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FOREWORD

Proper impedance matching of an antenna to a
transmission line is of concern to antenna engineers
and to every radio amateur. A properly matched
antenna as the termination for a line minimizes feed-
line losses. Power can be fed to such a line without
the need for a matching network at the line input.

Complex matching networks can be developed by
using the Smith Chart. No special expertise is
needed. In a typical situation, since both the
antenna impedance and the transmission line impedance
are known, the designer simply moves the antenna
impedance points on the Smith Chart to find the most

-effective matching network. It is very much like a
chess game; the chessmen are the impedance points and
the chessboard is the Smith Chart.

Good chess players plan their moves or strategy
far in advance of each play. Similarly, a good
designer must plan and visualize the final results
before making the first move. There may be several
approaches to the matching problem, but only one
really satisfactory solution. By visualizing the
effect of each move, the designer may determine its
outcome, thereby avoiding a trial-and-error method.

There is no mystique involved in designing even
the most complex multielement networks for broadband
coverage, such as those having 3, 4, and 5 or more
elements. Instead, a logical step-by-step procedure
is followed, as discussed within the pages of this
book. With an understanding of this information,
antenna engineers and dedicated amateurs alike will
find it a relatively simple task to design networks
that will yield optimum performance.

David Sumner, K1ZZ
Executive Vice President

Newington, Connecticut
April, 1989



PREFACE

The material for this text was originally
collected over a period of many decades while I
was working as an Electronic Countermeasures
(ECM) Officer with the Air Force, and as an ECM
Antenna Project Engineer with the aerospace
industry. The challenges were great. ECM
antennas must meet rigid electrical, mechanical
and environmental military requirements. It was
in this type of atmosphere where I became
proficient with antenna matching. I was not an
overnight success; I had to learn and struggle
with the understanding of the antenna electrical
parameters involved: dimpedance, admittance,
susceptance, reactance, etc., not to mention
radietion characteristics. Since my retirement
from this occupation, to make it easier for the
new aspirants, I decided to present this very
important information in a simple instructive and
understandable manner.

I am indeed very grateful to the many
pioneers who gave us an understanding of antennas
and of electromagnetic energy. I am also
grateful to the Air Force for providing the
challenges and to my friends in the aerospace
industry for permitting me to continue this
engrossing adventure in the antenna field.

Wilfred N. Caron
Ridgecrest, California
April, 1989
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ERRATA

Antenna Impedance Matching

by Wilfred N. Caron
April 1989

Comments

Now reads: ... voltage drop and 12/R power . . .
Should read: .. .voltage drop and I2R power . ..

Now reads: ...Zgy=R+j2nfL
Should read: Zynit length = R +j2rfL

Now reads: Yg =G +j2nfC
Should read: Yynit length = G +J2nfC

Now reads: ... Atradio frequencies, the ohmic resistance . . .
Should read: .. At radio frequencies, the series resistance . . .

7o
Add above Eq. (1-6): Z; = \W
Y

unit length
L
Now reads: R = Z; = \[:
C

Should read: z, :\

Now reads: ... 2nfL is larger or smaller than 1/2nfC . ..
Should read: ... (2nfL)/R is larger or smaller than (2nfC)/G . . .

alo

Delete "E" from Figs. 1-4(a), (b) and (c).

Now reads:

Should read:

Delete: ¢ = velocity of light =3 x 108 meters/second
Add: unless the antenna is matched with an appropriate matching network

Now reads: ... The relationship of reflection coefficient and VSWR . . .
Should read: ... The magnitude of reflection coefficient I'} is

designated simply as T7; it is related to VSWR by the equation .



Insert between Eqs. (1-24) & (1-25):

Another method that is sometimes used arises from the fact that the detectors
used to measure standing waves are frequently square law detectors. The
ratio of maximum to minimum meter reading is called "power standing wave
ratio (PSWR)."

E+ )2

%100
)
(E)

Now reads: 9% power reflected =

-2
E
Should read: % power reflected = -(——+—)—2- *x100

Now reads: E,, =E +E-

Should read: E,, =/E /+/E /

Add below Eq. (1-28): In terms of power and SWR

2
SWR+1
Power = Power X (1-29)
max, fwd max, flat line [ 2SWR :|
Delete: ...orouter...
Now reads: ...65ohms. ..
Should read: ...—-65o0chms...

Now reads: Initial plot line: 200 MHz = 50 + j70
225 MHz = 100 + j70

Should read: Initial plot line: 200 MHz = 50 + j65
225 MHz = 100 + j65

Now reads:
X Ly (new)
569 | 32—j14.9
65.0 50 +i0
73.1 100 — j8.1
Should read:
Xe Z, (new)
—743 | 32-j32.3
—65.0 | 50 +j0
—57.7 | 100 +i7.3

Now reads: 4/A
Should read: A/4

Add: ... and location of current minimum and maximum.

Now reads: ... distance from load vs . ..
Should read: ... distance from current minimum or maximum . . .



Add: While not often seen in (narrow-band) Amateur work, tiny coils and
capacitors are used well into the microwave range when broadband
response is required.

Now reads: Short-circuited stub reactance
Should read: Short-circuited stub susceptance
Add: Label left-hand dot f#; label right-hand dot fh

Now reads: Impedance Coordinates — 50 ohm characte:i_stip _
Should read: Admittance Coordinates — 50 ohm characteristic impedance

, Z.+7Zntan Bt

Now reads: Z, 5 =Zj _n_ﬂa_ﬁ_

Zo+Z, tan Be
Z,+jZq tan Bt

Should read: z, , =7%; ;
Zg +JZ; tan e

Add: Place the notation "shorting disc" at the left end of tube
Add: Place the notation "shorting disc" at both ends of tube
Now reads:  Since Za_a- is now 200 ohms...

Should read: Since the half wave transformer will change the

impedance seen at Za_a - to 200 ohms. ..

Now reads: R =1.65and jX =2.2
Should read: R =82.5and jX =110

Now reads: R =0.28 and jX = -0.67
Should read: R =14 and jX =-33.5

Add: After "attenuation” insert "per unit length”

Now reads: AL = Attenuation loss
Should read: AL = Attenuation loss in nepers. (Nepers =dB x 0.1151)

Now reads: ... directly in impedances.
Should read: ... directly in ohms.

Now reads: In Figure 2-3 ...
Should read: In Figure 3-3 ...

Now reads: o Capacitive reactance —X
Should read: o Capacitive reactance —jX

Now reads: Z, =R [+X, +(+X_)]
Should read: 7, =R, +j[X, +(+ X, |

Now reads: o Inductive reactance +X{
Should read: o Inductive reactance +jXj,



Now reads: o Capacitive susceptance +B
Should read: o Capacitive susceptance +jB.

Now reads: ... moves antenna impedance point Z, counterclockwise . . .
Should read: ... moves antenna impedance point Z, clockwise . . .

Now reads: ...moves the antenna impedance point Z, clockwise . . .

Should read: ... moves the antenna impedance point Z, counterclockwise . . .

Now reads: o Inductive susceptance —By,
Should read: o Inductive susceptance —jBp

Now reads: ... antenna susceptance +B,
Should read: ... antenna susceptance +jB,
Now reads: Y, = Gﬂ[irBa +(-BL)]

Should read: Y, =G, +i[+B, +(~B )]

Now reads: = electrical length of the line
Should read: = electrical length of the line in radians

Delete: Eg. (3-5) and following paragraph.
Now reads: ...optimum matching cannot be achieved.
Should read: ... optimum matching can only be achieved if the load has the

correct resistance or conductance

Now reads: ... determined by subtracting . . . the shunt stub from . . .
Should read: ... determined by adding . . . the shunt stub to . . .

f f f f
Now reads: +B;—% -B L X (=L +X %
l.rel‘ fx Iy frcf
Sh . fx ftef frc.f fx
ouldread: B=B ;—* B=-B - X=-X_ L X=+X.
ref fx fx ref

Now reads: To illustrate, if the difference in reactance is —=2.5. . .
Should read: To illustrate, if the reactance is —2.5 . . .

Now reads: ... at, say, 6.2 mHz, what is the change at . . .
Should read: ... at, say, 6.2 mHz, what is the reactance at . . .

Add footnote: The term mho is obsolete. The official term for units of admittance
is Siemens.

Now reads: Thus, if +3.0 is a change in capacitive . . .
Should read: Thus, if +3.0 is the capacitive . . .

Now reads: ... point, the change at other frequencies . . .
Should read: . . . point, the susceptance at other frequencies . . .
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INTRODUCTION TO ANTENNA IMPEDANCE MATCHING
Introduction.

The central theme of this text is the impedance matching of antennas.

Proper impedance matching of an antenna to a transmission line is vital to
the design of radar, ECM, radio and communication equipment and systems.
Unfortunately, impedance matching is the least understood phase of electron-
ics and radio engineering. Relatively few engineers know how to develop
narrowband matching networks and even fewer know how to develop broadba§d
matching networks. The stumbling block in understanding matching techniques
appears to be in the manner in which this information is presented. There
is no general procedure to synthesize impedance matching from a set of
antenna impedance points, even for simple narrowband antenna impedance
curves. The information available, however extensive and technically
accurate, gives the engineer little opportunity to visualize and therefore
understand the influence each matching element has upon its adjacent and
subsequent element.

It is a rare antenna that requires only one matching element. Most narrow-
band antennas require at least two elements. Broadband antennas may require
three and even four elements. The matching process that takes place is that
the initial antenna impedance curve is placed in a region by the first #
matching element that is most favorable for matching by the second, third

or fourth element in a complex matching network.

The impedance matching techniques to be described are performed with the
aid of the Smith chart. Once the Smith chart is understood the engineer
needs no special expertise to use the Smith chart to solve impedance
matching problems. In a typical situation, since both the antenna im-
pedance and transmission line impedance are known, the engineer simply
has to move the antenna impedance points on the Smith chart to find the
most effective matching network. It is very much like a chess game; the
impedance points are the chessmen and the Smith chart the chessboard.

Chess players must plan their moves or strategy far in advance of each
play. Similarly, the engineer must plan and visvalize the final results
before he makes his first move. There may be several approaches to the
matching problem but only one really satisfactory solution. This is what
is lacking with prevailing antenna matching literature. Without being
able to visualize the effects of each move the engineer has a great deal
of difficulty in determining the outcome of each move. Often he resorts
to a trial and error method.

The purpose of this book has become quite clear, to aid the engineer to
visualize the significance of each matching step upon the overall match-
ing solution.
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General Considerations in Antenna Design.

An antenna may be defined as a transducer associated with the region of
transition between a guided wave and a free-space wave, or vice versa. The
characteristics which describe the properties of an antenna in accomplishing
this transition are the input impedance, the antenna efficiency, the radia-
tion pattern, and the polarization.

The input impedance is the parameter which describes the antenna as a
circuit element, It is of primary importance in determining efficiency of
transferring power from the source to the antenna and in determining the
reaction of the antenna on the source., The antenna efficiency is the ratio
of the power radiated into space to the power input at the antenna termi-—
nals. The radiation pattern and polarization describe the radiated electro-
magnetic field at large distances from the antenna. In this text we are
primarily interested in the impedance characteristics of the antenna and in
the methods of matching the antenna impedance to that of the transmission
line.

Another important parameter which will be discussed is the bandwidth of the
antenna. An antenna is equivalent to a series circuit consisting of a
resistance, a capacitance and an inductance. At the resonant frequency the
reactive components cancel each other, the impedance is a minimum, and the
current is a maximum. Therefore the antenna operates best at its resonant
frequency. How good the performance will be at other frequencies depends
on the Q of the antenna. When bandwidth requirements become large provision
must be made whereby the reactance introduced by the changing frequency is
compensated by a reactance of opposite sign. In this way the impedance may
be kept substantially resistive over a wide band. At low frequencies this
is accomplished by the addition of inductors and capacitors. At higher
frequencies reactive line sections can be employed or the reactive elements
may be provided by the antenna configuration itself.

Since the actual impedance characteristics of a practical antenna have more
than a slight resemblance to theoretical impedance data, it is always nec-—
essary to determine these characteristics by actual measurements if optimum
antenna performance is desired. gThis is particularly true with VHF/UHF and
lower frequency aircraft antennas, and for any antenna located on surfaces
of curvature. In such cases the antenna impedance should be measured under
conditions as nearly as possible with those under which the antenna is to
be used in practice. The most satisfactory procedure, as far as results
are concerned, is to conduct these measurements on the full-scale aircraft,
removed as far as practicable from ground, with the antenna complete in
every detail, Where this method is not practical, a poor second-best pro-
cedure is to measure the antenna impedance by means of models, a 1/n-scale
model of the antenna being installed in the proper location of a 1/n-scale
model of the aircraft and its impedance measured at n times the actual full-
scale frequencies. This method is capable of good results only if great
care is taken in scaling all details of the antenna, its mounting and feed
system.
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At high frequencies, if the aircraft surface constitutes a good a?proxj
imate to a flat ground plane for at least one wavelength in all directions,
satisfactory results may be obtained by means of impedance measurements
made with the antenna working against a ground plane in a laboratory set—
up. But in all cases an effort should be made to ensure that the'agtenna
is studied under conditions which closely approximate actual conditions.

