
lines of constant reactance. Positive values are inductive reactances, and
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Fig. 2.1-18. Smith Chart—circles of constant resistance.

negative values are capacitive reactances. The Smith Chart is one of the most
useful devices available to those working with transmission lines. It can be
used for the graphic solution of a large variety of transmission line problems.
Fundamentally a special kind of impedance coordinate system, the Smith
Chart is almost indispensable in the solution of impedance problems when
data are obtained through measurements made on a transmission line with
special impedance measuring devices, which will be discussed later in another
paragraph.

Normalized Impedance

Referring to the previous discussion on transmission lines and standing-
wave ratio, remember the manner in which voltage and current vary along a
transmission line. Standing waves are not present on the line if it is terminated
by its characteristic impedance. Under this circumstance both voltage and
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current are constant throughout the length of the line. This is the situation in
which all the power flowing down the line is absorbed by the load. If the load
does not equal the characteristic impedance, there is a mismatch, with some
of the energy being reflected from the load. Likewise, reflection may occur
from discontinuities at any point on the line. Where there is a condition of
reflected power, the forward and reflected waves combine to form both volt-
age and current standing waves on the transmission line.

The voltage standing-wave ratio (commonly called VSWR) is the ratio
of the minimum and maximum values of the voltage standing wave. The
VSWR can range from unity, the condition of no reflection, to infinity, in
which complete reflection occurs at the load, as in the case of an open-circuit
or a short-circuit termination. Refer again to the Smith Chart in Fig. 2.1-18.
The values of resistance and reactance shown on this chart are all on the basis
of normalized values. The circles (which are labeled 0.3, 1.0, 3.0, etc.) having
their centers on the straight line across the chart are circles of constant resist-
ance which have been normalized. Now it may be seen that the line of zero
reactance is the straight line. Positive and negative reactance lines curve away
from this line perpendicular at any point with the constant resistance lines
and represent normalized reactance. For example, if the transmission line
were terminated in its characteristic impedance, the point of impedance would
be represented by the exact center of the chart with a resistance of 1.0 and no
reactive component. On the chart of Fig. 2.1-19 these lines are marked -4-0.3,
+-1.0, and 3.0 on the positive side and —0.3, —1.0, and — 3.0 on the nega-
tive side.

Using the Smith Chart

An impedance represented by the value of 5 -+ 250 would be plotted
on the Smith Chart as follows. The -j indicates a reactive component above
the O reactance line; —j is below that line. Normalized for a 509 line, this
becomes 0.1 4 j0.5Q. This point is plotted at the position A4 illustrated in
Fig. 2.1-19. Now consider the scales on the periphery of the chart. They are
calibrated both in wavelength and in degrees. Note that one complete revolu-
tion of the chart is equivalent to one-half a wavelength, or 180°. Now the
impedance at any point along the transmission line is normally considered to
be that impedance which would be measured if the line were cut at that point
and measurements were made looking into the line section which is connected
to the load. The impedance of the generator has no effect on this value. If
the transmission line is terminated with the value of its characteristic imped-
ance, then, no matter where the line is cut, the observer will measure the
characteristic impedance. However, if the line is not terminated in its charac-
teristic impedance, as it is cut at various points, it will be found that the im-
pedance will vary cyclically. However, the impedance of the load will be the
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Fig. 2.1-19. Normalized impedance plot on the Smith
Chart.

same at each half-wave point, assuming that there are no losses on the line.
Thus, as complete revolutions of the Smith Chart are traversed, the beginning
point will be passed on each revolution, representing the cyclical variations
of standing waves on a transmission line.

Assume that point 4 of Figure 2.1-19 represents a terminating imped-
ance on the transmission line and that the impedance one-tenth of a wave-
length from the load is desired. Using the center of the chart 1.0 + jO as a
pivot point, swing an arc equal to the radius from the center to the point 4
in the direction toward the generator by an amount equivalent to one-tenth
wavelength, as determined by the outer calibration circle. Thus the new point
B is arrived at, and the normalized impedance viewed at this point is
0.37 4- j1.9. For this specific example, remember that the load remained con-
stant and that conditions along the transmission line were being considered.
Therefore the arc which was drawn is one of constant voltage standing-wave
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ratio. All circles drawn from the center of the Smith Chart are circles of
constant VSWR.

The following problems are examples of how the Smith Chart can be
used to solve transmission line problems.

ProBLEM 1. It is given that the normalized impedance at a point on a
transmission line is 0.1 4 j0.5. The frequency of the source is 1,000 MHz.
What impedance can be measured on the transmission line 3.8 cm toward
the source? What is the admittance at this point? What is the VSWR on the
line?

SoLvING THE PROBLEM. This is a typical problem that demonstrates the
transformer properties of a transmission line. To find the impedance 3.8 cm
away, one must know the starting point on the chart, the length of trans-
mission line in wavelengths, and the direction of travel. The frequency of
1,000 MHz corresponds to a free-space wavelength of 30 cma. Then the length
of the section of the line in wavelength is 3.8/30 = 0.126 wavelength. The
direction of travel is toward the generator. A circle is drawn (see Fig. 2.1-20)
using as a pivot the 1 4 jO point at the center of the chart. Using the radius
from this point to point A4, the arc is drawn toward the generator a distance
of 0.126 wavelength. The new point gives a normalized impedance of approxi-
mately 0.8 4 j3. The admittance of this point is obtained by going around the
circle exactly one-quarter wavelength from point B. In other words, locate
the point exactly on the opposite side of the chart, and the admittance be-
comes approximately .09 — j0.32 (see point C on the chart). This is, of course,
the normalized admittance value of that point. This characteristic of the
chart is extremely useful in design work with parallel impedances because
the admittance values are far more convenient for parallel circuit considera-
tions. The VSWR may now be found by continuing the arc until it intercepts
the O reactance line. Continue the circle to intercept the O reactance line on
the right side from the center of the chart to point D in Fig. 2.1-20. Here we
can read the constant resistance value of 11.8, which is the VSWR.

ProBLEM 2. Find the impedance of the load on a transmission line when
this load is located an unknown distance away from a slotted-line section.
A slotted line is a piece of transmission line with a longitudinal slot in it that
allows insertion of a probing device to measure the field strength along the
path of the slotted line, causing the least amount of disturbance to the fields
in the transmission line. The assumption is that the slotted line is inserted
into the line some distance from the load. The operating frequency in this
example is 3 GHz.

SOLVING THE PROBLEM. To find the impedance of the load, it is necessary
to know the VSWR as well as the distance to the load. The procedure is as
follows.
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Fig. 2.1-20. Problem 1.

. Place the load to be measured on the end of the slotted line.

. Locate a minimum on the slotted line (point B in Fig. 2.1-21).
. Measure the VSWR.

Replace the load with a short at the plane of the load.

Locate the minimums, which are nulls now because of the short,
around point B (points 4 and A’).
6. Plot the impedance on the Smith Chart.

Vo

The VSWR has to be drawn before plotting the impedance. The con-
stant VSWR circle drawn in Fig. 2.1-22 assumes a measured VSWR of 3.3:1.
The minimum shift in terms of wavelengths can be clearly seen by taking the
distance from B to 4 and dividing it by the wavelength.

To plot impedance on the chart, one has to know in which direction to
measure the shift. Since a short circuit was used for reference, wavelength
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Fig. 2.1-21. Standing-wave pattern of load and short
circuit, measuring impedance.

Fig. 2.1-22, Problem 2.
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must be measured from the short-circuit position on the chart. It is a good
practice to remember that, if one takes the null on the generator side of the
minimum to calculate the minimum shift in terms of wavelength, it is plotted
toward the generator; but if the null on the load side is taken, it is plotted
toward the load. This can be understood easily since the distance between
adjacent nulls is one-half a wavelength, and a complete circle on the Smith
Chart also describes one-half a wavelength. Consequently, if the null on the
generator side were used, it would give exactly the same locus on the chart
as if the other null were used.

We can understand this procedure by studying Fig. 2.1-21. It shows an
assumed case where the standing-wave indicator is about four half-wave-
lengths from the plane of the load. If we short the load, the short-circuit
impedance repeats itself every half-wavelength back toward the generator to
point 4, which was located in step 4. Then, when the load was replaced, the
positions of the minimums and the standing-wave pattern changed so that
point B in step 2 was located. It is evident that the distance between 4 and B
is the same at each half-wave point from the load, so that the measurements
could have been made at repetitive intervals all along the line.

The distance from point B to the load is four half-wavelengths minus
the distance from 4 to B. Each of these half-wavelengths corresponds to a
full circumference of the Smith Chart. Thus the measurements at points A
and B were just the same as though they had been made at points 4’ and B’.
Since points 4 and 4’ always fall on the line of zero reactance, these points
are exactly determined and fall on the vertical line through the center of the
chart. Now the distance from B’ to the load is a half-wavelength minus the
distance from A’ to B'.

We started on the Smith Chart at a point 4 on the line of zero reactance
and moved along the VSWR circle 0.1 wavelength (wavelength at 3,000 MHz
is 10 cm) toward the generator to point B. The normalized impedance at this
point is approximately 0.45 + j0.63. The impedance of the load can then be
calculated by denormalizing. Assuming a 50-ohm characteristic impedance
system, the impedance will be 22.5 4 j31.5.

QUESTIONS

1. Calculate the impedance and the admittance of a unit-length-long trans-
mission line where the equivalent circuit components are L = 0.002
pH/unit length, C = 0.012 pF/unit length, R = 0.015 ohm/unit length,
G = 0.0001 mho/unit length. The frequency is 1.6 GHz.

2. Calculate the propagation constant and characteristic impedance of a net-
work where the equivalent circuit components are L = 2 X 10~° H/meter,
C =15 X 107* F/meter, R = 0.01 ohm/meter, G = 105 mho/meter.
The frequency is 3.2 GHz.
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3. What is the ratio of reflected voltage over incident voltage when the
characteristic impedance of the transmission line is 200 ohms and the
terminating resistance has a value of 270 ohms?

4. What is the skin depth on a transmission line made of silver-plated copper,
0.005 in. thick, at 8 GHz?

5. What is the complex value of the dielectric constant of an insulator if the

_ relative dielectric constant is given as ¢, = 2.56 and the dielectric loss is
tan 6 = 0.0015?

6. What is the VSWR and the equivalent return loss of a load if the absolute
value of the reflection coefficient is 0.20?

7. Calculate the mismatch loss on an antenna having 2:1 VSWR.

8. What will the VSWR be on a Z;, = 50 ohm transmission line if it is
terminated with an impedance of Z;, = 27.5 + 20;?

9. In problem 1, what is the value of impedance on the transmission line
0.193 wavelength away from the plane of load in the direction toward
the generator?