It is a rare antenna installation in which the transmitter or receiver can
be located directly at the antenna terminals, the installation problem is
usually complicated by the presence of a transmission line. In practice,
the power transfer problem is solved by so designing the transmitter_an@
the antenna that their respective input or output impedances are resistive
and equal in value to the characteristic impedance of the line. Under
these conditions the line is said to be "flat" or "matched", the energy
delivered to the line reaches the antenna with a minimum of losses before
being radiated into space.

Reasons for Impedance Matching.

A typical transmission system is composed of many components: cables,
connectors, adapters and antennas. The impedance of all the components
involved is made equal to the impedance of the transmission line which
is usually connected between the components. When this is done, the
components are said to be "matched" to the line. There are many reasons
for matching antennas and other components to the impedance of the line:

Maximum power is delivered to the antenna.

Maximum power is delivered to free space.

Transmission line losses are minimized.

Voltage breakdown problems are reduced. {dve % weflgerion )
Reduces the possibility of ghosts and aural echoes in a
video/audio system.

Reduces magnetron moding and frequency pulling in a
radar system.

OO0 0 0O0

Q

Antenna Reciprocity.

For the most part, this text will be concerned with transmitting antennas,
not because a transmitting antenna is more important than a receiving
antenna, but because the characteristics of a given antenna are the same
whether the antenna is used for transmitting or receiving. This equivalence
follows from the reciprocity law, which applies in antenna work and which

is an extension of the well-known reciprocity theorem found in electric
circuits. This theorem as applied to antennas may be stated as follows:

If an electromotive force (emf) is applied to the terminals of

an antenna A and the current measured at the terminals of a distant
antenna B, then an equal current (in both amplitude and phase)

will be obtained at the terminals of antenna A if the same emf is
applied to the terminals of antenna B.

Figure A illustrates this concept.
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Figure A. TIllustrations for reciprocity theorem. (a) Antenna A transmitting,

(b) Antenna B transmitting.







CHAPTER 1

THE TRANSMISSION LINE
General.

In radio-frequency work the transfer of electromagnetic energy from one
point to another is accomplished by some form of transmission system con-
sisting of two or more conductors. Generally, transmission systems take
the form of two-wire lines and coaxial lines. Transmission system behav-
ior differs at low and high frequencies, and the different behaviors are
usually described in terms of lumped-constant and distributed-constant
systems.

The Lumped-Constant System.

Lumped-constant circuits involve components (transistors, coils, resistors,
capacitors, etc.,) whose physical dimensions are much less than the wave-
length of the propagating electromagnetic wave (i.e., less than one-eight
of a wavelength). The impedance of low-frequency systems such as the 60-
hertz electrical power system and the land-line telephone system is eval-
vated in terms of these components "lumped" or located at discrete points.
A lumped-constant circuit, with physical dimensions of wire and components
small with respect to wavelength, is illustrated in Figure 1-1.

i
I

Figure 1-1. Low-frequency lumped-constunt circuit.




The Distributed-Constant System.

When circuit components and connecting wires are of dimensions comparable
to a wavelength of the propagating electromagnetic wave, then the circuit
components and the wires effectively become distributed constants. This
effect becomes increasingly noticeable at higher frequencies, since induc-
tances of short lengths of conductors and capacitances between conductors
and their surroundings are no longer negligible. A distributed constant
circuit, representitive of a two-wire transmission line is shown in

Figure 1-2.

It follows from this brief description that whereas some engineers may deal
with one particular type of transmission line and some with another, they
have many problems in common: to transfer the maximum amount of power from
one point to another with a minimum of losses. While transmission lines
are used for a variety of purposes, the basic theory, equations, problems
and solutions that can be applied to one can also be applied to any other
regardless of application or frequency.

L R L R
G C G
L R L R
Figure 1-2, High-frequency distributed-constant circuit.

Impedance and Admittance Relationship.

The simplest transmission line is one which carries direct current. The
paramet?rs of interest for such a line is the Eesistance of the line which
enters into measurements of voltage drop and I ¥R power loss in the line.
At.hlgh frequencies, it was shown that the constants of the line are dis-
tflbuted. The parameters of importance in high-frequency transmission lines
with distributed constants are inductance L per unit length, capacitance C
per unit length, resistance R per unit length, and conductaﬁce G per unit
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length. The latter parameter, G, represents either leakage currents
between the conductors or a power loss in the dielectric, i.e., in a
coaxial cable. From these parameters the impedance and admittance rela-
tionship can be determined. If a signal with an angular frequency 2vf
is applied to the line, the impedance per unit length is determined as

Zy = R + j2mfL ) (1-1)
Wi longhy
and the admittance per unit length is

Y, = G + j2miC (1123

waey | By

Inherent Characteristics of a Transmission Line.

The discussion presented and most of the equations associated with line
behavior will be developed for a two-wire transmission line because it
lends itself to visualization much more easily as compared to a coaxial
line. The same equations of electromagnetic wave behavior apply to any
line, however, each kind of line has certain variations in parameter as
a result of line geometry.

A two-wire line made up of wires having a diameter d and a distance D
between their centers has a distributed capacity of

27.8 x 10~12
O =

_ZEEE:T_B7E_ farads/meter of length (1-3)

where d and D are each in the same units. When the distance between the
centers of the wires is greater than ten times their diameter, the equation
can be simplified to

12.06 x 10-12
- log,, 2D/4

farads/meter of length (1-4)
The distributed inductance of a parallel wire line is

L = [EO + 92 log 2D/d] x 1078 phenries/meter of length (1-5)

. . 4L .

At radio frequencies, the ohmﬁé resistance and shunt conductance of a line
are very small and are usually neglected for purposes of calculations.
Consequently, the characteristic impedance which is usually defined as

\ F/
, Unt langyia
R + jZmfL =
2, = VETI_%jﬁﬂj ohms T, g (1-6)
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where
C = distributed shunt capacitance
L = distributed series inductance
R = distributed series resistance
G = distributed shunt conductance

becomes a pure resistance

7, =L/ (1-7)

at radio frequencies.

If the constant portion of the inductance equation (1-5) is neglected, the
substitution of equation (1-4) and (1-5) into (1-7) for characteristic
impedance gives

92 x 1078 1,%- 2D/d

~N
]

ohms

12.06 x 10712

o~
]

276 log, 2D/d ohms (1-8)

For comparison purposes, the capacity of a coaxial line is equal to

-9
G = 10 farads/meter of length (1-9)
41.4 log,, b/a
where
b = inside radius of outer conductor
a = outside radius of inner conductor

The distributed inductance is
L = 4.6 x 1077 10g,, b/a  henries/meter of length (1-10)

Neglecting negligible shunt and series losses, the characteristic impedance
becomes

138.1 log,  b/a
Z_ = (1-11)

o
”’E
where

€ = dielectric constant of insulation between conductors
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Characteristic Impedance.

Consider a uniform two-wire transmission line of infinite length as shown

in Figure 1-3(a). A signal travels down the line toward infinity, and
because there is no end to the line, it is obvious that the signal is never
reflected. In other words, the infinite line absorbs all the energy fed to
it. If we now measure the line with an rf bridge we would see that the line
locks like a pure resistance. This particular value of resistance is called
the characteristic impedance of the line (frequently called surge impedance)
and is expressed as

Rz 2, = \[L/C (1-12)

If we now cut the line at some reference A-A', as shown in Figure 1-3(b),
any terminate the line with a resistor R = Z0 as shown in Figure 1-3(c),

this resistor will absorb all the energy fed into the line. Such a line is
said to be matched into its characteristic impedance.

The characteristic impedance may also be expressed in terms of power flow
W and either voltage V or current I. For a line terminated into its char-
acteristic impedance both V and I are in phase and ZO can be expressed as

R + j2nfL o
w "—z =\J2/Y = \IG + j2miC G

Since the quantity on the right of (1-13) has the dimension of impedance,
and since it is "characteristic" of the line itself except for the fre-
quency, it is assigned the symbol

= R+ jX, (1-14)

(o]
I
|—||<:

The factor j is an operator to indicate that the current is leading or
lagging depending on whether 2nfLlpis larger or smaller than E2mfC\(,.This
quantity is known as the circuit reactance and is designated by the letter
X. The impedance, therefore, is the vector sum of the ac resistance R and
the reactance X. Figure 1-4 illustrates how the vector sum is derived
from R and X. Figure 1-5 illustrates a circuit containing R, L and C in
series.

Sometimes it is convenient to use the reciprocal quantity, the "charac-
teristic admittance" of a line

- G + j2mfC = G £ B 1-15
1/z, \/R IomEL j (1-15)

This is the most convenient form for combining shunt elements.
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rigure 1-3,

Graphic display of transmission line.




Current in phase

Current leading
in phase

__’.——-——t ﬂ——k
IR & %
Current lagging
in phase
(a) (b) \

1/(j2m£C)

Figure 1-4. Vector representation of AC circuits.

Figure 1-5, Series connected RLC circuit.

Phase Velocity, Free Space, and Line Wavelength.

The line wavelength AR or the wavelength on a transmission line is the
distance traversed by the electromagnetic wave in order for its phase to be
retarded by 2m radians. Hence

BAR =27

or
)\2 =g (1-16)
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Thus the phase constant B determines the wavelength, and for this reason it
is sometimes called the wavelength constant. The phase velocity o is given
by

vp = Agf (1-17)

which may be explained by the fact that the wave moves at a speed of one
wavelength per hertz, or Ag meter per hertz, and since there are f hertz
per second, the wave moves Xk f meters per second. The phase velocity may
be expressed as

21
Vp T *E— (1-18)

A wave traveling on a line may be shown graphically in a number of dif-
ferent ways. In Flgure 1-6 the voltage wave is shown both vectorially and
sinusoidally. Vector E* represents the phase and magnitude of the wave
travelling towards the antenna or load end. ER is taken as the reference
axis. At a point on the line distant d from the load, the phase is advanced
by an angle Bd; since the line is lossless the magnitude Et ig unchanged.

As d increases, vector EV turns counterclockwise, and the vector traverses

a circular locus., One trip around the locus corresponds to one wavelength
along the line.

When the losses on a transmission line are small, the velocity becomes

v - —ab (1-19)

P J'TET'

where
c = velocity of light = 3 x 108 meters/second
U = permeability of the medium separating the conductors
(air = 1.257 x 10-6 henry per meter)
€ = permittivity of the medium separating the conductors

-12
(air = 8.85 x 10 farad per meter)

Of interest, \u/€ gives us the characteristic impedance of free space

1.257 x 1076
8.85 x 10712

- J14.2 x 10% = 376.7 ohms
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Figure 1-6. Vectorial and sinusoidal representation of a travelling wave.

Reflection Coefficient.

In practical transmission line systems, it is most desirable to have a
matched system in order to reduce the detrimental effects of reflections.
Such a transmission line is an efficient means of transmitting energy from
a source to a distant load. A 300-ohm transmission line connected to a
600-ohm antenna is a mismatch., Maximum power cannot be transmitted to the
antenna,

When the transmission line does not match the antenna impedance, reflections
take place at the antenna, and some of the incident power is reflected to
the source by the antenna., When mismatched conditions exist, then two
current and two voltage waves are present on the line. One each of the two
voltage and two current waves E* and I* travels towards the antenna and one
each of the other voltage and current waves, E” and I~, travels away from
the antenna. . The ratio of the reflected wave (E” or I7) to the incident
wave (E* or I+) is called the reflection coefficient or

Vi ]
rL " (1-20)
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Knowing the reflection coefficient of an antenna is useful in determining
its impedance

z -z (1+1)

o (1-21)
€L =[] 5
where
ZL = load impedance
ZO = characteristic impedance of the line
[”L = reflection coefficient of the load
The relationship of reflection coefficient and VSWR is
Ereflected VSWR -1
l—‘ = = (1-22)
E. . VSWR + 1
incident
This relationship is illustrated in Figure 1-7.
1.0
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Voltage Standing Wave Ratio

Figure 1~7. Magnitude of reflection coefficient versus voltage standing wave ratio.




Voltage Standing Wave Ratio (VSWR).

VSWR is the ratio of voltage standing wave maxima to minima caused by the
reflected energy on the incident energy and is related directly to the
impedance mismatch of the load to the transmission line impedance. VSWR
in itself offers a means of determining impedance, and thus mismatch.

A standlng—wave may be visualized as an interference pattern when a signal
E* at a given frequency, travelling in a forward direction, interacts with
a signal E” at the same frequency travelling in the reverse direction. At
the load, the ratio E* and E” and the phase angle between them are uniquely
determined by the load impedance. Anywhere along a lossless line the mag-
nitude of this ratio remains the same. The phase angle between E' and E~
however, will vary along the line as a function of the distance from the
load. Figure 1-8 illustrates how a reflected signal combines with the
incident signal. A wave is created that oscillates in amplitude but never
moves laterally. That is why it is called "standing wave.” A voltage
standing wave is determined as follows

Q Open-circuited line

4

Y

1
7
\ Y wave E~ \ / (a)
~\/// Inc1dent ——/// \ standing wave M/
wave ET
E
max
(b)
hS

E .
min

Figure 1-8. (a) Formation of standing waves by an open-circuited line.
(b) Conventional representation of standing waves.
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E
VSWR = EEQE = IE+| * E:‘ (1-23)

min —
| - [e” |
where
E ax = maximum field intensity on the line
Emin = minimum field intensity on the line
Bt = incident field or voltage wave
ET = reflected field or voltage wave

The mismatch loss of an antenna with a low standing wave ratio is quite
small, however, as the standing wave ratio increases, the mismatch losses
rapidly increase. Figure 1-9 shows the effect of SWR on power transfer at
the antenna terminals for a mythical case of a lossless line.

Standing-wave ratios can also be expressed in power, current and decibels.
To express SWR in decibels

SWRdB = 20 log{g VSWR (1-24)

To express SWR in power

SWR = \[PSUR Lood ERERTA  Jon TEWL (g o5y

Losses in Transmission Lines Not Properly Terminated.

As mentioned earlier, when an antenna is not properly matched into its
characteristic impedance there will be two travelling waves on the line,
the forward wave which carries power to the antenna and the reflected wave
which carries power from the antenna. The net power delivered to the
antenna is the difference in the power carried in the two waves. Since
the transmission line absorbs power from both waves the effective atten-
uation of the line will be increased. The increase in line attenuation
for a given minimum attenuation is shown in Figure 1-10. As shown, for a

SWR of 3 to 1, line losses increase from a minimum of 0.5 dB to about
0.75 dB.

Power Lost in The Reflected Wave.

The power present in the reflected wave is really a portion of the power
present in the incident wave, power that is not absorbed by the antenna.
Since the power associated with each travelling wave varies as the square
of their voltage E, the per cent of power reflected from a mismatched load
is determined by
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% Power Transmitted

30].0 1.5 2.9 2.5 3 4 5 P »'®

Standing Wave Ratio

)

% Power Reflected

Figure 1-9. Effect of standing wave ratio (SWR) on power transfer into a
lossless line.

EH2 | i :

% power reflected = ) x 100 Y e 2 | (1-26)
PR
L (E7)

Since the magnitude of mismatch is usually presented in terms of SWR, the
relationship between the percentage of power reflected to the SWR is given

by 9

SWR = 1
A f = =— =
% power reflected (SWR T 1) x 100 (1-27)
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Power Handling.

The size of a transmission line is the determinant factor that establishes
the power handling capacity of the line. If, for example, a coaxial cable
is used, the insulation between the conductors must be able to withstand
the maximum voltage developed between the two conductors. Where standing
waves are present, the voltage across the line will be considerably greater
than the incident peak voltage EY thus increasing the possibility of a
breakdown of the insulation., When such a breakdown occurs, it will be
found to have taken place at a voltage maximum where the two travelling
waves add in phase, that is,

Eax =\E+\+\E_\ (1-28)
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CHAPTER IT

THE TRANSMISSION LINE AS A CIRCUIT ELEMENT

General.

In the preceding chapter the characteristics of a transmission line were
presented from the standpoint of transmitting electromagnetic energy from
one point to another with maximum efficiency. Another useful quality of
the transmission line is its ability to introduce into a transmission sys-
tem impedance compensation by means of reactive networks, the magnitude and
placement of which tend to cancel the reactance of the antenna.

Antenna Impedance Bandwidth,

Impedance matching consists of the transformation of the antenna impedance
which has a greater mismatch than a specified limit to an input impedance
value that has a mismatch equal to or less than the specified limit. When
an antenna impedance is to be corrected at a single frequency it is always
possible to obtain a perfect match with an appropriate matching network.
However, as the bandwidth requirement increases from this critical frequen-
cy, the variation in reactance increases thus preventing complete compen-—
sation throughout the frequency band of interest; the greater the bandwidth
the greater the compromise.

Bandwidth is a relative term that can be made definite only by specifying
the maximum value of mismatch to be tolerated, i.e., a SWR not to exceed a
specified limit which depends upon the purpose of the antenna or system
requirements, SWR limits of 1.5 to 1 and 2.0 to ! are common for trans-
mitting systems whereas 5.0 to 1 and even greater are common for receiving
systems.

The input impedance of an antenna at a given frequency may be expressed as
a complex number R + jX or Z/8 and may be plotted as a point on a rec-
tangular impedance chart, having abscissa R and ordinate X, see Figure 2-1.
The chart is plotted on a base of a Cartesian coordinate system., The
resistance part of an antenna impedance is always positive whereas the
reactance part can be either positive or negative; that is why only the
first and fourth quadrants of a rectangular coordinate system are used. We
are thus able to plot any pair of numbers that represent the impedance of
an antenna at a single frequency. If a band of frequencies is involved,
the process is repeated for each frequency and the plotted points are then
connected with a curve, see Figure 2-2.

Since this text deals mainly with the use of the Smith chart, the impedance
points plotted in Figure 2-2 are transferred to a Smith chart as shown in
Figure 2-3. Also shown is a definition circle representing a standing wave
ratio of 2.0 to 1 which represents the design objective for the particular
antenna being measured. Similar to the R~X diagram, the resistance axis of
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the Smith chart is horizontal, and the reactance axis is vertical; the
inductive reactance +X above the horizontal resistance line and the capaci-
tive reactance -X below the line. Unlike the R-X diagram, the limits of
resistance and reactances are brought to a point to the right of the Smith
chart. Figure 2-3 merely illustrates the type of problems with which we
are concerned. In this example, the characteristic impedance of the
transmission line is 50 ohms and the maximum acceptable SWR is 2.0 to 1.
Figure 2-4 shows the compensated antenna impedance presented to the trans-
mission line when the proper compensating network is used. The network
employed is described in Chapter IV.

Types of Matching Networks.

There are many possible matching networks. At VHF/UHF VHF/UHF frequencies and
below it is possible to use lumped-constant matching networks, such as
inductors and capacitors. At frequencies above 100 MHz, lengths of trans-
mission line are more commonly used to perform the function that ordinary
inductors and capacitors serve at lower frequencies. This is possible
because at VHF and above the lengths bf line are short enough to be prac-
tical, and their efficiency quite high. Thefe are three types of matching
networks that can be fabricated from transmission lines: (1) the line
transformer, (2) the series network, open-circuited or short- —circuited, and
(3) the parallel network, open-circuited or short-circuited. The line-
transformer is simply a length of transmission line of a characteristic
impedance different from that of the main transmission line and which is
interposed between the antenna and the main transmission line, see Figure
2-5(a). The series network is a short section of line placed in series
with the inner ex=owter conductor of a coaxial line or in series with both
conductors of a two-wire transmission line, see Figure 2-5(b). The parallel
network consists of a short length of transmission line placed in parallel
with the antennaf'see Figure 2-5(c).

R + jX
ft————— R -— = Z/8
+
Z
X
i ¢}
£ o |
4 Resistance
g l
o

Figure 2-1. Location of point R + jX on an
R-X diagram.
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Figure 2-2. An impedance curve plotted on an R-X diagram.

The Transmission Line as a Reactive Element.

A transmission line terminated into its characteristic impedance is resistive.
More importantly, from an antenna matching application, are its reactive
properties, Short lengths of short-circuited lines, less than one—quarter
wavelength long, have pure inductive reactance and open-circuited lines,

less than one-quarter wavelength long, have pure capacitive reactance.

Longer lengths of line, longer than one-quarter wavelength and less than one-
half wavelength, have the opposite kind of reactance. Antenna impedance com-
pensation or correction is accomplished by introducing into the transmission
line, at the proper place, a reactive network of appropriate magnitude so
that the reactive component of the antenna impedance is cancelled out.
Examples of these line sections are shown schematically in Figure 2-6.
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IMPEDANCE COORDINATES—50-OHM CHARACTERISTIC IMPEDANCE
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Figure 2-6. Impedance of various lengths of lines and terminations.

‘Consider the transmission line shown in Figure 2-7. The characteristic
impedance of the line is Zo, the load impedance is Za’ and the electrical

distance BL is measured from the load end. The impedance at any point A-A',
f-distance from Z, will be

Za + jZ0 tan BL

2-1
Zg t jZa tan BR ( )

Zppt = Zo



If Z, is a short circuit, then Ra = X_ = 0 and this equation becomes:

a

ZA—A'(sc) = jZ, tan B (2-2)

or, expressed in electrical degrees

Zy_p'(se) = jZ, tan @ (2-3)

If Z, is an open circuit, then Ra =X, =, and

ZA—A'(oc) = —jZO cot B (2-4)

or, expressed in electrical degrees

ZA-A'(oc) = —JZ4 cot @ (2-3)
A
X
Impedance 7
Bridge o =2
. a
v Fa
‘Al
™
i BL |
Figure 2-7. Measurement of impedance along a length of line,
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On the Smith chart, Z (g.y 1S located at R, = X_ = 0 which is at the extreme
left (zero 1mpedance) while Z is located at R = X_ = », at the extreme
right (infinite 1mpedance) goth of these points are sgown in Figure 2-9.
Also shown is point A-A' (shown as B2 = 0.15 wavelength from the load). The
distance BL is measured clockwise from the load.

Examination of Eq. (2-2) thru (2-5) show that only a pure reactance exists
on the line at any point. Figure 2-8 shows the variations in reactance for
a short—circuited line as its length is varied from 8 = O degrees to @ =

540 degrees (three half-wavelengths). In this representation of reactances
the familiar tangent curve should be apparent. Since the length of the
line, measured in electrical degrees, is a function of frequency, for a
line of given physical length, the reactance varies with frequency.

Further examination of Eq. (2-2) thru (2-5) show that the reactance is also
a function of the characteristic impedance of the stub line. The curves
presented in Figure 2-10are plots of Eq. (2-2) for five values of stub line
impedance. Figure 2-11 are plots of Eq. (2-4) for five values of stub line
impedance.

The brief examples of the characteristics of short-circuited and open-
circuited stub lines suggest their use as pure reactances in low loss
impedance matching networks. The following discussion will deal with these
uses as series and shunt matching networks.
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Figure 2-8. Input impedance of a short-circuited lossless line as
a function of its electrical length.
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Sometimes it is more convenient to compute stub line reactances in terms of
electrical degrees as indicated by Eq. (2-3) and (2-5) instead of using

BL. For this purpose the Smith chart shown in Figure 2-12 has been prepared.
As shown, the impedance of a short-circuited stub line is measured clockwise
from the left terminus and the impedance of an open—circuited stub line is
measured clockwise from the right terminus. The calibration shown is in
terms of electrical degrees.

The Stub Line as a Series Matching Element.

In Figure 2-4 it was shown that if an equal and opposite reactance is added
in series with that of a load, the performance of the transmission system
is greatly improved. A similar problem is presented in Figure 2-13 which
shows an open-circuited stub line in series with the load. The required
reactance of the stub is -3j85 ohms if it is to cancel the +3j85 ohms react-
ance of the load.

A study of Figure 2-11 shows that a negative (capacitive) reactance of 85
ohms can be obtained from an open-circuited stub having a characteristic
impedance of 25 ohms if the length of the stub is 16 electrical degrees
long, from a 50-ohm stub line 30 electrical degrees long, or from a 75-ohm
stub line 41 electrical degrees long. Any of the stub lines presented in
Figure 2-11 can be used to provide the required reactance. It should be
noted that the 30-ohm resistance of the load is not altered in any way.

One important aspect: of stub lines of various characteristic impedances is
that they;no not behave the same if a band of frequencies to be matched is
involved. Some lines may be satisfactory, others not. This can be demon-
strated by an example.

Example: With reference to Figure 2-14, a transmission line having a char-
acteristic impedance of 50 ohms is terminated into a frequency sensitive
antenna Z, + JX having the impedance values shown in the figure.
Determine the %est open—circuited stub impedance added in series to the
antenna. The stub line impedances are those shown in Figure 2-11. Cut the
length of the stub for optimum performance at the center frequency f_ = 200
MHz.

Solution: The best match (lowest SWR) is to be obtained at 200 MHz, there-
fore, the reactance of +65 ohms at 200 MHz must be cancelled out by the
stub. This means that the stub must be open-circuited and of such a length
so as to supply=65 ohms of reactance.

Let us first consider a 25-ohm stub line. With reference to Figure 2-11 a
25-ohm open-circuited stub line 21 electrical degrees long will provide a
negative reactance of 65 ohms. At 175 MHz its length will be shorter and
at 225 MHz longer. The electrical length of the stub line will have the
same ratio as the frequency, that is,

B/, (2-6)
where
= frequency of interest

f
f. = center or design frequency = 200 MHz
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Figure 2-13, Matching an inductive reactance with an open-circuited

stub line.

Zo = 50 ohms Zg
175 MHz, 2, = 32 + j42
200 MHz, Z, = 50 + j65
225 MHz, Z, = 100 + j65

Figure 2-14. Example.
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Table 2-1 shows the results of adding in series stubs of various impedances
to the load. The results are then plotted on a Smith chart. Figure 2-15 is

a Smith chart plot of this example.

can easily be evaluated by observation.