2.2 COAXIAL TRANSMISSION LINES

The preceding discussions are based on parallel-wire transmissions;
another name for this is Lecher wire. The Lecher wire has very serious limita-
tions as far as radiation and losses are concerned. Coaxial transmission line
is far superior to Lecher wire and is preferred in higher frequencies. A coaxial
transmission line consists of a center conductor with another conductor
around it. Since it is a two-wire system, it carries the TEM wave of propaga-
tion, the principal mode of transmission. The operation of coaxial lines is
limited to the principal mode; higher-order modes aren’t wanted. Therefore
the useful range of coaxial transmission is restricted to the principal mode,
which is under the first higher-order mode cutoff frequency.

2.2.1 DEFINING EQUIVALENT CIRCUIT
COMPONENTS

To analyze the coaxial transmission line, the equivalence of parameters
has to be determined: the series inductance in terms of henries per unit length,
the series resistance in terms of ohms per unit length, the parallel capacitance
in terms of farads per unit length, and the parallel conductance in terms of
mhos per unit length. Centimeters will be used for unit length in this discus-
sion. The following equations describe these parameters.

L = 0.4605 p, (log Z) X 10~% henry/cm
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This equation neglects current penetration into the conductor. g, stands for
the relative permeability factor. In

C = 0.241 ¢,

X 1072 farad/cm
lOg a

€relative Stands for the relative dielectric constant compared to vacuum or air.

In
R= 255+ ) = B (5 + D avem

8 stands for skin depth in centimeters, f is the frequency in hertz, p is the
resistivity in terms of ohms/cm. It can be seen that the resistance is propor-
tional to the square root of the frequency. This is due to the skin depth. If
only copper conductors are considered, this can be expressed in the following
equation.

R==4J4><10*V?(%-#£)Q/an

where a and b are not diameters but are the radii in terms of centimeters in
these equations. The following equation shows the effective line resistance
if the inner and outer conductors are made of different metals.

R = lzog< \ Za#a+ v Pb,ub) /

where p, and g, are the specific resistance and the relative permeability factor
of the conductor, respectively, and p; and y, are the same for the outer con-
ductor. As u is a permeability factor, it provides information on the hys-
teresis losses if ferromagnetic materials are used.

If a coaxial transmission line is vacuum insulated or air insulated, there
is practically no parallel loss conductance involved. But in most of the cables
used for coaxial transmission lines the dielectric losses involved correspond
to conductance loss. The following equation gives the equivalent parallel
conductance equivalent circuit for coaxial transmission lines.

G = w(Ctan é mho/cm,

where C is the capacitance, tan § stands for the dielectric loss tangent, and
is equal to 2xf (f is the operating frequency). These equations provide the
equivalent circuit parameters in terms of geometrical dimensions.

Characteristic Impedance of Coaxial Transmission Lines

It is well known from ordinary transmission line theory that

7 = R + joL
*= NG + juC
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If losses are small, and they can be neglected; then the equation becomes

L
e

Substituting the values of L and C from the above equation gives

Zy = 138\/Elogé= 60/“ 1020
€ a & a
where u, is relative permeability and e, is the relative dielectric constant.
Furthermore, b stands for the outer conductor’s inner radius and a stands for
the inner conductor’s radius (Fig. 2.2-1). For example, if one has an air-
insulated coaxial transmission line made of nonmagnetic material and having
an inner conductor radius of 0.05 inch and an outer conductor inner radius
of 0.15 inch, the characteristic impedance will be

b 0.15
.= 138 logm = 138 X 0477 = 66Q

Zy = 138 %’ log
where u. and e, are equal to 1, as described above. In case the losses are ex-
cessive and the simplified formula cannot be used, the complex formula for
characteristic impedance must be used and obviously will result in a complex
value for the characteristic impedance. This complex value will become de-
pendent upon frequency variation.

2.2.2 PROPAGATION CHARACTERISTICS
OF COAXIAL TRANSMISSION LINES

In all the transmission line theory the propagation constant has been
defined as

¥ = V(R + joL)G + juC) = « + j8
where « is the attenuation constant in terms of nepers per unit length and 8
is the phase constant in terms of radians per unit length. The phase constant
B is related to wavelength. It is the information about electrical length when
_ I
=N

where A, is the wavelength on the transmission system. The velocity of propa-
gation on the transmission line is given by

v =2

8

If losses are small, this formula will reduce to
c

v=\/r

r€r
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where c is the velocity of propagation in a vacuum. From this it can be seen
whether g, and ¢, are equal to 1, which means that the coaxial transmission
line is vacuum insulated and the conductors are nonmagnetic. Then

v=c
From this it can be said that the wavelength

A
Virer
This clearly proves that on an air-filled coaxial transmission line, the wave-
length will measure exactly the same as in free space or on a Lecher wire

system. Consequently, wavelength measurements can be performed directly
on air-filled coaxial transmission lines.

AL =

Attenuation

The real part of a propagation constant provides information on the
attenuation in terms of nepers per unit length. If losses are small, they can be
neglected in most cases. Furthermore, where the characteristic impedance
can be assumed to be a real value not having imaginary components inde-
pendent of frequency, the attenuation due to conductor losses can be calcu-
lated by

R
ag = 2—20
and the attenuation due to dielectric losses by
G
ap = 7Y,

The total attenuation for the above equation is
R G .
a=oa¢+ap = 27 + 27, nepers/unit length

The formulas for the equivalent circuit components will have to be calculated
to get R and G values. The characteristic impedance also has to be calculated
to use these expressions.

Using the geometrical parameters and the parameters of materials com-
prising the coaxial line in question, more direct expressions can be given for
gaining information on attenuation.

ATTENUATION DUE TO CONDUCTOR LOSSES.2

8 o, 1 b\ Ve, :
ac = 13.6 ~ b (1 -+ 5) 1n13 dB/unit length
a

2 Moreno, T., Microwave Transmission Design Data (New York : Dover Publications,
Inc., 1958; © 1948, Sperry Gyroscope Company).
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where the wavelength (A) and the inner (a) and outer (b) conductor radii are
given in terms of unit length; & is the skin depth in the same unit length.
For copper conductors the expression is

Ve,
lné
a

o = 2.98 X 10-9\/]71) (1 + g) dB/cm

where b and a are given in centimeters and f stands for frequency in terms of
hertz. If the inner and outer conductors are made of different material, or if
they are plated with different metals, the expression can be written

_ 136 (mz M?) Ve,

A a b b
In -
a

[274)

dB/unit length

The subscripts refer to the particular conductor.
If one would like to make the least lossy coaxial transmission line (as far
as conductor losses are concerned), for a given inner or outer conductor di-
mension an optimum ratio of radii can be derived for an air-insulated line.
This ratio is
b_36
a

which gives a characteristic impedance of 774.

ATTENUATION DUE TO DIELECTRIC LOSSES depends upon the properties
of the dielectric material being used between the conductors. As in ordinary
transmission line theory, the dielectric constant of a dielectric material is ex-
pressed as a complex quantity,

e=¢ — je'’

where the real part of the expression is the relative dielectric constant ¢, and
the imaginary part contains the information about the shunt losses of that
material. The loss tangent is the customary way in which manufacturers of
dielectric materials provide information about dielectric losses. The loss
tangent is
6/l'

tan 6 = -

€

Diclectric losses of a coaxial line can be calculated by

€r

A

ap = 21.3 tan 6 dB/unit length

where the wavelength A is given in terms of unit length.
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ATTENUATION DUE TO BOTH CONDUCTOR AND DIELECTRIC LOSSES is found
by simply adding to get the total attenuation:

Qjotal = Q¢ + ap

It is noteworthy to realize that the conductor losses increase only with the
square root of frequency, but the dielectric losses increase linearly with fre-
quency. Since dielectric losses at low frequencies are usually much smaller
than conductor losses, they are often neglected. A word of caution is due.
Dielectric losses will become increasingly important at higher frequencies
since they are linearly proportional to frequency, whereas conductor losses
increase with the square root of frequency.

Some other interesting relations and optimum values can be established
in air-insulated coaxial lines. For a predetermined outer or inner conductor
dimension, an optimum voltage breakdown b/a ratio can be derived using
maximum voltage gradient calculations. Maximum voltage between conduc-
tors can be maintained when

b_ e 2718
a

where the characteristic impedance becomes 60%.
Maximum power can be carried on a coaxial transmission line having
30Q characteristic impedance, which relates to a b/a ratio of 1.65.

2.2.3 FIELD CONFIGURATIONS ON
COAXIAL TRANSMISSION LINES

Since coaxial transmission lines have two conductors, according to
transmission line theory they are capable of carrying the principal TEM mode.
TEM (transverse electromagnetic mode) means that neither the electric nor
the magnetic field has components in the direction of propagation. Trans-
mission line theory states that both electric and magnetic fields can only be
perpendicular at any place to each other. Consequently there is only one way
the electric and magnetic fields can exist in a coaxial structure. This is shown
in Fig. 2.2-2.

As the electric field is being established only between two conductors
in the principal mode, it has to be radial. The magnetic field is placed around
the center conductor between it and the outer conductor. On the longitudinal
cross-sectional part in Fig. 2.2-2, the electric field intensity distribution is
periodical according to the wavelength. There are high-intensity and low-
intensity planes periodically changing places as the traveling wave goes down
the transmission line. Again citing transmission line theory, it is obvious that,
where electric field intensity is high, the magnetic field intensity will be low.
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]

Fig. 2.2-2. Field distribution for the principal mode
in a coaxial line.

Where the electric field intensity is low, magnetic field intensity is conse-
quently high.

2.2.4 HIGHER-ORDER MODES

As the propagation frequency increases, the wavelength decreases.
After a definite limit where the cross-sectional dimensions of the coaxial line
are comparable with the wavelength, the boundary conditions of higher-order
modes are established. In other words, high-order modes will be able to prop-
agate beside the principal mode. In any transmission line any number of
modes—in fact an infinite number of modes—can exist, but at a certain fre-
quency, as was described before, only a definite number of frequencies can
exist. Below the first higher-order mode cutoff frequency only the principal
mode can be propagated; but above that frequency the first high-order mode
will be able to exist, and it will carry energy. For the lowest cutoff frequency
higher-order mode the cutoff wavelength is approximately equal to the length
of the circle drawn between the inner and outer conductors. Figure 2.2-3
shows this condition. The approximate cutoff wavelength for the first high-
order mode is shown mathematically as follows:?