The effectiveness of each stub line

TABLE 2-1
Ty = 25 ohms ZO = 50 ohms
Freq. | £/f. Z, 0 Retub Za(new) © stub Za(new)
175 [ 0.875 | 32 + j42{) 18.40| 75 32 - 333 32.49 -77.5 |32 - j35.7
200 | 1.000 | 50 + j65|l 21.0°| -65 | 50 + jO 37.00 65 [50 + jO
225 |1.125 |100 + 65| 23.6°| -57.5| 100 + j7.5) 41.6% =57 | 100 + j8
Zo = 75 ohms Zo = 100 ohms
Freq. | f/f. Z, e Xstub | Za(new) 6 |Xstub Z (new)
175 | 0.875 [32 + j42 || 42.9°| -80 |32 - j38  [}9.4°| -85 |32- j43
200 1,000 |50 + j65 |[ 49.0°| -65 |50 + jO 56.5 | -65 |50 + jO
205 | 1.125 |100 + jes)| 55.1°| -52 [100 + j13 [63.6°| -47 | 100 + jl8

For comparison purposes let us investigate the effects of a capacitor in

series with the load impedance. To provide a negative reactance of 65 ohms
at 200 MHz the size of the capacitor must be
1
B g i 3.7
2ﬂfKC
where 6
f = frequency = 200 x 10° Hz
X, = reactance = 65 ohms
C = capacitance in farads
then
i _ 10—12
G 0.08164

6.28 x 200 x 10° x 65

12.25 x 10_12 farad or

12.25 pF
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To determine the reactance at other frequencies and the new impedance Za(new)
Table 2-2 has been prepared,

TABLE 2-2

(o 12.25 ]JF

Freq. f/fc Za Xc za(nEW)

175 [0.875 [32 + j42 | 56.9 | 32 - jl4.9
200 |[1.000 {50 + 65 | 65.0 | 50 + jO
225 |1.125 [100 + j65| 73.1 [100 - j8.1

G fry Lrvata

It appears that an open-circuited series stub has a greater influence at
the low frequency end whereas a series capacitor, providing the same
‘reactance at the center frequency, has a greater influence at the high
frequency end.

It can be see: that by adding a series open-circuited stub having 65 ohms
of negative reactance at 200 MHz the positive reactance at 200 MHz is
cancelled out and the 200 MHz frequency point moves counterclockwise

along a line of constant resistance, 50 chms, to the center of the Smith
chart where the SWR = 1.0 to 1, a perfect match. It appears that the
25-ohm series stub provides the best overall match. Also, under the
conditions stated, a series capacitor would provide an even better overall
match, being less frequency sensitive. These facts will be used to solve
matching problems in the final chapter.

The Stub Line as a Parallel Matching Element.

The use of the open-circuited and short-circuited stub lines as matching
devices in series with the load has been presented. (There is one undesir-
able feature associated with the stub and that is it is difficult to incor-
porate into a system unless it is built into the antenna. Because of this
limitation, stub lines connected across the load are more common. An
example of the parallel connected stub line is shown in Figure 2-16. As
shown, the transmission line is connected directly to the antenna and a
suitable shunt reactance, commonly in the form of a short length of trans-
mission line, is used to reduce or eliminate high standing waves between
the shunt point and the transmitter. The reactance and resistance of the
antenna are shown in a parallel arrangement because we are now dealing with
admittance instead of impedance. For example, suppose the impedance of the
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antenna at a single frequency is Z_ = 65 — j125 ohms. The input admittance
is

Y S - B -

oF
a a " 652 4 1252 652 + 125°

= 0.00327 + j0.0063 mho

The parallel equivalent circuit is then a resistance of 1/0.00327 = 306 ohms
in parallel with a capacitive reactance of 1/0.0063 = 159 ohms. If a stub
having an inductive reactance of 159 ohms is placed in parallel with the
antenna the input impedance of the combination will be a resistance of

306 ohms.

Standing
Matched haveR

b

Xmtr end R X

' Load
Shortfcircuited
stub (a) 4
' Standing
Matched | vaves
I
Xmtr -end R X
///// Load
Open-circuited stub
(b)

* Figure 2-16. Examples of short-circuited and open-circuited stub lines
across a load,
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The shunting reactance must be placed at a point such that, when the imped-
ance looking toward the load is paralleled by the shunt reactance, the
impedance of the combination is a resistance equal in magnitude to the char-
acteristic impedance of the line, The exact length and location of the

stub may be obtained graphically from Figure 2-17. It should be noted that
impedance measurements are not required; instead only the current or voltage
standing wave ratio is required.

To illustrate, suppose Eg; /E . =T. /I = is found to be
- 130 _
Enin/Fgax = Imin/Imax T 650 S

by sliding an rf meter along the two-wire line, and it is desired to use a
short-circuited stub line in parallel with the load. From Figure 2-17,
a = 0.183X and b = 0,08A.

When the stub line is adjusted to the correct length and properly located,
standing waves appear on the transmission line only between the stub and
antenna; the remainder of the transmission line is now working into its

proper characteristic impedance. This procedure is illustrated in Figure
2-18.

It is not necessary to locate the stub line directly acrosgs the load. Very
often it is a considerable distance from the load. Because of the change
in impedance with distance along the line a better match can perhaps be
realized by placing the stub where the impedance is more favorable to
matching. T '

e =

At VHF/UHF frequencies the stub can be incorporated into the antenna. This
makes for a much more compact antenna design as shown in Figure 2-19.
Within the hollow antenna elements the electrical fields present are only
associated with the operation of the internal stub arrangement whereas on
the outside of the antenna elements the electrical fields are only asso-
ciated with the operation of the antenna. The two functions are completely
independent of each other and do not interact,

The Short—-circuited Shunt Stub as a Resonant Circuit.

Transmission lines that are not terminated into their characteristic imped-
ances will act much like resonant circuits over certain narrow bands of
frequencies., When the impedance goes through a maximum, its variation with
changing frequency is similar to that occurring in a parallel resonant cir-
cuit, see Figure 2-8. The circuit of Figure 2-20 is the simplest represen-—
tation of a parallel resonant circuit. It is evident that for this circuit
the resonant frequency fy at which the input impedance is real is identical
with the frequency at which the input impedance magnitude is a maximum, and
that the reactance of the inductor and capacitor are also equal in magnitude
at this same frequency. Thus
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Antenna

Standing waves
(unmatched)

max

|~

Antenna

I = 650 Ma.

L = 130 Ma.
Matched
line
Unmatched
line

SN

T

a =0,

183x

b = 0.08X

Figure 2-18.

Matching example.
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Shorting
disc

Hollow
antenna element
Stub

Transmission
line

Figure 2-19.
| internally con

Arrangement of a half-wave dipole antenna with an

structed stub line.
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£o= (2:8)

and z, = R, + 30 (2-9)
| A
| 5 - C
O
2y w—— == Cp Ly

O—

L = Inductance per unit length O

C = Capacitance per unit length £, = 1/(2w LPCP)

Zo, =\ L/C = Characteristic impedance 7. - Rp + 10

Figure 2-20. A one-quarter wavelength short—circuited transmission line, and
the parallel resonant circuit to which it is equivalent.

Practical lumped element circuits deviate from the ideal representation of
Figure 2-20 in many ways. Inductors have internal distributed capacitance
between windings. The plates and leads of capacitors have distributed
inductance. The stated deficiencies_of Jlumped constants limit their gen-
eral use to below the VHF/UHF range. ‘

Let us now apply the principle of the short-circuited stub line to a match-
ing problem. As shown in Figure 2-21, the LC product or the length of line
is selected for resonance at fr’ the mid frequency of an impedance curve to
be improved. By adding in parallel the reactances of a resonant short-
circuited stub line the low-frequency and high-frequency ends of the load
impedance curve are tucked towards the center while the mid frequency re-
mains unchanged thus yielding a tightly knotted locus as shown.

In order for this matching technique to work it is first necessary to
establish a definition circle into which all the points of the load impedance
curve must fall, This is merely a circle enclosing all points which have a
standing wave ratio not to exceed a specified value. Illustrated in the
figure is a Smith chart with a SWR definition circle of 2.0 to 1. Such a
circle crosses the resistance axis at 25 ohms and at 100 ohms. These two
values of resistance establish the grids between which the real part of the
load impedance must lie if it is to be matched into the circle. These grids
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form the upper and lower boundaries for the definition circle and obviously
only those impedances lying between these two boundaries can be matched.
Figure 2-22 illustrates why an impedance point which lays outside the bound-
ary circles cannot be matched into the definition circle.

f plus

Original load admittance Short-circuited stub reactance

equals

Matched load admittance

Figure 2-21, Matching with a resonant short-circuited stub in parallel with the

load admittance.
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IMPEDANCE COORDINATES—50-OHM CHARACTERISTIC IMPEDANCE

@ ———— @ Original locus

Q- — — ——O0 TFinal locus
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3
5%

Low

Figure 2-22, Original locus compensated with a short-circuited stub line.
frequency point fy cannot be matched into the definition circle because it

is

outside the boundary circles.
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The Transmission Line as an Impedance Transformer.

As its name implies, the line transformer is a short section of transmission
line inserted between the antenna and the feed line. The impedance at the
input to the line transformer is dependent upon a number of factors: (1)
line length, (2) characteristic impedance of the line Zé, and (3) the
impedance connected at the load end Z_. For any set of values for these
factors the input impedance is found gy the general equation

By g it 2 z, + Zé tan B (2-1)
Zé + Za tan B
where
Z,_pt = impedance at the input to the line transformer
Lo = impedance of the antenna
zé = characteristic impedance of the line transformer
BY = electrical length of the line

For any length an even number of quarter—-wavelengths long this becomes

ZA_AI =7, (2-10)
For any line an odd number of quarter-wavelengths long this becomes
(z2)* _
Zy a1 = or Z) = \/za Zy_pr (2-11)
a

It can be seen from Egqs. (2-10) and (2-11) that any line an even number of
quarter-wavelengths long, no matter what impedance ZEl is terminating the
line, the same impedance will be measured at the input terminals A-A'., On
the other hand, if the line is an odd number of quarter-wavelengths long
the impedance at A-A' will always vary inversely with Za'

For the condition where the line is properly terminated (Z] = Z ) the input
impedance Z,_,+ will be equal to the characteristic impedance of the line
Zy, no matter what line length is being used. This can be seen by substi-

tuting Z, = Zé in either of Eqs. (2-10) and (2-11).

These very important principles are used in transmission lines operated as
impedance transformers. For example, consider the problem of coupling a
600-ohm line to a 50-ohm coaxial line. A quarter-wavelength line will be
used as an impedance matching section as shown in Figure 2-23. It is
desired to terminate the 50-ohm line with its characteristic impedance of

50 ohms in order to prevent standing waves on the line and to obtain max-
imum power transfer. Obviously the coaxial line cannot be connected direct-



2-28

1y to the 600-ohm 2-wire line. Therefore a device is needed which, with 50
ohms at one end, will present an impedance of 600 ohms at the other end. A
quarter—-wavelength line section will do this very nicely. All that is

necessary is that the line section have a characteristic impedance equal to

z!

o = % Za-a' = /600 x 50 = 173 ohms

The action of the quarter-wavelength transformer is illustrated in Figure
2-24,

600-ohm N

2-wire line Z, 0 \-O____....._._..__)__

—

/ Z . 50-chm
"o A=A Coaxial line
o

Figure 2-23. Matching with a line transformer.

Transmission Line Sections as Balancing Devices.

Frequently it is desired to couple energy from an unbalanced system to a
balanced system, or vice versa. If a balanced system is fed directly with
a coaxial line as shown in Figure 2-23, it would not be a strictly balanced
system and the coaxial line would not operate normally. Currents would be
present on the outer surface of the outer conductor of the coaxial line,
causing it to radiate. In the interest of system performance, this condi-
tion must be avoided. A device commonly employed to maintain balance when
going from a balanced system to an unbalanced one is called a "balun," an
abbreviation for "balanced to unbalanced." One balun which performs the
desired conversion without affecting the impedance characteristics of the
system is shown in Figure 2 25. Because of its physical appearance, it is
sometimes referred to as a "bazooka." When the length, L = A/4, the outer
sleeve acts with the outer conductor of the enclosed section of line to
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IMPEDANCE  COORDINATES—50-OHM CHARACTERISTIC IMPEDANCE
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A 600-ohm load is matched to 50 ohms by the action of a quarter-

Figure 2-24,
wavelength line transformer.
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form a quarter-wavelength coaxial section, causing a high impedance to
exist between points 1 and 2, The result is little or no shunt path to
ground from 2 to 1, no division of current at junction 2 and, consequently,
equal currents in each conductor of the twin line 2 and 3, Since the cur-
rents in the twin line are equal and 180 degrees out of phase, the voltages
to ground are also equal and 180 degrees out of phase, which then results
in a balanced operation.

w

Unbalanced
line

1
k—‘-——— A4 ‘r—! Balanced

line

Figure 2-25. Bazooka type balun with a 1:1 impedance transfer.

The impedance between points 1 and 2 remains high only when the length L is
near one-quarter wavelength long. Consequently, this type of balun provides
good performance over a relatively narrow band of frequencies of about 10
percent. Where wide band operation is required, the "double bazooka" type
balun, shown in Figure 2-26, may be used.

Unbalanced

line / N\
\

Balanced
line

Figure 2-26. Double bazooka type balun with 1:1 impedance transfer.
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A balun, the performance of which is superior to those just described, is
shown in Figure 2-27. This type of balun functions similarly by preventing
undesirable currents from flowing along the outside of the coaxial line.
Here, however, this is accomplished by a cancelling effect rather than
choking off the current as with the one-quarter wavelength sleeve section.

Unbalanced line

Balanced line

Figure 2-27. Parallel-conductor type balun with 1:1 impedance transfer.

It is frequently desirable to operate the balun at other than a quarter-
wavelength in order to take advantage of the shunt reactance it presents to
the load for impedance matching purposes. From the discussion on the trans-
mission line section as a parallel-resonant circuit, it becomes apparent
that the impedance characteristics of the shorted line section can be
utilized here. Since the impedance of a center-fed half-wave dipole antenna
resembles those of a series resonant circuit, the combined effect of the
balun and the dipole result in a wider frequency range of operation where
the reactance is negligible,

A balun which provides a fixed impedance transformation of 4:1 is shown in
Figure 2-28, Advantage is taken of the fact that a half-wavelength section
of line repeats its load but with a 180-degree phase reversal in voltage.
Thus the voltages to ground from each side of the load impedance Z, will be

equal and 180 degrees out of phase, resulting in a balanced operation.

The half-wavelength balun can be used with the line transformer arrangement
of Figure 2-23. Since Z, ,+ is now 200 ohms instead of 50 ohms, the im-
. pedance Zg of the line transformer must be

28 = 2, Ty yr = \/200 x 600 = 346 ohms




2-32

!

A2
(j,

Unbalanced
line

__(

Z
(o} Za=l|.z

Figure 2-28. Half-wave balun with 4:1 impedance transfer.

It is not the purpose of this discussion to describe all possi@le balancing
devices which may be employed in antenna systems. Those described here,
however, are the more basic types and are representative of those commonly
employed.

Lines With Attenuation.

1f we were able to sample the energy propagating along a lossless line we
would find that the SWR radius is constant. For instance, if we measured a
SWR magnitude of 2.8 at the antenna terminals we would still have a magni-
tude of 2.8 at the generator terminals regardless of the line length. How-—
ever, in real life, all lines have attenuation. This attenuation causes
the incident wave to be attenuated as it travels toward the antenna and
again as it returns as a reflected wave after reflection. It is evident
that the SWR resulting from these two components varies in amplitude along
the line. If the line is very long and the attenuation constant high, the
reflected wave will be very small and the line will appear to be terminated
in its characteristic impedance. This attenuation will be manifested as a

spiraling inward towards the center of the Smith chart of the impedance
point.

For this particular example, the length of line is 0.200 wavelength long
with an attenuation of 1.4 dB. The load impedance is R = 1.65 and jX = 2.2,
This value is plotted as Z_ in Figure 2-29, From the scale of attenuation
at the bottom of the Smith chart, it is found that Z_ lies on a circle of
constant attenuation corresponding to a value of about 1.8 dB. Travelling
clockwise along this constant attenuation circle 0,200 wavelength we arrive
at a second impedance point Zy which corresponds to R = 0.28 and jX = -0.67.
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Since the line attenuation is 1.4 dB, we now know that the input impedance
ZC when found will correspond to a point on another attenuation circle of
constant attenuation of 1.4 dB higher than 1.8 dB at a distance 0.200 wave-
length from the antenna. This 1.4 + 1.8 = 3.2 dB level is represented by
another constant attenuation circle on the Smith chart of Figure 2-29.
Point Z, specifies the input impedance for this particular example. Its
coordinates are R = 0,52 and jX = -0.57. Unfortunately the "in 1 dB steps"
scale is not numbered. (See Figure 2-29). Assigning the number "0" to the
first mark just under the scale designation, the subsequent marks can be
numbered out to 15 dB.

It should be emphasized that point Z; corresponds to an impedance point
that would have prevailed had the line been without attenuation and with
attenuation point Z_ as moved along the dashed spiral from Z, to Z.. If
the lossy line were infinitely long the dashed line in Figure 2-29 would
spiral to the center of the Smith chart and point Z. would be R = 1.0 and
jX = 0.

The use of attenuators or resistive pads to reduce the high SWR encountered
with small low frequency receiving antennas is a common and accepted prac-—
tice. Figure 2-30 illustrates the effect of attenuation on SWR.

If the length L of the transmission line and its attenuation A are known,
then its effect upon the load SWR can be determined from

SWR. = . 2-12

Y tanh [tanh™! (1/SWR,) - AL]

where
SWRL

SWRM

1l

SWR at the load end
measured SWR at input end

==
&
1

Attenuation loss
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CHAPTER III

THE SMITH CHART

General.

Before we can proceed with impedance matching techniques it is important
that we acquire an understanding of the various aids and charts, particu-
larly the Smith chart, that are used to solve matching problems and to
evaluate the performance of antennas and transmission systems. It has
often been said that if one understands Smith charts, he understands
transmission lines.

Many devices and charts have been invented to aid in visualizing, under-
standing, computing and measuring the various electrical parameters asso-
ciated with transmission lines. These charts have taken many forms over
the years from the complex hyperbolic function charts to the Cartesian
coordinates, the Hudson chart, the Clement chart, the Z-Theta chart and,
finally, the versatile Smith chart which was developed by P.H. Smith. The
Smith chart made its debut in Electronics, January 1939, in an article
entitled "Transmission Line Calculator." In the January 1944 issue of
Electronics, Mr. Smith presented additional information in an article
entitled "An Improved Transmission Line Calculator." The Smith chart is
a device that facilitates the solution of complex transmission line prob-
lems. It is indispensable to the antenna engineer,

The R-X Diagram.

The impedance Z_ of an antenna at any given frequency may be expressed as a
complex number ﬁa + an which may be plotted on a complex plane, called an
R-X diagram or an Argand diagram, where the horizontal axis represents the
real component R, and the vertical axis the imaginary component jX. The
R-X diagram has a coordinate grid system that is arranged in such a rtushion
as to permit plotting of the impedance in rectangular form. The impedance
can be shown as a function of frequency by plotting the impedance point
determined for each frequency and connecting the points with a curve as
shown in Figure 3-1. In this particular case, it can be seen that at one
frequency the curve crosses the zero reactance axis. This corresponds to a
pure resistive value for the impedance and hence resonance.

The Z-Theta Chart.

In the R-X diagram, impedances are expressed in rectangular form R + jX.

It is possible, however, to devise an analogous chart in which the imped-
ances are in polar form. That is, R + jX = Z/8 . Such a chart is shown

in Figure 3-2. The illustrated chart has a center value of 50 ohms (Z = 50
ohms) for direct use with 50-ohm systems. Other Z-8 charts may be obtained
normalized with Z = 1.0 for use with other systems.
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+3150
+3100
+350 4 E
E ©
£ c
58
" 3 § 100 200 300 400
g = Resistance in ohms
g o
g = Real Component
U'Ein
-j50 & ®
==
-
-3j100
-3150

Figure 3-1. Typical impedance curve plotted on an R-X diagram.

Usually, the polar coordinates are converted to their equivalent rectangular
coordinates and transferred to the Smith chart. If the Z/8 and Smith
charts are the same size, it is a simple procedure to overlay the charts,
and directly transferring the impedance points to the Smith chart. Table
3-1 illustrates the conversion of the polar coordinates shown in Figure 3-2
to their equivalent R-X coordinates. The R-X values have been plotted on
the Smith chart shown as Figure 3-3.

TABLE 3-1
CONVERSION OF Z/@ DATA TO R-X DATA

Freq (mHz) Z ] R =2 cos O X =7 sin B
100 32.5 722 30.1 -12.2
110 35.0 | -10° 34.5 -6.1
120 37.5 0° 37.5 0
130 42.0 | +10° 41.4 £T.3
140 47.5 | +20 44,6 +16.2
150 55.0 | +28 48.6 +25.8
160 70.0 | +38 55.2 +43,1




3-3

I

POSITIVE PHASE ANGLE

l

| 1160 mHz

i !
5

N\
150 mHz e 3
: 140 mHz :
20
3_ yuiEmuRs
1 }r 130 mHz =
. mnnAIN:E-DHM:o_ 120 mHz !

HEGATIVE PHASE ANGLE

Figure 3-2.

Z-©6 GCHART




34
IMPEDANCE  COORDINATES—50-OHM CHARACTERISTIC IMPEDANCE

X y’.;
(¥ qX
K \60 mHz\%
~ < 7 _d

& #7150 mHz
140 mHz Jfli% i 7~ v

]
- 130 mHz

{1 ol
]

] 2T 120 mHz?

oS

:
RESISTANGE COMPONENT [ r }
- 1 —l-—l-"’

110 mHz!

100 mHz

Smith chart -- Impedance coordinates —- 50-ohm impedance.’

Figure 3-3.




The Smith Chart.

0f all the various transmission-line charts that have evolved, the one in
common usage is the Smith chart. The Smith chart shown in Figure 3-3 has a
center value of 50 ohms for use with impedance bridges that measure direct-
ly in impedances. Frequently antenna measurements are obtained with admit-
tance bridges such as the General Radio Model 1602. In this case, the
recorded admittance can be plotted directly onto a Smith chart with admit-
tance coordinates such as shown in Figure 3-4. Note that the conductance
and susceptance components are the reciprocal of resistance and reactance
cgmponents. The center of the admittance chart is the reciprocal of 50
ohms.

Y = l/Z0 = 1/50 = 0.02 mho = 20 millimhos

The Smith chart consists of a family of circles and a family of arcs which
intersect each other at right angles. The circles (see Figure 3-5(a)) are
tangent at a common point at the right of the chart. Points along any of
these circles represent the same value of resistance R, A circle whose
diameter is one half that of the chart corresponds to a value of R = 50
ohms. Larger circles correspond to lower values of R, down to zero for a
circle equal to the chart diameter. Smaller circles represent higher
values of resistance, approaching infinity as the circle becomes smaller.
The smallest circle of Figure 3-3 corresponds to R = 2500 ohms.

The family of arcs (see Figure 3-5(b)) represents constant values of the
reactance +jX and -jX. These arcs all pass through the point at the right
of the chart, and have their radii along a vertical line passing through
that point. In Figure 2-3 the main scale for reading values of +jX is just
inside the outer circle, jX = 0 at the left of the chart and increases in
both directions, inductive reactance +jX clockwise and capacitive reactance
-jX counterclockwise. At the 90° counterclockwise, —jX = -50 ohms, and
clockwise, +jX = +50 ohms. As the right of the chart is approached, both
+jX and -jX increase to infinity, with the largest labeled value being

2500 ohms.

The Normalized Smith Chart.

In antenna measurements, resistances and reactances are expressed in terms
of their relationship to the characteristic impedance of the associated
transmission line. For example, if a complex impedance of 55,2 + j43.1
(160 mHz, Table 3-1) is being considered in a 50-ohm line system, the im-
pedance will be referred to as 1.10 + j0.86 in the normalized coordinate
system. Fach component of this impedance has been divided by the charac-
teristic impedance of the transmission line, 50 ohms in this case, as
follows

AR EQ = Eé G ng = 32.2 4 J43.1 _ 9 10 4 jO0.86 (3-1)
7 7 - 7z 50 50
o} ¢l [e]
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where
Z' = normalized impedance in ohms

Z_. = actual impedance in ohms

a
ZO = transmission line characteristic impedance
Ra = actual resistance in ohms
Xa = actual reactance in ohms

This is known as normalizing the impedance. Normalized impedances are
then plotted on a normalized Smith chart, Figure 3-6.

Chart outer boundary

Constant resistance
circles

=C0

Chart outer boundary Three| constant reactance

curves

\

(b)

Figure 3-5. The principle loci of constants R and = jX on the Smith
chart. (a) Constant resistance circles. (b) Constant reactance curves.
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The normalized Smith chart of Figure 3-6 can also be used for plotting
normalized admittances. Admittance coordinates are normalized when their
actual values are divided by the associated transmission characteristic
admittance as follows

Y 5
g Sa 4 3B (3-2
o Y, Yo
where
Y' = normalized admittance in mhos
Ya = actual admittance in mhos
YO = transmission line characteristic admittance
Ga = actual conductance in mhos
Ba = actual susceptance in mhos

Example, a load admittance of 0.025 - j0.0ll measured on a 50-ohm line is
normalized to

_0.025  j0.011
T (1/50)  (1/50)

‘e = 1.25 - j0.55

Normalized coordinate values make the chart applicable to either impedance
or admittance. Another example, The measured impedance of an antenna is
determined to be

Ly = Ra i_an = 30 + j20 ohms

With respect to a 50-ohm line, the normalized antenna impedance is

4 30 i20
a =¥, 1LY _ ;
AR % =50 + G 0.6 + jO.4  ohms

which would then appear on the normalized Smith chart coordinates at the
intersection of R/ZO = 0.6 and +jX/ZO = 0.40.

The transmission line characteristic impedance (Z_ = 50 ohms) is equivalent
to a characteristic admittance of I/Zo = 1/50 or 8.02 mho (20-millimho).

In our example, the antenna impedance of Z, = 30 + j20 is equivalent to an
antenna admittance of
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R X

_ o1 _ - = (3-3)
LV =poR " B
& 30 120 = _30 20

302 + 202 T 302 + 202 71300 1300

0.023 - §0.015  mho

The normalized antenna admittance for a 50-ohm line is then, by definition

Y 0.023 _
¥ oo a = ——=2= - j0.015 = 1,15 - 0.75 mh
0.02 0.02 0.0Z < me

which, as previously described, is the reciprocal of the normalized complex
antenna impedance, namely, Lo = 0.6 + jO.4 ohms, and lies diametrically
opposite the antenna impedance and at an equal distance from the center of
the normalized Smith chart as shown in Figure 3-7,

Properties of the Smith Chart.