)\c=<b;a+a)21r=1r(a+b)

If the coaxial line is filled with dielectric material, then this equation must be
multiplied by the square root of the relative dielectric constant. Mathemat-
ically,

A = 7(a + b)Ve,

8 Moreno, T., Microwave Transmission Design Data.



2.2 COAXIAL TRANSMISSION LINES 43

Fig. 2.2-3. Cross section of a coaxial line showing the
midradius and its circle determining the
cutoff wavelength of the TE;; mode.

This formula will provide the information to an accuracy of about 897. The
higher-order modes are denoted depending upon their H-waves or E-waves
by TE and TM, respectively. Two indices after this notation are given de-
pending upon their field configuration. These are quite similar to the ones
which will be discussed later for cylindrical waveguides.

Figure 2.2-4 shows a number of field configurations with the approxi-
mate equations for calculating them. These are the first few higher-order
modes. This clearly shows that the design of a coaxial system for very high
frequencies must take into consideration the geometry of the line so that it will
always operate below the first higher-order mode. It was shown before that,
as one uses larger-diameter coaxial lines, the losses will become smaller.
However, a consideration that would limit increasing the size of the particu-
lar coaxial line in question is the first higher-order mode’s cutoff frequency.
As an example, the cutoff frequency of the 7 mm air line shown in Fig. 2.2-5
is calculated below.

Nopg, & 7(0.06 + 0.138) = = X 0.198 = 0.6217 in. = 1.579 cm
The cutoff frequency is

This is why 7 mm, 509 air lines are usually specified to operate up to 18 GHz.
It is a good practice not to approach the cutoff frequency too closely. Me-
chanical tolerances may allow the cutoff frequency to move up and down ac-
cording to the magnitude of these tolerances. Furthermore, discontinuities
on the transmission lines excite the higher-order modes, although it is true
they do not carry energy and they attenuate exponentially. Close to cutof,
this exponential decay becomes quite slow, and discontinuities otherwise far
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Fig. 2.2-4. Higher-order modes in coaxial lines.

apart from one another can interfere under these conditions, causing some
unwanted difficulties. Attenuation of any of the higher-order modes near
cutoff is

54.6 Ae)?2
o= \/1 — (f) dB/cm

where the wavelengths are given in centimeters.

2.2.5 OBSTACLES IN COAXIAL
TRANSMISSION LINES

It has been shown that attenuation due to dielectric losses is increasingly
important at high frequencies. For low-loss, precision transmission lines, air
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Fig. 2.2-5. 7-mm coaxial air line dimensions.

lines are used. Since the conductors in the center of the line have to be held
concentric, holding structures are necessary. Several approaches are used in
coaxial air-line transmission lines.

Low DIELECTRIC CONSTANT, LOW-LOSS, PLASTIC OR CERAMIC BEADS were
developed to accommodate very wide frequency band coverage. These beads
certainly represent discontinuities in the transmission line, but this effect is
negligible because the reactive component at the junction where the bead
starts is matched with the opposite sign of the same magnitude of reactive
component. Where the discontinuity occurs, energy is stored and some losses
will occur. In very high-power transmission lines, this shows up as excessive
heat, and plastic beads are not customarily used because they would melt or
deform.

QUARTER-WAVELENGTH STUBS ARE OFTEN USED where narrow bandwidth
or single-frequency transmission systems are involved. A quarter-wavelength
stub is another transmission line which is connected in parallel with the main
transmission line, as shown in Fig. 2.2-6. As can be seen, the stub is short-
circuited at the far end and is connected to the center conductor at the junc-
tion. Since the stub is a quarter-wavelength long, it will transform that short
circuit into an open circuit a quarter-wavelength away (a transmission line
has transformer properties and a short circuit will look like an open circuit
a quarter-wavelength away). As was mentioned above, this can only be used
at a single frequency or with a very narrow bandwidth since a quarter-wave-
length will not provide the required reactance at a wider range of frequencies
and will cause high reflections. Consequently, in a narrow band application,
a quarter-wavelength stub effectively will not show up at all as a discontinuity,
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Fig. 2.2-6. Cross section of a quarter-wavelength stub.

and, at the same time, it will give a very rigid support to the center conductor
to which it is connected.

There are several ways in which beads can be placed into transmis-
sion lines. One approach is shown in Fig. 2.2-7, where a quarter-wavelength-
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Fig. 2.2-7. Quarter-wavelength-long bead.

long dielectric bead holds the center conductor in the outer conductor.
In this structure the quarter-wavelength-long dielectric-filled coaxial trans-
mission line will have a different characteristic impedance. At the two
ends of that bead the reflections will cancel, since the discontinuities are of
the same magnitude but a quarter-wavelength apart. Transmission lines have
transformer properties; assuming the discontinuity is capacitive, a quarter-
wavelength away another capacitance will cancel the reflection, since it is
transformed into an inductance at that plane. The structures shown in Fig.
2.2-8 keep the characteristic impedance constant by undercutting the center
conductor, the outer conductor, or both. Although there are still discon-
tinuities at the input and the output of the bead, these cancel because they are
a quarter-wavelength long, and the characteristic impedance remains con-
stant. The undercut was needed due to the dielectric constant of the material
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Fig. 2.2-8. Quarter-wavelength-long beads (a) center
conductor undercut (b) outer conductor
undercut (c) both conductors undercut.

used to make the bead in order to maintain the same characteristic impedance
as in the air-filled coaxial line. Quarter-wavelength-long beads are also nar-
row band or single-frequency type structures, since, if the frequency changes,
cancellation of the discontinuities will not occur. Because these structures are
transforming small reflections and not a short circuit, the mismatch will not
be so large as that of a quarter-wavelength stub. Narrow beads can be used
in pairs if they are spaced in quarter-wavelength distances from each other,
as shown in Fig. 2.2-9. These structures, of course, are also narrow band
devices.

Stubs and beads can be designed to accommodate broader band
ranges. Figure 2.2-10 shows a broadband stub support for a coaxial trans-
mission line. Here the characteristic impedance is changed a quarter-wave-
length in each direction from the stub support in order to have a double
cancellation effect that achieves wider bandwidth characteristics for this sup-
port. In coaxial transmission lines in lower powers where beads are used, the
best approach to broadbanding is to place the matching reactance into the
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Fig. 2.2-9. Narrow beads spaced a quarter-wavelength

apart.
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Fig. 2.2-10. Broadband stub support for coaxial
transmission line.

same plane where the discontinuity occurs. The discontinuity due to the bead
is usually a step capacitance. To cancel the effect of that capacitance, series
inductance has to be established in the same plane. This will provide very
wide band impedance-matching. Such a design is shown in Fig. 2.2-11. The

LLLL LD

Fig. 2.2-11. groadband matched narrow dielectric
ead.



2.9 COAXIAL TRANSMISSION LINES 49

undercut on the bead acts as a series inductance. The equivalent circuit of
this matching network is shown in Fig. 2.2-12. This structure has a very wide
band response, and it is used in most modern bead designs.

Inductance due to undercut

Step capacitance

NI E

Fig. 2.2-12, Equivalent circuit for half of the undercut
ead.

SLEEVES. In more complex coaxial transmission networks it is necessary
to eliminate reflections by the use of matching networks. The simplest type
of matching network is a so-called quarter-wave sleeve. This reacts as an
impedance-matching network in a coaxial system. There are two basic types
of quarter-wave sleeves: one that is made by increasing the diameter of the
center conductor, the other one made by decreasing the outer conductor’s
diameter. Figure 2.2-13 shows both these quarter-wavelength sleeves. These
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Fig. 2.2-13. Quarter-wavelength sleeves.

sleeves react as transformers providing the necessary impedance match. The
diameters of the sleeve sections depend on the magnitude of the standing-wave
ratio which is being matched. To gain the least frequency sensitivity, the
sleeve should be placed as close as possible to the discontinuity being matched,
because a shorter line length between them results in less phase difference.
Multiple quarter-wavelength sleeves can be arranged to gain wider band-
widths by using more complicated mathematical approaches. Effectively, a
sleeve changes or adjusts the characteristic impedance of the line, and this
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can be achieved by using good conductive material or by using dielectric
material. Of course, the effective dielectric constant must be known to enable
one to calculate the necessary length of the quarter-wavelength section, since
the dielectric material will adjust the effective electrical length by the square
root of the dielectric constant of that material. These are called the dielectric
slug tuners. Some matching networks are made adjustable by moving two of
these slugs or sleeves against and away from each other to establish certain
kinds of mismatches a distance away from the discontinuity to be tuned out
in order to get as good a match as possible. If one takes a stub such as was
described above and moves the shorting plane, he is able to place a reactance
to the main transmission line. Using two or more of these so-called adjustable
moving stubs at certain distances from each other, a very effective tuning
transformer can be achieved. These are the so-called double- or triple- or
multistub tuners which effectively place certain reactances at definite planes
on the transmission line in order to tune out all the existing mismatches,
effectively making the line really perfectly matched. This technique is still
used quite a bit in single-frequency measurement techniques. Generally, a
double-stub tuner within a certain bandwidth would be able to tune out any
amount of reflection; another tuner with a different spacing of the two stubs
is needed if the rated frequency range is passed over.

SUSCEPTANCE TRANSFORMERS. Other types of so-called susceptance
transformers are also used quite often for impedance-matching purposes.
One of these is the slide screw tuner, in which a probe is inserted into a coaxial
line through a longitudinal opening made on the coaxial line outer conductor;
this provides a parallel capacitance. This so-called screw is then moved along
the length of the transmission line to achieve the best match. This type of
device is easier to use than the double-stub or triple-stub tuner for tuning out
reflections. Although matching with a slide screw tuner is by its nature con-
vergent, the mismatch can be reduced in steps by alternately varying the probe
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Fig. 2.2-14. Cross section of a simple coaxial slide
screw tuner.
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penetration and moving along the line axially while measuring the reflection.
Figure 2.2-14 shows a cross section of a simple slide screw tuner. Simple slide
screw tuners or a double-, triple- or multistub tuner can provide a nearly per-
fect match at any single frequency but must be retuned for any other fre-
quency since they are only single-frequency, not broadband, tuning devices.
This is quite easily understood by noticing that the discontinuity is being
tuned out not at the plane of the discontinuity but at a certain distance away,
using the transformer properties of the transmission line.

QUESTIONS

1. Give the inductance, capacitance, resistance, and conductance of a coaxial
transmission line having an outer conductor inner diameter of 0.300 in.
and an inner conductor diameter of 0.125 in. when the dielectric material
between conductors has a relative dielectric constant of 2.3 with a loss
tangent of 0.0008, the length of the line is 15 in., and the frequency of
operation is 3 GHz. The conductors are made of copper.

2. What is the characteristic impedance of a coaxial transmission line having
0.4375 in. diameter outer conductor and 0.100 in. diameter inner conductor
with a dielectric fill ¢, = 2.56?

3. Give the attenuation due to both conductor and dielectric losses on a
coaxial transmission line having an outer conductor inner diameter of
0.375 in. and an inner conductor diameter of 0.092 in. and the relative
dielectric constant of the insulator between conductors ¢, = 2.32, with the
dielectric loss tan 8 = 0.001. The outer conductor is made of copper and
the inner conductor of phosphor bronze. The length of the line is 38 in.,
and the frequency of operation is 4 GHz.

4. What is the cutoff frequency of the first higher-order mode on a coaxial
transmission line having an outer conductor inner diameter of 0.312 in.
and an inner conductor diameter of 0.120 in. and a dielectric constant of
the insulator between conductors of ¢, = 2.1?

2.3 WAVEGUIDE TRANSMISSION LINES
2.3.1 SINGLE-MODE PROPAGATION

The reader has already seen in this chapter that there are three possible
modes which can exist on any arbitrary transmission line. One of them is the
TEM, or principal mode, which needs at least two conductors. If the operat-
ing frequency is high enough and the boundary conditions for higher-order
modes to exist are satisfied, TE and TM types of higher-order modes can also
exist. Their number is infinite, and they can exist in either one- or two-
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conductor lines if the frequency is high enough. Certain transmission lines
will carry only a certain number of higher-order modes in a certain frequency
range. Generally, all higher-order modes have different cutoff frequencies,
and these modes will be able to propagate just above their cutoff frequencies.
Waveguides generally are defined as transmission lines that cannot carry the
principal mode of transmission. Only the higher-order modes can exist on
them. These are one-conductor type transmission lines. Waveguide can be an
arbitrarily shaped hollow pipe with or without conductive, metallic bounda-
ries. As mentioned above, there is an infinite number of modes that are able
to propagate in a particular transmission line, but there is only a finite number
of modes in a certain frequency range that can propagate in a particular
transmission line. All those have different field configurations. Their field
patterns are discussed later in this section. All modes are excited in different
ways.

All modes are solutions of Maxwell’s equations that will fit the de-
scribed boundary conditions. Basically the high-order modes can be divided
into two families: the TE and the TM modes. The TE, or transverse electric,
modes are those in which the magnetic waves have at least one component
in the direction of propagation, but all electric field components are transverse
to the axis. Because of this, they are sometimes called the H-waves. The TM,
or transverse magnetic, modes are such that some component of the electric
field will be in the direction of propagation. All the magnetic field com-
ponents are transverse to the axis. TM modes are also called E-waves. The
identification of different modes is done with two indices after their designa-
tion, for instance TE,... They are dependent upon the field configuration.

The lowest possible high-order mode in a waveguide is called the domi-
nant mode. It is quite important to differentiate from all other modes, since
this is the only type of mode in waveguide which can exist and can propagate
without any interference from other high-order modes.

The useful bandwidth in a waveguide is called the range of frequencies
where single-mode propagation exists—in other words, the bandwidth where
only the dominant mode can propagate. This region of frequencies lasts only
to the cutofl frequency of the second higher-order mode. Even at this fre-
quency or very close to it (the second higher-order mode’s cutoff frequency),
it is not a good practice to increase the effective bandwidth, since machining
tolerances of the waveguide would possibly allow the higher-order modes to
come in a little bit over or about that particular frequency. Furthermore, if
discontinuities occur on the line somewhere and the particular second higher-
mode would be excited by the discontinuity, close to cutoff beyond cutoff
attenuation will not be so rapid and the whole thing could cause some other
difficulties which would not be encountered if a little more room had been
given below this cutoff frequency. That is why a little space is generally left
from the second higher-order mode’s cutoff frequency to the top of the useful



2.3 WAVEGUIDE TRANSMISSION LINES 53

bandwidth of the single-mode propagating dominant mode. The bottom of
the bandwidth close to the first higher-order modes (the dominant modes)
cutoff frequency is also not too useful since the losses in a waveguide are
quite excessive very close to cutoff. The useful bandwidth of the dominant
mode starts usually about 20%; higher in frequency from cutoff. It will also
be seen later in this chapter that the cross-sectional geometry of the waveguide
transmission line will have quite an important effect on where the second
higher-order mode comes in, since the cutoff frequencies of the higher-order
modes are entirely dependent upon the geometry of the waveguide. As was
mentioned before, the phase velocity and the group velocity of the propaga-
tion are identical in the principal mode and, in an air-filled transmission line,
are exactly equivalent to the velocity of light.

vrem = ¢ 3 X 108 m/s 2.3-1)

In waveguides where only higher-order modes can exist, by the same token,
for any high-order modes, the group velocities and phase velocities differ
from each other. In fact, in an air- or vacuum-insulated waveguide, the
geometric means of the phase velocity and group velocity are equal to the
velocity of light.

Vi, = ¢ (2.3-2)

v

which means that the phase velocity v, could be higher than the velocity of
light, in which case the group velocity would be slower than the velocity of
light. If one makes a waveguide slotted line, he would find out that, for a
particular frequency, the equivalent waveguide wavelength would be longer
than the so-called free-space wavelength because the effective velocity meas-
ured would be the phase velocity. The waveguide wavelength relates to the
cutoff frequency and to the free-space wavelength. The relationship is

A
N = RN (2.3-3)
- (%)

where ), stands for the guide wavelength, \ is the free-space wavelength, and
X is the cutoff wavelength. It can be seen that, if the free-space wavelength
approaches the cutoff wavelength, the guide wavelength gets very long; in
fact, when the former reaches cutoff wavelength, the latter will become infi-
nitely long. Furthermore, if one goes higher and higher in frequency (which
would mean that the frequency would go farther and farther away from the
cutoff frequency), one would find that the waveguide wavelength gets closer
and closer to the free-space wavelength. When the frequency becomes very
high and tends to go to infinity, then the waveguide wavelength and free-
space wavelength become the same. Of course, it is worth mentioning at this
point that many higher-order modes are already coming in and can propagate.
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Fig. 2.3-1. Wavelength relationships in any air-filled
waveguide for any mode of propagation.

The relationship shown in Eq. (2.3-3) can be plotted in terms of A/\, versus
A\, in Fig. 2.3-1.

If one takes a waveguide completely filled with very-low-loss dielectric
material where the dielectric constant is e,, the waveguide wavelength expres-
sion will be modified:

N = —— (2.3-4)

A 2
(%)

where A, is the cutoff wavelength of the empty waveguide, not the dielectric-
filled guides.

2.3.2 RECTANGULAR WAVEGUIDE

In the previous section useful bandwidth was defined as the case when
only a single mode can propagate. This means that only the dominant mode
can propagate. It was found that one of the widest single-mode-propagating
waveguide cross sections is not the cylindrical waveguide cross section but
the rectangular waveguide cross section, in which the second higher-order
mode would come quite higher in frequency than in other structures. Figure
2.3-2 shows such a rectangular waveguide in a rectangular coordinate system
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Fig. 2.3-2. Rectangular waveguide.

where a is the wider inside dimension and & is the narrower inside dimension.
The rectangular waveguide, being a waveguide and a one-conductor propagat-
ing transmission line, can propagate only high-order modes. The modes of
transmission can consequently be only in TE and TM modes. Subscripts are
used to describe the electric and magnetic field configurations. The general
symbols of TE,, or TM,,, are used to describe transverse electric or trans-
verse magnetic waves. The subscript m indicates the number of half-wave
variations of the electric field along the wide dimension of the waveguide,
and » indicates the number of half-wave variations of electric or magnetic field
in the narrow dimension of the guide. The TE;, mode, which has the longest
operating wavelength, is designated as the dominant mode. This is the mode
for the lowest frequency which will propagate in the waveguide. If @ dimen-
sion (the wide dimension on the waveguide) is less than  wavelength, no
propagation will occur. Therefore waveguide acts as a high-pass filter. For a
rectangular piece of waveguide, the cutoff frequency can be found from

fo=re (%)2 + @2 (2.3-5)

where c is the velocity of propagation of light, m and n are the subscripts of
the particular TE or TM mode, and a and b are the wide and narrow inside
dimensions of the rectangular guide, respectively. The cutoff wavelength is
then

N2 (2.3-6)

JE) 6
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The cutoff for the dominant mode can be calculated easily. The dominant
mode being the TEy,, substituting 1 and 0 in place of m and n, respectively,

2a. (2.3-8)

2.3-7)

yields
)\CTEm =

The field configuration in a rectangular waveguide propagating the commonly
used TE;, mode is shown in Fig. 2.3-3. Rectangular waveguides were origi-
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Fig. 2.3-3. Fields in a rectangular guide (dominant
TEw mode).

nally chosen so that the dominant mode would exist over a certain frequency
range. This frequency determines the a dimension. The b dimension is chosen
on the basis of the following criteria: (1) the attenuation loss is greater as the
b dimension is made smaller; and (2) the b dimension determines the voltage
breakdown characteristics and therefore determines the maximum power-
handling capacity. For larger power capacity, a and b should be made as
large as possible. In practice, b is made about half of the a dimension. It is
desirable in all types of transmission systems to select sizes so that only one
mode of propagation is possible. In other words, the physical size of the guide
is related to the frequency band under consideration. Because of the possi-
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bility of higher-order modes, it has become common to operate waveguides
over an approximately 50%; frequency band. By properly selecting this fre-
quency range, it is possible to operate far enough from cutoff so that the
guide parameters do not vary too rapidly and to avoid also the frequency
region where other modes are possible. Table 2.3-1 lists some of the charac-
teristics of various sizes of commonly used waveguides. Figure 2.3-4 shows
the field configurations of some of the other higher-order modes.
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Fig. 2.3-4, Modes in rectangular waveguide.

2.3.3 WAVEGUIDE IMPEDANCE

The characteristic-wave-impedance is analogous to the characteristic
impedance of two-wire and coaxial lines. The characteristic-wave-impedance
represents the ratio of the electric and magnetic field, since the electric field
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is analogous to voltage and the magnetic field is analogous to current. There
is little practical use for the characteristic-wave-impedance, but it can be
determined from the following equations:

Zrs = —\/—I;—LM@Y (2.3-9)
Zow = \/ - (%) () @.3-10)

where 7 is the intrinsic impedance of the medium (377 ohms for free space).