The Smith chart has many useful properties:

o Impedances repeat every half wavelength by virtue
of the fact that the circumference around the
Smith chart is one half wavelength.

o The impedance point lying anywhere within the
limits of the Smith chart will have a corres-—
ponding admittance point that is diametrically
opposite the impedance point and with an equal
distance from the center of the chart (see
Figure 3-7).

o The impedance and admittance points are separated
by a circumferential distance that is equal to a
quarter wavelength.

o Capacitive reactance _Xc’ when added in series
with the antenna reactance +jX_, moves the an-
tenna impedance point 7Z_ counterclockwise along
circles of constant resistance. For example,

Z.= Ry I:ixa + (_XC)J .



o Inductive reactance +X;, when added in series
with the antenna reactance +jX,, moves the
antenna impedance point Z, clockwise along
circles of constant resistance. For example,
Zy = Ry [, + G T

o Capacitive susceptance +B., when added in
shunt with the antenna susceptance +jB,, moves
the antenna impedance point Z counterclockwise
along circles of constant conductance. For
example, Y, = G, E;Ba + (+BC)] i

o Inductive susceptance -Bj, when added in shunt
with the antenna susceptance +B_, moves the
antenna impedance point Z, clocﬁwise along
circles of constant conductance. For example,
Y, = G, E:Ba + (-BL)] ;

It is necessary when adding reactance or susceptance to an antenna's
reactance or susceptance to make the addition algebraically. For example,
if an impedance point has a reactance of, say, +100 ohms, and a capacitive
element the reactance of which is -160 ohms is added to it in series,

the resulting reactance becomes

Eigpag, = +100 + (-160) = -60 ohms

While this bit of algebra will provide the new impedance and/or admittance
location on the Smith chart, it is important, when analyzing the overall
procedure, to observe that the positive values in each case move the points
clockwise along the constant circles of resistance or conductance on which
the points are located, while negative values move the points counterclock-
wise. The constant circles can be visualized by overlaying a reversed
transparent Smith chart on the top of another Smith chart so that the zero
impedance region on one chart is over the infinite impedance region of the
other chart.

Using The Smith Chart.

Most single frequency matching techniques require an L-type network con-
sisting of two elements. Ordinarily, the solution to such networks require
numerous impedance-admittance transformation and extensive mathematical
manipulation. Obviously an overlay which performs the impedance-admittance
(or visa versa) transformation would be a tremendous time saver. A prac-—
tical way to go from one position to another while using this overlay is by
means of a board or tracing box of convenient size with a pivot inserted in
its center. The Smith chart is then placed on the board and carefully
centered on the pivot. (The pivot is made from a pin or thumb tack).
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Finally, the overlay, another Smith chart is laid over the first. An
impedance point plotted on this overlay can now be rapidly changed to an
admittance position (or vice versa) by simply rotating the overlay 180
degrees. The selection of a matching element and its arrangement at the
antenna feed point are made easier by being able to use the new impedance
and/or admittance positions as required.

The development of the overlay technique permits easy visualization of each

step required to match an antenna to the transmission line.

Figure 3-8

shows the overlay in skeletal form, only a few of the constant conductance
circles have been drawn for clarity.

Line Length and the Smith Chart.

The Smith chart can be of assistance in determining the load impedance
where it is impossible to connect the load directly to the terminals of the
impedance measuring device, but rather the load must be separated from the

device by a length of line BL long as shown in Figure 3-9.

Load
Measurement Reference
Reference Plane
Plane |
! |
|
| |
) - | Line
Impedance Load
Generator Measuring ; Z0
Bridge
J \ : '
|
' |
| O SR—
- g |
| 1
ZA—A' O
Figure 3-9. Transmission line representation for impedance measurements.

The measured impedance Zj_p' at some distance B2 from the location of the
load impedance Za is given by

Zy + jZ, tan BL

Zypr =2

OZO + jZa tan BL

(2-1)




3-15

where
Zp-A" = measured impedance
Zy = load impedance
2o = characteristic impedance of the line
B% = electrical length of the line

The Smith chart has two circular scales "Wavelengths toward load" and
"Wavelengths toward generator' which are calibrated in hundredths of a
wavelength. One complete revolution of either scale corresponds to a
half-wavelength. These scales are used to determine the impedance at any
point along an interconnecting cable after the impedance for one specific
point has been determined.

With reference to Figure 3-10, an impedance point is shown as Zp A" =

30 -j80. If Z,_,+ is the impedance measured at the bridge terminals and
one wishes to ﬁetermine the impedance at the opposite end of a 0.120 wave-
length long line, point Zy_p' is simply rotated counterclockwise about the
center of the chart (along a constant SWR circle, SWR = 6.5 to 1) a dis-
tance of 0.120 wavelength., If Za At lies at the scale reading of 0.168
wavelength on the "Wavelengths toward load" scale, then the new reading
will be on a radial from the center of the chart cutting the scale at

0.168\ + 0.120A = 0.288X

The impedance at the load end of the line is determined to be Z_ =
3 a
100 + jl43,

Determining SWR With the Smith Chart.

Any circle drawn about the center of the Smith chart is a circle of constant
SWR. Perhaps the best way for determining SWR is by plotting an impedance
point on a normalized Smith chart as shown in Figure 3-11. A circle is

then drawn through that point. The circle crosses the resistance line at
two points: at the left of center and at the right of center. The SWR is
obtained from the normalized resistance scale at the right of center. In
this case, for a normalized load impedance of Za = 1.8 + j2.2, the SWR is
4.9 to 1.

It has become customary in many areas to refer VSWR (voltage standing wave
ratio) in terms of dB, where

VSWR(dB) = 20 log10 VSWR (3-4)

Since VSWR is the ratio of the maximum voltage to the minimum voltage, it
is not exactly correct to express VSWR in terms of dB. The only time

v
dB = 20 log _L1 (3-5)
Vg
is when the two voltages are measured across the same value of resistance.
On a transmission line, the impedance is highest at the point of maximum
voltage and lowest at the point of minimum voltage and the ratio of the
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impedances is exactly equal to the square of the voltage ratios. Therefore
what is normally called VSWR in dB is a misnomer. The use of the term
"volt-logit" would be more appropriate

v
1 volt-logit = 10 log;, v% (3-6)

when the resistance across which the voltages are measured are disregarded.
the use of the terms "volt-logit," "current-logit," etc. was proposed by
J.W. Horton in "fundamental Considerations Regarding the Uses of Relative
Magnitudes," Proc. IRE, April 1952, pp. 440-444,

Since standing wave ratios are often measured in dB, some manufacturers
have calibrated their test equipment in accordance with Eq. (3-5) which
perpetuates the misnomer of the term VSWR(dB).
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CHAPTER IV

IMPEDANCE MATCHING TECHNIQUES

General.

Most of the antenna impedance matching problems encountered in practice

can easily be handled with an L-type matching network. The L-network was
first described by P.H. Smith, in an article that appeared in Electronics,
March 1942, entitled "L-Type Impedance Transformation Circuits." 1In his
disclosure, Smith developed eight matching networks that used only two pure
reactances at a time: one in series with the antenna to be matched and the
other either shunting the antenna alone, or shunting the parallel combina-
tion of the first reactance and the antenna. These networks are illustrat-
ed in Figure 4-1, The following is a brief description of each of these
L-networks. It must be remembered that each network is only capable of
transforming a complex antenna impedance to a pure resistive match at a
single frequency.

Choice of Reactive Combinations.

The combination of reactances used to match a complex antenna impedance to
a pure resistive match is governed by the nature of the antenna impedance,
that is, where the antenna impedance position occurs on the Smith chart.

An impedance in regions 1, 2, 3, or 4 in Figure 4-~2 can be matched to a
pure resistance only through the use of two reactances as indicated by the
appropriate letters, i.e., (a) through (h). The choice of matching network
depends on the availability of inductors or capacitors and their size, the
convenience of line sections, the need for dc biasing, the need for ground-
ing, etc. The eight Smith chart overlays illustrated in Figure 4-3 (a)
through (h), summarize the matching capabilities of the eight possible L-
type circuit combinations.

Matching With a Single Element.

Matching with a single element presents certain restrictions. Since a
single element, series or shunt, moves the impedance or admittance point
only along circles of constant resistance or conductance, optimum matching
cannot be achieved. There are regions on the Smith chart that cannot be
matched to any specified SWR. Figure 4-4 illustrates the limits of match-
ing possibilities for a SWR of 2.0 to 1. If a SWR of 1.5 to 1 or less is
desired the matching possibilities are further limited.

There is one way to circumvent the matching limitations imposed by a single
matching element and that is by the use of a short section of transmission
line. A transmission line can move an impedance or admittance point to a
more favorable region where optimum matching is made possible with one
matching element. This procedure is illustrated in Figure 4-5. In this
figure the normalized load impedance is Z_, = 1.7 - j5.0. By using a short
section of line of length 0.288X — 0.278% = 0.01A, Z, is transformed to a
new impedance point, Zn = 1.0 - j3.9. A single element, a series inductor
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Figure 4-1, Eight possible L-type circuits.
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Constant conductance circles Constant resistange circles

Figure 4-3. Matching solutions for typical L-type circuits.
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Figure 4-3 (Cont'd). Matching solutions for L-type circuits.
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with a reactance of +3.9 x 50 = 195 ohms, can now be used to move Z, to the
center of the chart for an optimum match, Z = 1.0 + jO. Figure 4-7 illus-
trates the limitations encountered with one-element matching. The objective,
in this case, is a SWR circle of 2.0 to 1. The restrictions are even great-
er for smaller SWR circles.

The technique of using a short section of line as described is called "line
matching." The noted difference between the line transformer and the short
line is that the short line is considerably less than one-quarter wavelength
long. Any transmission line impedance can be used for this application,
however, the Smith chart must be normalized to the line's characteristic
impedance before performing the first move. ~ i

A similar single-element matching arrangement is the shunt stub. A shunt
stub consists of a short-circuited or open-circuited transmission line in
parallel with the antenna. This arrangement is illustrated in Figure 4-6.

0.104} ——

Load

7z 50-chm line ////' 50-ohm line Za =
o 80 - j40

B, = -j0.8 7

Figure 4-6. A parallel-connected stub and a short line are used to match
an impedance of 80 - j40 to a 50-ohm system.

Note that, as in the example shown in Figure 4-5, a short section of line
is interposed between the antenna terminals and the stub position. The
effect of the short-circuited shunt stub of parallel reactance +X_ on the
new impedance Z_may be determined by subtracting the susceptance’-B_ of
the shunt stub %rom the new admittance Y, as in equation P

Y, =6, + B - Bp) (4-1)



IMPEDANCE OR ADMITTANCE COORDINATES 4-9

Iy,
8

3 2
A

Cannot match with one element
in this region

] ,:__\“\ - 0.8 j

REGION 1

Shunt capacitance EEQLQH_Q 3

Series capacitance

%5 -

P
o]
9

S ERE

A v \a
£ 2
= L) a0
2ia

zin
SWR = 2.0:1 circle £le
E zlg
Cannot match - B ey e o Ny Cannot match & e
. B s ERERERE S E N - with one element 13 Tte
with one element R}, on conpucrance component(-5-) : hi 2 gla
H in this region & e in this region e
- TO
0.2 SH & 12

37

o2 #le

8]8

Sts

g

‘l;": ©

Ao REGION 4 REGION 3
g% Shunt inductance Series inductance T
O t
= > G

Cannot match with one element
in this region

Figure 4-7. Single element matching limitations for a SWR circle of 2,0 to 1.
Limitations are greater for smaller SWR circles.




where
Yn = new admittance
Gn = new conductance
B, = new susceptance
Bp = parallel stub susceptance

With reference to Figures 4-6 and 4-8, the antenna impedance Z, = 80 - j40
is to be matched to a 50-ohm system. On the Smith chart (Fig. 4-8) are
plotted the normalized Z, point (80 - j40)/50 = 1.6 - jO.8 and Y, which is
diametrically opposite Z_ , Y, = 0.5 + jO.26.

To move Y_ to the constant conductance circle G = 1.0 requires that Z_ be

moved to a new impedance point Z_ = 0.62 - jO.48. This is accomplished by
adding a short section of 50-ohm line 0.104X long to the antenna. The
parallel stub susceptance B_ = -j0.8(50) = -j40 will transform the new

admittance point Y  to the Benter of the chart where G = 1.0 and B = i0,
and the antenna will be matched as desired.
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CHAPTER V

MATCHING OVER A BAND OF FREQUENCIES

General.

Single frequency impedance matching is relatively simple. If there is a
bandwidth to be matched, the problem becomes more difficult. The first
situation encountered is that it is not possible to match a band of fre-
quencies to an optimum SWR of 1.0 to 1. Instead we try to place the band-
width of interest to within a specified SWR circle. Typically, SWR levels
of up to 2.0 to 1 are specified for transmitting systems and up to 5.0 to 1
and sometimes greater for receiving systems.