Because there are no unique currents and voltages, the characteristic-
wave-impedance cannot be determined so easily for waveguide as for a coaxial
line. But this is not really a problem, since the process of normalization
eliminates characteristic impedance as a requirement for calculations. The
basic quantities for waveguide work are reflection coefficient, standing-wave
ratio, and propagation constant. From these, the normalized impedance at
any point can be determined, and the complete waveguide system can be
described in terms of its performance and characteristics.

For coaxial systems the reflection coefficient was defined as the ratio
of the reflected signal to the incident signal. It is the same for waveguide.

2.3.4 CYLINDRICAL WAVEGUIDES

Cylindrical waveguides are needed for such devices as rotary joints be-
cause rectangular waveguides cannot be used for this purpose without exces-
sive reflections. As was mentioned before, cylindrical waveguides do not have
so wide a single mode propagating dominant mode as rectangular waveguide
has. A typical cylindrical coordinate system is shown in Fig. 2.3-5. The domi-

Fig. 2.3-5. Cylindrical waveguide.
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nant mode in a cylindrical waveguide is the TEy; mode. The indices deter-
mining the high-order modes are designed as follows: the first index denotes
the total number of full-period variations of either component or field along
a circular path; the second index is one more than the total number of sign
reversals of either component or field along a radial path. The equations
describing the fields use higher mathematics involving Bessel functions. The
field configuration of the dominant or TEy; mode, which really corresponds
to the TEy mode of the rectangular waveguide, is shown in Fig. 2.3-6. Some

Fig. 2.3-6, Fields of the dominant TE;; mode.

of the higher-order modes in the cylindrical waveguide are shown in Fig.

2.3-7. The cutoff frequencies of higher-order modes in a cylindrical wave-

guide are determined by roots of special functions typically given separately

for TE modes and TM modes. The cutoff frequency of the TE,, mode is
given by

_ 2wa

“TEma g

(2.3-11)

where a denotes the inner radius of the guide.
In the denominator, uy, ., are roots of Bessel functions, and these roots
are given in Table 2.3-2 for a few lower modes.

Table 2.3-2,
ub1 = 3.832 ubs = 7.016
Wiy = 1.841 Wiz = 5332

ub1 = 3.054 o = 6.706
ub 1 = 4.201 uha = 8.013

The cutoff wavelength for TM modes is given by another formula:

2ma

“TMma g

A (2.3-12)

Another set of rules for the special functions is given in Table 2.3-3, to be
used with the TM type of modes.
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Fig. 2.3-7. Field configurations of some of the modes
in cylindrical waveguides.

Table 2.3-3.

Uy, = 2.405 U2 = 5.520 Hp,3 = 8654
Uy, = 3.832 U = 7.016

Upy = 5.136

2.3.5 ELLIPTICAL WAVEGUIDES

One has to take into consideration the possibilities of machine toler-
ances and imperfections in cylindrical waveguides. The shape of the circular
cross section can be distorted in handling, making it slightly elliptical. It is
very important to be aware of the difficulties that must be faced if this
happens.
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If the dominant (TEy;) mode is being propagated on a cylindrical wave-
guide and ellipticity is encountered, at a random length and random orienta-
tion of cylindrical waveguide, the original TE;; mode will split into two com-
ponents in line with the two axes of the ellipsis. Figure 2.3-8 shows an exag-
gerated picture of this case.

oTEy

Q

Fig. 2.3-8. Elliptical guide field configuration where
dominant mode enters (a) at random
orientation but splits (b) into two
components of odd and even waves.

The odd and even modes have different propagation characteristics,
cutoff frequencies, phase velocities, and attenuation. The fields are described
in terms of Mathieu functions. These functions provide even and odd func-
tions, from which the corresponding modes were named even and odd.

2.3.6 PROPAGATION CHARACTERISTICS
OF WAVEGUIDES

In all previous discussions about waveguides it was assumed that the
waveguides have no losses. This is assumed many times, and most of the
time correctly, when small attenuation is not of primary concern. Waveguide
is generally used because of its very high power-carrying capabilities, whereas
coaxial transmission lines are limited in higher frequencies by their cross-
sectional geometry because higher-order modes would be able to propagate.
This would limit the area of the wall at higher frequencies, and, consequently,
higher losses would be involved due to skin effect. Waveguides in their par-
ticular bandwidths have larger dimensions and consequently more surface
area in cross section. This allows fewer losses, so they are able to carry higher
powers.
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The voltage breakdown on waveguide transmission lines is higher than
on coaxial lines because they are larger in size in corresponding frequency
ranges. Attenuation comes into primary concern when analyzing propagation
characteristics of waveguides. Attenuation can be caused by two major con-
tributors, one being the conductor loss and the other the dielectric losses when
dielectric fill is used. The attenuation expressions are not so simple as they
were in coaxial transmission lines. Attenuation will not only depend upon
the frequency increasing; it will depend upon the cutoff frequency, too. In
fact, it will depend upon the ratio of the operating frequency over the cutoft
frequency. The expressions given for attennation will apply only for above-
cutoff operation. When the frequency of operation gets closer to cutoff, it
can be seen that the attenuation will increase very rapidly. This is the reason,
which was mentioned before, that waveguides close to their cutoff frequencies
are very lossy and their actual useful bandwidth is quite a bit above their
cutoff frequencies.

Attenuation due to conductor losses in a rectangular waveguide when
the waveguide is operating in the dominant (TE,) mode is given in Eq.
(2.3-13), where the waveguide is made of copper and there is no dielectric fill.

_ 001107 iqli (93/2 + (%)—1/2 dB/ft (2.3-13)

RO

In the equation, f stands for the operating frequency and f; is the cutoff fre-
quency; a and b are given in terms of inches. If a metal other than copper is
used as a conductor, this formula has to be multiplied by the square root of
the ratio of the resistivities, which factor would be the relative loss factor
between the particular metal and copper. Many standard waveguides used
have specifications of attenuation given in terms of decibels per 100 feet
(given in Table 2.3-1). Attenuation as a function of frequency for different
modes in a typical copper rectangular waveguide is given in Fig. 2.3-9. Figure
2.3-10 shows attenuation as a function of frequency for some of the lower
transmission modes in cylindrical copper waveguide 2 inches in diameter.
It is interesting to note from Fig. 2.3-10 that, as the frequency increases, the
attenuation will decrease for the TEy; mode in cylindrical guide. This is par-
ticular only to this mode. Of course, if the smallest ellipticity occurs, this
behavior of the Ty mode will reverse and will react as all the other modes do.
In very high-frequency transmission, the TEy mode is often used for quite
narrow band transmission because of this behavior.

Attenuation due to dielectric losses is taken into consideration, as it
was in coaxial transmission line cases. The relative dielectric constant is split
into two components, one real and one imaginary, where

& = & — je (2.3-14)
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Fig. 2.3-9. Attenuation as a function of frequency for
various modes in a typical copper
rectangular waveguide.
and the loss tangent
73
tan § = = (2.3-15)

€r

It is important to note that, when waveguide is filled with dielectric material,
it will change its cutoff frequency with the square root of the dielectric
constant.
t= e 23-16)
ri=F (
In this expression, f¢ stands for the new cutoff frequency and . is the actual
relative dielectric constant.
Dielectric material will not only come into consideration in the attenu-
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Fig. 2.3-10. Attenuation as a function of frequency for
some of the lower transmission modes in
a circular copper waveguide 2 inches in
diamster.

ation of the dielectric losses, but it will also modify the attenuation due to
conductor losses. The attenuation due to conductor losses is a function of
frequency, cutoff frequency, and the ¢ and b dimensions in the rectangular
waveguide. The fourth root of the relative dielectric constant has to be used as
a multiplication factor, and f; has to be used at all places where f; appears
in Eq. (2.3-13). The modified equation for conductor losses will be
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s i(4)3/2+ <i)—1/2

I N

The expression for attenuation due to dielectric losses in a waveguide is

2.3-17)

e = 830 (%\—”} dB/ft (2.3-18)

where the wavelength information is given in terms of centimeters. Attenu-
ation due to both conductor and dielectric losses gives the total attenuation,
which then becomes

Giotal = Q¢ + ap (2.3-19)

2.3.7 WAVEGUIDE STRUCTURES,
DISCONTINUITIES

Wherever there is a change in the rectangular dimensions of a rectan-
gular waveguide, such as a bend, a load, or a junction, there is a disturbance
of the energy storage relationship that exists between the electric and mag-
netic fields. The effect is equivalent to a susceptive shunt. If the electric field
is strengthened relative to the magnetic field, the irregularity in the guide is
equivalent to a capacitive shunt. If the magnetic field is strengthened, the
irregularity is equivalent to an inductive shunt. The inductances and capaci-
tances are normally quite small and are negligible at low frequencies. How-
ever, if the dimensions of the obstacle are appreciable fractions of a wave-
length, the energy stored in the distorted field must be considered.

Reactive Obstacles

Among the more common obstacles that may be placed in a waveguide
to introduce intentional susceptance are diaphragms or irises, which partially
close the guide, and projections into the guide, such as screws or rods. Figure
2.3-11 shows the construction of various types of susceptances that may be
placed in a waveguide. If the inductive and capacitive diaphragms are com-
bined to form a window, as in Fig. 2.3-12, the effect is a parallel resonance
circuit. It can introduce either capacitive or inductive susceptance, depending
on the frequency. At the resonant frequency the equivalent shunt susceptance
is zero and the window acts as if it were not present. Off resonance, it may
reflect a considerable portion of the incident power. If the window is to be
made highly frequency selective, it should be very narrow and about one-half
a wavelength long. The easiest susceptance to construct is to allow a screw
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a. Inductive susceptance

b
]

b. Capacitive susceptance

Fig. 2.3-11. Rectangular diaphrams (a) inductive
susceptance (b) capacitive susceptance.

I

Fig. 2.3-12, Parallel resonant “window.”
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or other metal probe to protrude into the guide. If the screw is less than a
quarter-wavelength long, the effect is a capacitive susceptance. Longer than a
quarter-wavelength, the effect is an inductive susceptance. If the screw is a
quarter-wavelength long, it produces effects similar to a series resonance
shunt, and almost all of the incident power will be reflected. Table 2.3-4
shows the impedances of an aperture in a rectangular waveguide. The im-
pedances refer to a plane of the aperture.

Asymmetrical induc~-
tive aperture

e. -

o

Smoll circular
aperture

2md?®
I 3a6x, 3abx,

|— ol

d<b

Resonant aperture

v ~Goy == ()

t Approximate values, under restrictions noted.

* Reprinted from H. A. Atwater, Introduction to Microwave Theory {(New York:
McGraw- Hill Book Company, 1962) p. 112 by permission of the publisher.