Bandwidth is a relative term that can be made definite by specifying the
maximum value of the SWR not to be exceeded within the band specified.
Broadband, like bandwidth, is also relative. The term "broadband" is re-
served for antenna systems that have bandwidths of over fifteen percents.
Systems that have bandwidths of less than fifteen percents are considered
narrowband systems.

When matching over a band of frequencies it must be realized that the im-
pedance points do not move the same amount for different frequencies. A
single series or shunt matching element will do the following:

£
o Shunt capacitance moves the high frequencies +Bref F X
more than the low frequencies. ref
: . F
o Shunt inductance moves the low frequencies _Bref ref
more than the high frequencies. fy
) f
o Series capacitance moves the low frequencies _Xref ref
more than the high frequencies. Iy
; £
o Series inductance moves the high frequencies +Xref X
more than the low frequencies. fref
where
Bref = susceptance at reference frequency
fref = reference frequency
f._ = other frequency

To illustrate, if the difference in reactance is -2.5 chartohms (normalized
reactance) at, say, 6.2 mHz, what is the change at 12.4 mHz? The minus
sign in front of 2.5 indicates that the reactance is "capacitive."

* For clarity the terms "chartohm" will be used to denote normalized
reactance and "chartmho" to denote normalized susceptance.



From 1
X =
c amfC

(5-1)

it is seen that the change at other frequencies (f,) will be

-2.5 x 6.2
fy
and, specially, for 12.4 mHz
-2.5 x 12:2 = -1,25 chartohms

What has just been said about reactances and their dependence on the fre-
quency applies to susceptances as well. Thus, if +3.0 is a change in ca-
pacitive susceptance of a point, the change at other frequencies will be
proportional to these other frequencies, as indicated by the expression

B. = 2nfC (5-2)

Signs of Reactances and Susceptances.

Perhaps the most difficult aspect of impedance matching is keeping track of
signs, direction of travel and to make the necessary additions and subtrac-
tions correctly. For instance, if a point has a susceptance of +0.35 chart-
mho and an inductive element with a susceptance of -0.6 chartmho is added

in parallel, the resultant susceptance would be

B = 0.35 + (-0.6) = -0.25 chartmho

While this bit of algebra will provide the new location of the point with-
out difficulty, it is important that the proper direction of each move be

observed. The following should aid in visualizing the effect of adding or
subtracting reactances or susceptances to the original point:

o Shunt capacitance (+B) moves the admittance point clockwise
along constant conductance lines.

o Shunt inductance (-B) moves the admittance point counter-
clockwise along constant conductance lines.

o Series capacitance (-X) moves the impedance point counter-
clockwise along constant resistance lines.

o Series inductance (+X) moves the impedance point clockwise
along constant resistance lines.

The following tables should clearly illustrate the effect of each matching
element upon the signs and directions.
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TABLE 5-1
Shunt capacitive susceptance (B = +2.0 chartmhos) added at 3 mHz +2 fX
3 mHz
fnHz 01d Position Difference New Position
1 +310.0 (+0.667) +j10,667
2 +j4.0 (+3j1.33) +35.330
3 +30 (+i2.00) +32.000
4 -j1.0 (+32.667) +j1.667
5 -j3.2 (+33.33) +30.130
6 ~j6.4 (+3j4.00) ~j2.400
TABLE 5-2
Shunt inductive susceptance (B = -2.0 chartmhos) added at 3 mHz ) Q_%ﬂg
X
fims 0ld Position Difference New Position
1 +3j10.0 (-j6.0) +3j4.000
2 +j4.00 (-33.0) +31.000
3 +30 (-j2.0) -§2.000
4 -3j1.00 (-j1.5) -j2.500
5 -j3.20 (-jl.2) -j4.400
6 -3j6.40 (-j1.0) ~j7.400
TABLE 5-3
Series capacitive reactance (X = -2.0 chartohms)added at 3.0 mHz _5 _3 nhz
X
frHz 01d Position + |Difference New Position
1 +36.0 (~36.0) +30
2 +32.0 (-33.0) -jl.0
3 -jl.0 (~j2.0) -3j3.0
4 -j3.0 (-31.5) -j4.5
5 -j9.0 (-31.2) -j10.2
6 +32.0 (-j1.0 +3j1.0




TABLE 5-4
Series inductive reactance (X = +2.0 chartohms) added at 3.0 mHz +2 _EEL__
3.0 mHz

mez 0ld Position + | Difference = New Position

1 +3i6.0 (+30.667) +36.667

2 +32.0 (+31.330) +13.330

3 -jl.0 (+3j2.000) +31.000

4 -3j3.0 (+3j2.667) -j0.333

5 -j9.0 (+33.330) -j5.670

6 -j9.5 (+3j4.000) -35.500

The Smith Chart Overlay.

To combine a shunt element with an impedance the impedance must be inverted
to its admittance position and the shunt element must also be inverted from

reactance to susceptance.
must then be added together.
impedance.
impedance points must be compensated and evaluated.
points are plotted on an overlay.
to another using this overlay is by means of a shadow box

The load susceptance and the shunt susceptance
This sum must again be inverted to obtain the
This process, however simple, can be time consuming if several
Hence, the impedance

A practical way to go from one position
with a frosted

pane. A thumbtack is fastened to the pane and a Smith chart is carefully
Finally, the overlay,

centered on the thumbtack and taped to the pane.
consisting of another Smith chart, is centered over the first.

An impedance

curve plotted on this overlay can now be rapidly changed to an admittance
curve or vice versa by simply turning the overlay 180 degrees.

Eight Matching Examples.

The effect that each matching element, series reactance and shunt suscep-
tance, has upon an impedance plot representing a band of frequencies can
be seen by the examples shown as Figures 5-1 throught 5-8 and associated

work tables.
perhaps necessary.
mHz, 31 mHz and 32 mHz.

1, 2 and 3 (1 = 30 mHz, 2 = 31 mHz, and 3 = 32 mHz ).

An explanation of the legends used in these figures is
For simplicity, only three frequencies are used:

30

These frequencies were selected as a matter of
convenience and do not represent any special case.

: i The initial impedance
point is represented by the symbol Z and the frequencies by the numbers

series reactance to the load impedance is denoted by the symbols Zyq,
and Z33- The diametrically opposite admittance positions are represented
The result of adding shunt susceptance to Y

by Y11+ gy and Y3,

and Y33 is shown as Yjj7s Y59, and Yq43.

Sometimes these final a

The result of adding

299

Y

dmiceda

points are converted to their diametrically opposite impedances Zjq17>»

and 2333.

tance

2392

It should be noted that although the center frequency was used
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for the initial calculations, it may not be the best frequency to use.
Also, the amount of correction required for achieving a matched condition
at the center frequency will determine the amount of divergence or "blos-
soming" of the final impedance or admittance curve.

Matching Procedures for 4-3(a) Through 4-3(h).

TABLE 5-5

Problem: Match center frequency impedance Z, to center of Smith chart using
L-type matching network shown in Figure &—l%a).

Given: Z; = 1.0 + j2.0, 25 = 1.4 + j2.4, Zg= 2.0+ j3.0

Step 1: Determine admittance points from impedance points using overlay.

Step 2: Add capacitive shunt susceptance to Yo to move Z9 to R = 1.0 line.

foHz 0ld Position + |Correction = New Position

30 |¥; =0.190 - j0.400 +0.668 Y;; = 0.190 + j0.268
31 Y, = 0.180 - j0.310 +0.690 Yy = 0.180 + j0.380
32 Y; = 0.150 - jO.230 +0.712 Yq9 = 0.150 + j0.482

Step 3: Add series inductive reactance to move Zyy t0 Zp,y = 1.0 + jO.

fmHz 0ld Position + |Correction = New Position

30 le =1.70 - j2.500 +2.,253 2111 = 1.700 - jO.247
31 222 = 1,000 - j2.180 +2.180 2222 = 1,000 + jO

32 233 = 0.580 - j1.900 +2,112 2333 = 0.580 + J0-212
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TABLE 5-6

Problem: Match center frequency impedance Z, to center of Smith chart using
L-type matching network shown in Figure 4-1(b).

Given: 2 = 0.100 - j 0,400, 22 = 0.160 - j0.340, 23 = 0,200 - j0.300

Step 1: Add inductive reactance to Z, to move Z, to a point that will cause
Y99 to be placed on the G = 1.0 line. Use overlay to locate Z,, and Y55 points.

mez 0ld Position + Correction = New Position

30 Z1 = 0.100 - j0.400 +0.677 Z1qp = 0.100 + jO.277
31 Zp = 0.160 - j0.340 +0.700 Zyy = 0.160 + jO.360
32 Zq = 0.200 - j0.300 +0,723 Zy3 = 0.200 + j0.423

Step 2: Plot admittance points Yi1s Y22 and Y33 from le, 222 and 233.

Step 3: Add capacitive shunt susceptance to Y,, to move Y,, to G = 1.0 & B=0.

mez 01d Position + Correction = New Position

30 Yll =. 1-200 - _]3.200 +2.260 Y]ll = 1.2 o J0.940
31 Yzz = 1,000 - j2.300 +2.,300 Y222 =1.0 + jO

32 Y33 = 0.900 - j1.900 +2.374 Y333 = 0.900 + j0.57b

TABLE 5-7

Problem: Match the center frequency impedance Z, to center of Smith chart
using L-type matching network shown in Figure d—%(c).

Given: 2y = 1.0 - j1.85, Z, = 0.8 - j1.60, Z, = 0.6 - j1.40

Step 1: Invert impedance to admittance using overlay.

Step 2: Add to Y, shunt susceptance to move Y, to Y9y to place Zpp on R = 1.0.

fHz 01d Position - Correction = New Position

30 Y = 0.225 + j0.420 (-0.961) Y]] = 0.225 - j0.541
31 Yy = 0.250 + j0.500 (-0.930) Yoo = 0.250 - jO.430
32 ¥y = 0.260 + j0.600 (-0.901) Yq3 = 0.260 - j0.201

Step 3: Add series capacitive reactance to Zjyp to move Z,, to center of chart.

Loz 01d Position + Correction = New Position
30 | 2Z;; = 0-620 + j1.600 (-1.777) Z17] = 0.620 - j0.177
31 Zy, = 1.000 + j1.720 (-1.720) Zpy = 1.000 + jO
32 Z9n = 1.600 + j1.900 (-1.666) 7993 = 1.000 + j0.224
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Problem:

TABLE 5-8

L-type matching network shown in Figure 4-1(d).

Match center frequency impedance to center of Smith chart using

Given:

Zy = 0.200 + j0.200,

Z, = 0.160 + j0.310,

Z

= 0.100 + j0.400

Step 1: Add capacitive reactance to Zp to move Z, to a point that will cause

Y5, to be placed on the G = 1.0 line.

Use overlay to locate Zpo and Yoo

fnHz 01d Position + Correction = New Position
30 Z1 = 0.200 + 30.200 (-0.682) 7y, = 0.200 - jO.482
31 Z9 = 0.160 + j0.310 (-0.660) Z99 = 0.160 - j0.350
32 Z, = 0.100 + j0.400 (-0.639) lgq = 0.100 - jO.239
Step 2: Plot admittance points Yjjs Ypp and Yzg from Zyp, Zy9 and Zgg,
Step 3: Add inductive shunt susceptance to Y,,to move Yy to G = 1.0 and jB= 0.
£z 0Old Position + Correction = New Position
30 Y;; = 0.700 + j1.750 (-2.273) 7111 =0,7000 - j0.523
31 Yy, = 1.000 + j2.200 (-2.200) Y05, = 1.000 + jO
32 Y53 = 1.400 + 33.600 (-2.131) Yq33 = 1.400 + j1.469
TABLE 5-9
Problem: Match center frequency impedance to center of Smith

L-type matching network shown in Figure 4-1(e).

chart using

Given:

Zy = 0.200 + j0.800, Z, = 0.200 + j0.900, Z, = 0.200 + j1.000

Step 1: Determine admittance points from impedance points. Use overlay.

Step 2: Add capacitive shunt susceptance to Y2 to move Z, to R = 1.0 line.
fmHz 01d Position + Correction = New Position

30 |1 = 0.300 - j1.180 +0.629 Y;; = 0.300 - j0.551
31 Yy = 0.240 - j1.080 +0.650 Y22 = 0.240 - jO.430
32 |15 = 0.190 = 30.975 +0.671 Yy, = 0.190 - j0.304
Step 3: Add series capacitive reactance to move Z,, to Zjyy = 1.0 + jO.
Lins O0ld Position =+ Correction = New Position

30 [Z1; = 0.720 + j1.400 (-1.839) Zy11 = 0.720 - j0.439
31 Zpp = 1.000 + j1.780 (-1.780) Zypy = 1.000 + jO

32 Zgq = 1.420 + j2.300 (-1.724) 2333 = 1,420 + j0.576
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Problem:

TABLE 5-10

L-type matching network shown in Figure 4-1(f).