Table 2.3-4.*
Transverse outline Circuit zt
of aperture characfer Zo
a.
T i (02 ) d
.g_ b j4b ln + gt 3 «1
i 24 —J ,?]b)‘” 5 é—;—d«l
Symmetrical capac- (b~ dy
itive aperture
b. |
d T I As above but with ), replaced by
b
L%
T 4 _I_ %
Asymmetrical capac-
itive aperture
c. po—d —f a, . ad 1 wi? d
o2 j)\—tan’ (1+6 )\2) 5<<1
jfcor2e 221 —d [1 + e ‘02]
f—a —=} d
Symmetrical induc- -«
tive aperture a
d. P d
. w T «f]
e |1 + i@ — d*in
a'
b 0 —]
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Coupling to Waveguides

Because any means used to insert energy into a waveguide serves equally
well to extract energy, only the methods of coupling to waveguides need be
considered. As might be expected, waveguide can be easily coupled to free
space or to a cavity by merely leaving the end of the guide open. Energy will
also enter the guide if the open end is in a region where an electromagnetic
field of the appropriate waveguide frequency exists. Radiation from and into
an open waveguide end can be increased and directed by flaring the guide
into a horn which serves as an impedance-matching transition from the guide
to free space. Coupling from a coaxial line into a waveguide is one of the
most often-used transitions. If a waveguide is considered analogous to a
parallel strip line, an obvious means of coupling would be to attach one con-
ductor of the coaxial line to the tip of the guide and the other conductor to
the bottom of the guide, as shown in Fig. 2.3-13. The left end of the guide

i

-

-

Fig. 2.3-13. Coaxial coupling to waveguide.

is closed by a short-circuiting plate a quarter-wavelength from the point of
connection. Transmission of radiation from the wrong direction is prevented.
This type of coupling has the disadvantage of not being adjustable. If the
center conductor of the coaxial line is terminated in a probe, it does not touch
the top of the guide. The device may be adjustable by varying the probe
penetration.

An alternate method of coupling to waveguide is to bend the center
conductor into a loop that is attached to the outer conductor, where it enters
the waveguide. This method provides a rather simple but unadjustable cou-
pling. Ideally, both the coaxial line and the waveguide transmission line
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should be terminated in its characteristic impedance with no reactive compo-
nents. In addition, the electric and magnetic fields about the end of the
coaxial line must have the same general form as the desired fields in the guide.
The greater the similarity, the greater the energy transfer. Careful designs
can approach these conditions, but tuning is ordinarily completed by means
of tuning screws which project into the guide. At the plane of coupling to a
waveguide or at any discontinuity in the guide, the electric and magnetic fields
do not have the simple modes, as previously illustrated. The fields in the
guide near coupling probes or loops, for instance, are formed laterally by
probes or loops and may have little resemblance to the desired waveguide
mode. However, any possible mode pattern can be analyzed by means of a
Fourier type of approach, which superimposes one field upon another. The
analysis results in a fundamental mode and higher modes of appropriate phase
and magnitude. The fundamental mode will propagate down the line, but
the higher-order modes will die away in a short distance because the cutoff fre-
quencies of these higher-order modes are too high for the waveguide to propa-
gate. Therefore the complicated field exists only in the vicinity of the
irregularity, discontinuity.

Waveguide Junctions?

Waveguide junctions are useful in a variety of situations. Typical appli-
cations include power dividers, mixers, and sampling junctions. The common
junction used in waveguide is the waveguide tee. The characteristics of these
junctions can be analyzed by considering the behavior of the electromagnetic
fields in the junction. If the axis of the arm is parallel to the electric field of
the main transmission line, the junction is called an E-plane junction or series
tee. If the axis of the arm is parallel to the magnetic field of the main trans-
mission line, the junction is called an H-plane junction or shunt tee. Illustra-
tions of both types are shown in Figs. 2.3-14 and 2.3-15. The progress of a
representative line of electric force on the waveform is shown in Fig. 2.3-14b.
Note that the line of force bends as it leaves the side arm, and the two resultant
fields in arms 1 and 2 are opposite in polarity, or out of phase. They will be
equal in magnitude if the junction is completely symmetrical. Similar analysis
on the shunt or H-plane tee will show that the wave entering the tee at arm 3
will divide and leave the arms in phase—and equal in magnitude if the junc-
tion is symmetrical.

E- and H-plane tees, when constructed of hollow waveguide, are usually
poorly matched devices. Normally a tuning device is necessary to provide
the necessary impedance matches. A combination of the E- and H-plane tees
is a hybrid junction known as a magic tee. This term is sometimes reserved

¢ Atwater, Introduction to Microwave Theory (New York: McGraw-Hili Book
Company, 1962), Chap. 4.
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Fig. 2.3-14. E-plane tee.

for such a hybrid junction that has matching structures such as tuning rods
in the E- and H-arms. An illustration of this type of junction is shown in
Fig. 2.3-16. The geometry of this type of junction is such that the wave enter-
ing the E-arm excites equal waves opposite in arms 1 and 2. Similarly, a wave
entering the H-arm excites equal waves equal in phase in arms 1 and 2. Be-
cause of the symmetry of the device, a wave entering the E-arm does not excite
a dominant wave in the H-arm. Reciprocally, there is no direct transmission
from the H-arm to the E-arm. If fields equal in magnitude and phase enter
arms 1 and 2, the net field in the E-arm will be zero, and the total energy will
emerge from the H-arm. The magic tee can be used in microwave receivers
for a mixer. If crystal detectors are placed in arms 1 and 2, the local oscillator
fed into the E-arm, and the signal frequency fed into the H-arm, mixing and
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Fig. 2.3-15. H-plane tee,

detection will take place in the tee. The tee junction provides the necessary
isolation between two sources of signals which are mixed and detected by the

crystals. The magic tee can also be used as a phase shifter by terminating
the E- and H-arms with adjustable shorts.

QUESTIONS

1. What is the waveguide wavelength on a waveguide transmission line if the
cutoff frequency is 6.56 GHz at 10 GHz?
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Fig. 2.3-16. Hybrid junction.

What is the waveguide wavelength of a dielectric-filled waveguide at 6
GHz if the empty waveguide’s cutoff frequency is 8.6 GHz? The dielectric
constant is ¢, = 2.56.

. What is the cutoff wavelength and cutoff frequency of a rectangular

waveguide in the TE3; mode if @ = 0.400 in. and b = 0.200 in.?

. What is the cutoff frequency of a cylindrical waveguide in the TE;; mode

if the inner diameter is 1.000 in.?

. What is the diameter of a cylindrical waveguide if the cutoff frequency in

the dominant mode is 9.2 GHz? At what frequency will the TM¢;, mode
appear (cutoff frequency)?

What is the attenuation in the dominant mode due to conductor losses
of a 10-ft-long rectangular waveguide made of copper when the inner
dimensions are @ = 2.84 in. and b = 1.34 in.? The operating frequency
is 3 GHz.

What is the attenuation in the dominant mode due to both conductor and
dielectric losses of a dielectric-filled 3-ft-long rectangular waveguide made
of copper when the relative dielectric constant of the dielectric is 2.56 and
the dielectric loss is 0.001? The waveguide dimensions are a = 0.500 in.
and b = 0.250 in. The operating frequency is 10 GHz.

2.4 RESONANT CAVITIES

Circuit elements at ordinary radio frequencies consist of inductors,

capacitors, resistors, and transformers. Resonant devices can be built from
these circuit elements. An ordinary parallel resonant circuit is shown in Fig.
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Fig. 2.4-1. Parallel resonant circuit.

2.4-1. Thompson’s Formula describes the resonant frequency of such a
circuit.
1
e 2.4-1
K 2aVLC ( )
where the characteristic impedance of such a circuit can be given by

Z = \/‘é (.4-2)

and the input admittance of such a resonant circuit by

kG e

From this equation it can be readily seen that the input impedance below
resonant frequency will be inductive, since the imaginary part is positive.
Also, it will become capacitive above resonant frequency, since the imaginary
part of the impedance becomes negative and the impedance at resonance will
be the reciprocal value of the shunt resistance. From this, the definition of
Q can be given:
Rsu
Q= 2xfL

As was mentioned in the discussion of transmission line theory, as fre-
quency increases and the geometrical dimensions of the components of the
network in question become comparable with an appreciable portion of the
wavelength, lumped-circuit components cannot be used readily. In higher fre-
quencies it has been shown that it is possible to establish such reactances,
inductances, or capacitances with small sections of transmission lines. To
review this, imagine that energy is applied to a piece of transmission line
with one end short-circuited and the other open-circuited. If the piece of
line is shorter than one-quarter of the wavelength of the applied signal, it
provides an inductance. If it is longer than one-quarter but shorter than one-

(2.4-4)
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half wavelength, it becomes a capacitor. At exactly a quarter-wavelength
long, the line becomes resonant at that particular frequency; if this piece is
doubled and both ends are terminated with either a short circuit or an open
circuit, it will still resonate because it is now a half-wavelength long. A
quarter-wavelength line terminated at one end with a short circuit and at the
other end with an open circuit satisfies boundary conditions for establishing
a quarter-wavelength resonant circuit. At the short-circuited end there will
be voltage minimum but current maximum, whereas on the open-circuited
end there will be a voltage maximum and current minimum,

Figure 2.4-2 shows a quarter-wavelength-long resonant line and its
voltage distribution at resonance.

L=N4

Y e——

S
X
Fig, 2.4-2. Quarter-wavelength resonant line.

Figure 2.4-3 shows a half-wavelength-long resonant line with the voltage
pattern at resonance.

If the frequencies have kept increasing, and other resonances can be
seen on a quarter-wavelength resonant line, with increasing frequency other
resonances can also be observed. The resonant frequencies would be when /,
the length of the line, was exactly 2, 3, Z, etc—odd numbers of quarter-
wavelengths.

The half-wavelength resonant line would resonate at full, 1%, 2, 23,
multiples of half-wavelengths. Pieces of transmission lines can be then used
as resonant circuit elements in any microwave transmission system. If a
variable resonant-frequency device (in other words, a tunable resonant circuit)
has to be realized at microwave frequencies, a variable length of transmission
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Fig. 2.4-3. Half-wavelength resonant line.

line can be used for this purpose. Resonant devices can be made of any type
of transmission line, such as twin lead or Lecher wires, coaxial transmission
lines, or even from waveguides. But the resonant wavelength has to be calcu-
lated using the applicable wavelength, for instance, in the case of a waveguide,
the waveguide wavelength. Since resonators have resonances other than the
desired ones, it always has to be taken into consideration that these spurious
resonances are to be known and, if it is possible, have to be moved far away
from the anticipated resonant frequency to be measured or used. These reso-
nant circuits built of pieces of transmission lines terminated with short
circuits or short and open circuits are called resonant cavities. Resonant
cavities can be used for building oscillators, establishing resonant networks
for oscillators, and as passive devices—for instance, as wavemeters or fre-
quency meters. These types of devices will be discussed in later chapters.

QUESTION

1. What is the input impedance of a resonant circuit having a characteristic
impedance of 77 ohms if the resonant frequency is 6 GHz, the operating
frequency is 5 GHz, and the Q of the resonant circuit is 3,000?
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3.1 DETECTION OF MICROWAVE SIGNALS

Measuring any unknown quantity of a certain parameter is always done
by comparison of the unknown quantity to a known, which is taken at that
time as a standard. For example, if one measures voltage between two con-
ductors with a multimeter while reading the value of voltage, a comparison
is made to the standard with which the multimeter was calibrated. In other
words, whenever measurement is performed, some kind of substitution or
comparing of a value of an unknown with a known is done. These require-
ments must be met to make measurements on a transmission system. A
signal source is needed, plus a device that will detect or modify the signal and
connect it to an instrument which provides indication of the presence or
behavior of that signal. Signal sources will not be dealt with at this time,
since the next chapter is devoted entirely to that subject.

3.1.1 DETECTORS

Detectors are not new to the reader. In the old crystal radio set the
crystal performed basically the same role that the detectors in microwaves
perform. A detector rectifies the RF signal subjected to it.

Microwave crystal detectors are usually the point-contact type of semi-
conductor devices. These diodes have low capacitances across the point-
contact junction; consequently they are suitable for microwave rectification,
as other nonlinear devices are at low frequencies. The semiconductor used is
usually silicon or germanium and is doped with certain amounts of impuri-
ties.

The diode operates because a contact potential is established between
two dissimilar conductors. To understand how this can happen, consider
two metals joined as shown in Fig. 3.1-1. If metal B has more free electrons
(is more conductive) upon contact, an electron flow takes place predominantly
from Bto A. After equilibrium is reached, 4 will apparently be charged more
negatively and B will be more positive. Essentially, a potential barrier will
be formed at the junction, which effectively provides rectification.

Crystal detectors are widely used in the microwave field because of
their sensitivity and simplicity. They are used as video detectors to provide
either a dc output when unmodulated microwave energy is applied or a low-
frequency ac output up to tens of megahertz or higher when the microwave
signal is modulated. They are also used as mixers in superheterodyne sys-
tems, especially at microwave frequencies where other mixers, such as vacuum
tubes, are insufficient or inefficient.

The essential parts of a crystal detector are a semiconducting chip and
a metal whisker, which contacts the chip. A typical microwave crystal

81
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Fig. 3.1-1. Two metals contact with dissimilar
conductivity.

detector uses a silicon chip about #-inch square and a pointed tungsten
whisker wire about sy inch in diameter. The other parts of a crystal
detector or mount are needed simply to support the chip and the whisker
and to couple electrical energy to the detector. Although crystal detectors
are successful at microwave frequencies partly because of their extremely
small size, these dimensions also limit their power-handling capability; 100
mw is sufficient to damage some crystals.

3.1.2 SQUARE LAW OF CRYSTAL
DETECTORS

Crystals as video detectors are very convenient for use as a simple
detector on a slotted line or for indicating relative power levels. For these
applications the user must usually know the law relating output voltage to
applied microwave voltage. One can easily deduce the law for a simple circuit
which will illustrate the general behavior in more complicated situations.
Consider the idealized circuit shown in Fig. 3.1-2, in which a sinusoidal
microwave voltage is applied to the RF terminals. Capacitor C bypasses the
RF, leaving dc current to flow to the milliammeter. A typical crystal detector

o—i— MILLI-
AMMETER
c

RF

TERMINALS ()
o J

Fig. 3.1-2. Idealized crystal detector circuit.
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Fig. 3.1-3. Square characteristics of a crystal diode.

has a current voltage characteristic similar to that shown in Fig. 3.1-3. Any
such curve can always be approximated by a Taylor series consisting of terms
involving powers of v, that is,

I=ay+ aw-+ av® + a® + . .. (3.1-)

If the operating point is the origin (v = 0, { = 0), as it is for Fig. 3.1-2, then
agis 0. Let

v = A cos wt 3.1-2)

where A is the amplitude, w is equal to 2xf, and f is the microwave frequency.
Substituting in Eq. (3.1-1) yields

i = ay(4 cos wf) + ax(A4 cos wi)? + a(4 cos w)® + . . . (3.1-3)

For extremely small signals, all terms of Eq. (3.1-3) except the first are negli-
gible. And, i = ay(4 cos wt). The current is simply proportional to the
applied voltage, and the crystal behaves as a simple resistor with negligible
dc current flowing through the milliammeter. However, for somewhat larger
signals, the second term must be included to obtain reasonable accuracy.

i = ai(A cos wt) + ax(A4 cos wit)? 3.1-4)
or

. azAZ
i = ai(A4 cos wt) + 5 (1 + cos 2 wi) (3.1-5)

A standard trigonometric identity has been used.
cos?f = % -+ Lcos20 (3.1-6)

The current now includes the dc component (a,4%)/2, which flows through
the milliammeter, and the second harmonic component (a.42)/2 X cos 2¢,
which flows through C. Thus the milliammeter indication is proportional to
the square of the amplitude A of the microwave voltage. At still-higher signal
levels more terms of Eq. (3.1-3) must be retained, and the crystal behavior
departs from square law. Commonly used video crystal detector circuits are
more complicated than that in Fig. 3.1-2. They are characterized by a square-
law region limited at the low-power end by the noise level of the meter or
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amplifier connected to the crystal and at the high-power end by departure
from square-law behavior.

3.1.3 INDICATORS

Indicators are used primarily for visual presentation of the presence or
behavior of the detected signal. Such devices can be oscilloscopes, galva-
nometers, or special indicator devices like the standing-wave indicator. A
standing-wave indicator is a high-gain, tuned amplifier which takes an input
from a crystal detector or any audio source. It also has a built-in bias supply
to provide bias current for devices like bolometers. The input signal is ampli-
fied and applied to a meter calibrated for use with square-law detectors.
Figure 3.1-4 shows a block diagram of a standing-wave indicator. Input
voltages first go to input switching to provide either the bias supply or an
impedance match for the right input characteristics needed. Then the signal
is fed to the first section of a range switch and then to the input of an ampli-
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fier. The second section of the switch is located between the first amplifier
and the second amplifier. Switch positions are in 10-dB steps. In the input
amplifier, the gain and vernier controls are associated with the amplifier and
vary gain over a range of more than 10:1. The gain control is a coarse
control to adjust the negative feedback in this amplifier. Vernier is a fine
gain control and changes gain in series with the output signal. An ac feed-
back is provided in the second amplifier for stability and high-input im-
pedance. The output of this amplifier is applied to the expand attenuator
and then to the following amplifier. The expand function allows any signal
level to be measured on the expanded scale with continuous coverage while
maintaining the original reference level. Expansion is accomplished by ap-
plying a precise amount of dc offset current to the meter and simultaneously
increasing the signal to the third amplifier. This increased gain allows a
certain decibel change in signal level to deflect the meter across its full scale.
The offset current places the zero signal indication off-scale to the left.

Frequency-Selective Circuits

The frequency response of the third amplifier is shaped by negative
feedback. The feedback path includes a Wien bridge and an amplifier. At
the null frequency of the Wien bridge, the negative feedback path is open
and the gain of the amplifier is maximum. Off center frequency, the negative
feedback in the Wien bridge reduces gain. The amount of the off-resonance
gain reduction depends on the setting of the bandwidth control. The Wien
bridge is set for a sharp null at center frequency, which is adjustable. Actually
this control is set for a very slight bridge unbalance to produce just enough
positive feedback. Thus, at resonance, negligible signal current flows through
the bandwidth control, and the gain is independent of its setting. Center
frequency is set by variable resistors. The output amplifier consists of four
transistors (usually two output transistors which are operating in a push-pull
class-B amplifier). Both collectors are ac grounded. Large negative feedback
makes the gain of the output amplifier very nearly unity. As standing-wave
indicators, these selective amplifiers are used mostly for standing-wave ratio
measurements in conjunction with the slotted line and many other various
measurements. This will be discussed in later chapters.

QUESTIONS

1. What provides rectification in a crystal diode? What makes rectification
happen at the contact?

2. If a continuous wave (CW) microwave signal is applied to one port of

a crystal detector, what kind of signal comes out the other port of the
crystal detector?
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3. What kind of curve describes the current voltage characteristics of a crystal
detector?

4. Standing-wave indicators are calibrated to be used with square-law devices.
If one uses a direct signal input to the standing-wave indicator and drops
the signal level by 10 dB, how much change, in dB, will be shown by the
square-law indicator?

3.2 FLOW GRAPH REPRESENTATION OF
MICROWAVE NETWORKS

3.2.1 SCATTERING PARAMETERS

In analyzing microwave transmission line problems, one would like to
find some generalized parameters to write for a network in question—parame-
ters which can be measured with reasonable simplicity, even in microwave
frequencies. Analysis of the energy flow through a two-port network is one
way to do this.

A simple two-port network can be shown as a “black box” (Fig. 3.2-1).

o— —o0
INp ouTh
— —o0

Fig. 3.2-1. Simple two-port network.

We are not interested in knowing what is built into the black box, but only
in what it will do to a signal applied to either port. For example, if the black
box contains an amplifier and we would like to know the various parameters,
we can measure the input impedance while the output is short- and open-
circuited and measure the output impedance while the input is short- and
open-circuited. This will give us some of the commonly known z, y, and 4
parameters. However, this technique has some shortcomings at higher fre-
quencies. Some devices may oscillate (probably at some frequency different
from the measurement frequency) or have some unwanted, parasitic effects if
they are terminated with a short or open circuit.

The ideal case would be to express a set of parameters when the input
and output ports are terminated with their own characteristic impedances at
all frequencies. The scattering (s) parameters are the set of parameters that
are measured under such conditions. An added, inherent advantage of these
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parameters is that they describe the signal flow within the network. Kuro-
kawa,! Penfield,?? and Youla* studied generalized scattering parameters.
Hunton® used signal flow to analyze microwave-measurement techniques
with s parameters and expressed them with flow graphs, since these parame-
ters relate directly to the signal flow. Kuhn® used a topographical approach
for resolving these flow graphs.

3.2.2 BASIC FLOW GRAPHS

A flow graph can be drawn to analyze the energy flow of a two-port
network. (See Fig. 3.2-2.) A flow graph has two nodes for each port, one for

q SZI bg
PORT | S S, PORT 2
b, Sie Qs

Fig. 3.2-2. Flow graph of a two-port network.

the entering (incident) wave and the other for the leaving (reflected) wave of
that port. The incident node is the a node and the reflected node is the b node.
In our example of the simple two-port network, when the incident wave
enters the device at port 1, part of it will be returned through the s;; path and
by node. The remaining part of the incident wave goes through the s path
and Jeaves the network through the b, node. If a device that has some reflec-
tions is connected to port 2, and if it will reflect part of the wave leaving bs,
this reflection will reenter the network through the a, node. Then, part of
that may be reflected, passing along the sy path and leaving the network

! Kurokawa, K., IEEE Trans.-MTT, March 1965, p. 194.

% Penfield, P., Jr., “Noise in Negative Resistance Amplifiers,” IRE Trans.~CT, Vol.
CT-7, June 1960, pp. 166-70.

# Penfield, P., Jr., “A Classification of Lossless Three Ports,” IRE Trans.~CT, Vol.
CT-9, September 1962, pp. 215-23.

*Youla, D. C, “On Scattering Matrices Normalized to Complex Port Numbers,”
Proc. IRE, Vol. 49, July 1961, p. 122.

8 Hunton, J. K., “Analysis of Microwave Measurement Techniques by Means of
Signal Flow Graphs,” Trans. IRE, Vol. MTT-8, March 1960, pp. 206-12.

¢ Kuhn, Nicholaus, “Simplified Signal Flow Graph Analysis,” The Microwave
Journal, November 1963, pp. 59-66.
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through the b, node. The other part of the wave passes through the s;; path
and leaves the circuit through the b; node.
Following the arrows in the flow graph, we can write the following
equations.
by = aysu + assie (3.2-1)
by = aisu + apsae (3.2-2)
By analyzing these equations, one can see that these parameters can be easily
measured under certain conditions.
Assume that there is no signal entering at a, node (this can be achieved

by terminating port 2 with its characteristic impedance). Then Egs. (3.2-1)
and (3.2-2) become

by = asn, (3.2-3)
by = mSa. (3.2-49)
By reversing the network, that is, terminating port 1 with its characteristic
impedance and applying the signal to port 2, Egs. (3.2-1) and (3.2-2) will
become
by = assp, (3.2-5)
by = asSm, (3.2-6)
since a; = 0.
Expressing the scattering parameters from Egs. (3.2-3), (3.2-4), (3.2-5),
and (3.2-6), we can write the following:

S = é-l ‘ ay = 0 (3.2'7)
ay

=2 | a=0 (3.2-8)
ay

Sig = b—l ‘ a, = 0 (3.2"9)
a

Sog = Qg ‘ a; = 0 (32'10)
daz

Furthermore, these expressions show the means of measuring these parame-
ters: sy can be measured when port 2 is terminated with its characteristic
impedance and only the ratio of reflected wave and incident wave has to be
measured at port 1. We saw that in Chap. 2, where reflection coefficients
were discussed. This means that sy is really the input-reflection coefficient
of the device.

sq» is measured in exactly the same manner as sy, except that port 1 is
terminated with its characteristic impedance and the signal is applied to port
2; 5o is the output-reflection coefficient of the network.

se1 is measured when port 2 is terminated with its characteristic imped-
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ance and the signal is applied into port 1. The ratio of the signals measured
at the b, and a; nodes (voltage between output and input ports) defines the
value of sz;. Simply, sy is the forward transducer coefficient.

s12 is measured by reversing the ports and terminating port 1 in its
characteristic impedance and applying the signal to port 2. The ratio of the
signals appearing at the b; and @, nodes will define the value of the 515 parame-
ter. sy, is the reverse transducer coefficient of the network.

These parameters are vector values, and they have both magnitude and
phase information.

It is much easier to make swept-frequency, wideband measurements of
s parameters than of 4, y, and z parameters, especially above 100 MHz. To
use the many design techniques defined in terms of 4, ¥, and z parameters, it
is quite simple to convert data to any of these parameters from the scattering
parameters. Table (3.2-1) shows the conversion equations for each of these
parameters and the scattering parameters.

Table 3.2-1. Conversion Equations Between #, z, y, and s Parameters

- (zu = Dz + 1) — ziez = @+ su)( — 53) + s195m
"7 Con + Dizm + 1) — zi9zg A — su)(d — 522) — $1950

Zn

$1g = 2z, Zig = 2812
7 (on F Dz + 1) — Z19Zn R s T S22) — S5
22y 259

m = A — su)(l = $0) — s

_ A A 5)(A = s11) + S1a5u

= Gy + Dem + 1) — zu7m

— (zu + 1)(zas — 1) — zi0z5 2oy =
"7 (o + Diza + 1) — zpzy S e g g $22) ~— Spafa

- A =y + yu) — yoyu = 0+ s2)(d ~ 511) + s195m
T +yd@Hym) =yayn T @+ s F sm) — susm

S11

Sy = —2y1 iz = - —2812
T Ay ym) — yuya 2T s F sm) — susn
"2}’21 —‘2S21

S = A+ y)(1 + ya2) — yizym ya = (A + 51+ 522) — S108m

- A A y) — ya2) — yuys Y = (A 4+ 51)( — 52) + 5195m
A + ) + yn) — yoya 2T A F s F S11) — S1a8a1

_ (i = D + 1) — hughy Iy = A + 51)(A 5 532) — s195m

S22

11

(A D + 1) — Tk (A~ su)(1 + $22) + 195
S = 25 = 2819
27 U+ D + 1) — hihy R (P, T $22) + S125
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3.2.3 TOPOGRAPHICAL APPROACH TO
RESOLVE FLOW GRAPHS?

It was emphasized in the previous section that the scattering parameters
are descriptive of signal flow; consequently, signal flow graphs can easily
show the scattering parameters as signal flow elements. A two-port network
has been described already. The flow graph of a three-port network can be
realized in the same manner. Figure 3.2-3 shows such a flow graph.

Fig. 3.2-3. Flow graph of a three-port network.

Nodes that represent waves entering and leaving the network are desig-
nated a, and b,, respectively. There is always a connecting line from an a,
node to a b, node within the network flow graph, and these connecting lines
always go from a to b. They are associated with an s parameter.

Networks can be cascaded one after the other, and their flow graphs
can be cascaded similarly, as in Fig. 3.2-4, which shows two two-port net-
works treated in this way. It is interesting to note that node b, and ai are
synonymous; @, and bi are also synonymous. In a flow graph, synonymous
nodes can be connected with an arrow having a value of ““1,” meaning that
there is no electrical length between them. These two groups of nodes should
not be considered identical; the direction of the arrow between b, and ai
is important. Basic transmission line elements can be divided into one-port,
two-port, and multiport groups. Every port will have two nodes: one where
the wave enters (a) and the other where the wave leaves that port (b).

Flow graph representation of some one-port networks is shown in Fig.

7 Kuhn, “Simplified Signal Flow Graph Analysis,” Microwave Journal, November
1963.
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g S, b, af sj b}
/
Su s/ S22

/
b Se a b St af

Fig. 3.2-4. Two two-port networks cascaded.

3.2-5. M is the meter reading of an indicator, as shown; K represents the
law of the detector and does not change with power level so long as the de-
tector law does not change with power level. Furthermore, M includes the
effect of the transmission loss due to the detector’s reflection V'1 — p3.
Flow graphs of some two-port networks are shown in Fig. 3.2-6. These
flow graphs are only the most-used elements. Remember that I' stands for

a
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Fig. 3.2-5. Flow graph representation of some
one-port networks.
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Fig. 3.2-6. Flow graphs of some two-port networks.
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the entire vectorial expression of reflection coefficients, including magnitude
and phase information; in other words, I' describes all the information in-
cluded in sy, and sy p stands for the absolute value of the reflection coefficient.

The three-port device shown in Fig. 3.2-3 is another example for con-
structing a flow graph. Such a network might be a directional coupler (Fig.
3.2-7) in forward-coupling direction. A directional coupler in the forward

PORT 3
baf *03
q b,
e T
| |
b] ] 1 a;
————— ———
PORT ! PORT 2

Fig. 3.2-7. Directional coupler in the forward
direction.

position splits in two the incoming signal entering at port 1; part of it couples
into the auxiliary arm and leaves at port 3, and the remaining part leaves the
device at port 2. In other words, the directional coupler in forward direction
operates as a power divider. The coupling of the directional coupler will
determine how much of the signal entering at port 1 will be coupled into the
auxiliary arm and leave at port 3. For example, a 3-dB directional coupler
divides the power into two equal parts. Half the power (3 dB is half power)
that entered at port 1 will appear at port 3. Consequently, the other half of
the power will leave the device at port 2.

Using a 10-dB coupler will mean that, when a signal enters port 1,
one-tenth of the power is coupled into the auxiliary arm and leaves the device
at port 3, while the rest of the power leaves the device at port 2. (Any power
reflecting back from port 3 will be absorbed by a load built into the dead end
of the auxiliary arm.) In terms of dB, the level at port 2 will be 0.46 dB less
than the signal that entered at port 1 (since power loss of 0.1 is 0.46 dB).

If a directional coupler is reversed, and port 2 is the input, theoretically
no power will reach port 3. There is coupling between the through section
of the waveguide and the auxiliary arm, but the power that goes into the
auxiliary arm from port 2 is absorbed by the load in the dead end. Conse-
quently, even if there are no reflections at the input of port 2 to cause power
loss, the power appearing at port 1 will be decreased by this amount of
absorbed coupled power. In practice it is not possible to achieve perfect
directivity for wideband directional couplers; therefore some signal will get
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to port 3. The ratio of the signal levels from reverse to forward direction
appearing at port 3 is the directivity of the directional coupler and is usually
denoted by D.

The flow graph of a directional coupler in forward direction is shown
in Fig. 3.2-8. Comparing Fig. 3.2-3 with Fig. 3.2-8, it can be seen that the

- B
C = Coupling
D = Directivity
T = Transmission

B3 e

Fig. 3.2-8. Flow graph of a forward directional
coupler.

flow graphs are identical, except that the s parameters have been substituted
for actual values of reflection and transmission coefficients. Measurement
setups are built of components that can be represented with flow graphs.
Each component flow graph has input and output ports showing the signal
flow. These flow graphs can easily be cascaded, and the complete flow graph
of any measurement setup can be drawn. One is usually interested in what
happens to the input signal at an output port on the flow graph. Kuhn (see
footnote 7) offers a topographical approach to manipulate such flow graphs.
This technique is sometimes quite lengthy, but the physical meaning can be
seen 