3-13

Match center frequency impedance to center of Smith chart using

Given: 21 = 0,400 + j1.000, Z, = 0.300 + j1.200, Zg = 0.200 + j1.400

Step 1: Add capacitive reactance to Z; to move Z, to a point that will cause
Y75 to be placed on the G = 1.0 line. Use overlay.to locate Zpy and Yy,
fmbz 01d Position + Correction = New Position

30 Z; = 0,400 + j1.000 (-0.765) Z11 = 0.400 + j0.235
31 2y = 0.300 + j1.200 (~0.740) Zy5 = 0.300 + j0.460
32 Zq = 0.200 + j1.400 (-0.717) Zq3 = 0.200 + j0.683
Step 2: Plot admittance points Yll’ Y22 and Y33 from le, 222 and 233.
Step 3: Add capacitive shunt susceptance to Y, to move Y95 to G = 1.0 and B =0
£tz 0l1d Position + Correction = New Position

30 ¥y; = 1.900 - j1.100 +1.490 Y177 = 1.900 + j0.390
31 Y52 = 1,000 - j1.540 +1.540 Y55, = 1.000 + jO

32 Y33 = 0.400 - j1.350 +1.590 V533 = 0.400 + jO.240

TABLE 5-11
‘Problem: Match center frequency impedance to center of Smith chart using

L-type matching network shown in Figure 4-1(g).

Given: Z; = 0.200 - j0.700, Z, = 0.200 - j0.600, Z4 = 0.200 - j0.500
Step 1: Determine admittance points from impedance points. Use overlay.
Step 2: Add inductive shunt susceptance to Y, to move Z, to R = 1.0 line.
£ oHe 0ld Position + | Correction = New Position
30 Y, = 0.380 + j1.320 (-1.023) Yl1 = 0.380 + j0.297
31 Y5 = 0.500 + jl.SQO (-0.990) Y,, = 0.500 + jO.510
32 Yq = 0,670 + j1.720 (-0.959) Yqg = 0.670 + j0.761
Step 3: Add inductive reactance to Zjy to move Z,y to Zggg = 1.0 + jO.
follz 01d Position + | Correction = New Position
30 Zyy; = 1.660 - j1.320 +0.968 2771 = 1.660 - jo.352
31 Zpo = 1.000 - j1.000 +1.000 Zy9 = 1,000 + jO
32 Z34 = 0.650 - jO.750 +1.032 Zg953 = 0,650 + j0.282
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TABLE 5-12

Problem: Match center frequency impedance to center of Smith chart using
L~type matching network shown in Figure 4-1(h).

Given: Z; = 0.200 - j1.200, Z, = 0.300 - j1.100, 24 = 0.400 - j1.000

Step 1: Add inductive reactance to Z, to move Z, to a point that will cause

Y55 to be placed on the G = 1.0 line. Use overlay to locate Zpp and Ygq.

[ 0ld Position + Correction = New Position

30 |Z; = 0.200 - j1.200 +0.629 Z11 = 0.200 - j0.571
31 Z, = 0.300 - jl.100 +0.650 Zy5 = 0,300 - j0.450
32 Zy = 0.400 - j1.000 +0.671 Zqg = 0.400 - j0.329

Step 2: Plot admittance points Y11, Y9 and Yqq from Z,,, 299 and Z43.

Step 3: Add inductive shunt susceptance to move Y,y tO G =1.0 and jB = 0.

mez 0ld Position + Correction = New Position

30 Y1 = 0.550 + j1.550 (-1.550) Ylll = 0.550 + jO

31 Y9y = 1.000 + j1.500 (~1.500) Y999 = 1.000 + jO

32 Yq3 = 1.500 + j1.250 (-1.453) Y333 = 1,500 - j0.203
Summary .

It has been demonstrated that antenna impedance matching, using any of the
eight L-type matching circuits, can be accomplished quite easily at one fre-
quency. In the examples presented the center frequency, 31 mHz, was matched
to the center of the Smith chart. Of particular interest is the behavior

of the impedance at the other frequencies, 30 and 32 mHz. Although no
attemptwas made to match the band of frequencies into any definite SWR
circle, each frequency was reasonably matched to an acceptable level. Of
particular interest is the "blossoming of the final impedance or admittance
points. An antenna impedance that requires little correction will not
blossom as much as one that requires much correction. This is one aspect
that must be observed when it is required to match to a specific definition
circle. The challenge can be a great deal of fun. Of course, the secret

is to have an initial antenna impedance that is either close to the center
of the Smith chart or one that is tightly clustered. The examples in the
following chapter will be matched to within definite SWR circles.
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CHAPTER VI

MATCHING SOLUTIONS

General.

The examples chosen to show various narrowband and broadband matching tech-
niques are typical. The first group of examples deal with narrowband match-
ing and the second group with broadband matching. These examples differ
from those previously described in that the impedances are placed within

a definite SWR circle. The only time impedance matching becomes difficult
is when broadband matching is necessary or when the SWR circle is small.

In such cases, optimum matching may require three or four matching networks.
Sometimes even these are not sufficient and the antenna configuration or
design must be modified to tighten up the impedance points or to move them
into an area that is more favorable to matching. It is often desirable to
incorporate impedance compensation within the antenna structure itself but
this approach is beyond the scope of this discussion.

Narrowband Matching.

Example No. 1. Problem: Match the following antenna impedance points
to a SWR of 2.0 to 1 or better.

mez Impedance Normalized Impedance

12.0 [z; = 10.0 - JbU_ |z; = 0.200 = jL.200
12,2 |2, = 16.5 - j55 |z, = 0.330 - j1.100
12.4 |25 = 20.0 - j50  [z4 = 0,400 ~ j1.000

n

Step 1. Enter normalized impedance on the Smith chart as shown in Figure
6-1.

Step 2. Draw a SWR circle centered on the Smith chart with its radius
©  passing through 2.0 on the R/Z0 axis. The objective is to move
the impedance or admittance points into this circle with a
minimum of correction.

Step 3. An_examinat%on of Figures 4-2 and 4-3 indicates that the impedénce
points are in region 4 and that (b), (c), (g) and (h) are
possible matching solutions. Solution (g) appears to require
less correction, therefore, it is our initial choice.
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Step 4. The first matching element is a shunt inductor. Using an over-
lay, invert the impedance points to their equivalent admittance
points.

bz Normalized Admittance
12.0 ¥y = 0.140 + j0.815
12.2 Yo = 0.250 + jO.830
12.4 Y4 = 0.345 + j0.860

Step 5. Determine the amount of shunt inductive susceptance required to
move the mid frequency admittance to the G = 1.0 line. A sus-
ceptance Of 0.830 — 0.430 = 0.400 chartmho is required. Since
the move is counterclockwise to reach the G = 1.0 line, the
correction required is negative.

Step 6. Compute for the new admittance positions.

mez 0ld Position + |Correction = New Position

12.0 |Y; = 0.140 + j0.815 (-0.407) Yy = 0.140 + j0.408

12.2 |Y, = 0.250 + j0.830 (-0.400) Yo, = 0.250 + j0.430
~12.4 Yy = 0.345 + j0.860 (-0.395) Yqq = 0.345 + j0.465

Step 7. The second matching element is a series inductor. Invert the
admittance points to their equivalent impedances and compute the amount of
series inductive reactance required to move the mid frequency point to the
center of the Smith chart. The reactance at the mid frequency is -3jl1.760
chartohms. A reactance of +1.760 chartohms is required to move the mid
frequency to the jX = 0 line. Determine the final impedance for all
frequencies.

£t 01d Position + | Correction = New Position

12.0 [Zq; = 0.750 - j2.250 +1.731 Z111 = 0.750 - jO.519
12.2 |29y = 1.000 - §1.760 +1.760 Z999 = 1.000 + jO
12.4 |Z33 = 1.050 - j1.400 +1.789 2435 = 1.050 + jO.389
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It can be seen that the initial approach to matching the impedances within
a SWR circle of 2.0 places the impedance point Z;;; just outside the circle.
It appears that an additional series reactance of about 0.100 will move
Zyyp well within the circle. Caution must be exercised so as not to push
t%e 2333 point outside the circle,

Step 8. Add a reactance of 0.100 to 1.731 at 12.0 mHz and recompute. Plot
the new impedance positions.

mez 01d Position + | Correction = New Position

12.0 | Z37 = 0.750 -~ j2.250 +1.831 Z131 = 0.750 - j0.419
12,2 222 = 1.000 - j1.760 +1.,923 Zgoo = 1.000 + jO.163
12.4 233 = 1.050 - j1.400 +2.014 2333 = 1.050 + jO0.614

Step 9. Determine the size of inductor required for the shunt element.

1

I mir—————
2'nfBLY0

where BLYO = 0.400 x 1/50 = 0,008 mho
£ =12.2 x 10° Hz/sec

Substituting
1
L= 6
(6.28)(12.2 x 107)(0.008)
L = 1.63 x 1070 Henrys or 1.63 uH

Step 10, Determine the size of inductor required for the series element.

X
L
L= 2rf
where X, = 1.923 x 50 = 96.15 ohms

f=12.2 x 106 Hz/sec

Substituting
. 96.15
= (6.28)(12.2 x 109
L = 1.255 x 107® Henrys or 1.255 uH
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Example 2. Problem: Match the following impedance points to a 50-ohm line.
The desired SWR is 1.5 to 1 or better. A line transformer is required.

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

mez Impedance Normalized Impedance
50 Z, =52 - ja5 Zy = 1.040 - jO.900
51 Zy = 67.5 - j32.5|Z, = 1.350 - j0.650
52 Z4 =87 - j20 Zq = 1.740 - jO.400
53 Z, = 120 - j26 Z4 = 2,400 - jO.052
54 Zg = 110 - j70 Zg = 2.200 - j1.400

Enter the above normalized data on a normalized Smith chart
as shown in Figure 6-2(a). This type of curve, where the
high frequency end loops downward, is almost ideal for match-
ing with a line transformer.

Draw a SWR circle on the Smith chart with its radius passing
through 1.5 on the R/Z  axis. The objective is to move all
of the impedance points within the circle.

Since we are using a line transformer we must first determine
the characteristic impedance Zé of the transformer. Draw an
outer boundary circle that is tangent to the SWR circle and
in such a way as to include all of the impedance points. The
SWR and outer boundary circles are shown in Figure 6-2(a).

Determine the line transformer characteristic impedance from
the minimum and maximum of the boundary circle.

Zé =\/Min x Max

where Min = 0,675 x 50 = 33,75 ohms
Max = 4,100 x 50 = 205 ohms
Substituting
Zé = V33.75 x 205 = 83 ohms

Normalize the impedance points and the SWR circle to the line
transformer impedance, 83 ohms. Figure 6-2(b) illustrates the
new normalized positions.



Step 6.

Step 7.

Step 8.
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£.n R x 50/83 3jX x 50/83
mHz

50 Zq 0.627 - jO.542
51 Z9 0.813 - 0.392
52 Z = 1,048 - j0.241
53 Z, = 1.446 - j0.313
54 |2g = 1.325 - j0.843
SWR min. = 0.407
SWR max. = 0,904

The impedance points must now be rotated clockwise into the
SWR circle. The 53 mHz frequency appears to be critical,
therefore, this frequency will be used to establish the
length of the line transformer. We only need to place this
impedance point just within the circle. Draw a line through
the 53 mHz point to the Wavelength Toward Generator scale. A
wavelength of 0.288 is intercepted on the scale. To rotate
the 53 mHz point just into the circle requires a rotation of
0.147 wavelength.

0.435X ~ 0.288A = 0.147A

Determine the extent of rotation required at other frequencies.
Since the higher frequencies rotate a greater distance than

the lower frequencies, the amount of rotation is determined

as follows

Ae = 0.147x x _Lx
* £53

mez Afx
50 0.139
51 0.141
52 0.144
53 0,147
54 0.150

Rotate each impedance point the specified amount of rotation
as indicated in the following table.
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folz wi;eiggﬁth + |Rotation |= |p,Nev,

50 0.398 0.139 0.537 (0.037)
51 0.393 0.141 0.534 (0.034)
52 0.349 0.144 0.493

53 0.288 0.147 0.435

54 0.319 0.150 0.469

Step 9. Convert the impedance points of Figure 6-2(b) to their normal-
ized impedance relative to 50 ohms as shown in Figure 6-2(c).

mHz Normalized 83 ohms Normalized 50 ohms

51 |2y, = 0.650 + j0.130 | Z,, = 1.079 + jO.216
52 |Z33 = 0-790 - 30,040 |7 . = 1.311 - j0.066
53 |2, = 0.690 - j0.250 |z, = 1.145 - j0.515
54 1255 = 0,480 - j0.145 Zss = 0.797 ~ j0.241

Summary. It has been demonstrated that a line transformer is an effective
impedance matching device. The impedance points of this example le, 244

and Zce are critical. It does not appear that any adjustment can be made

to the line transformer to improve the final impedance matching.
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Example No. 3.
and constructed of #14 wire has the following impedance.

Problem:
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A half-wave dipole antenna operating on 80 meters

ance to a SWR of 2 to 1 or better.

Match this imped-

mez Impedance Normalized Impedanc
350 Z; = 60.0 - jII5 Zy =1.20 - j2.30
3.6 22 = 65.0 - j52.5 | Zp = 1.3 - j1.05
37 Z3 = 67.5 -~ jl0.0 | Z5 = 1.35 - j0.20
3.8 Z4 = 70.0 + j335.0 | Z4 = 1.40 + jO.70
3.9 25 = 72.5 + j85.0 Zg = 1.45 + j1.70
4.0 Zg = 75.0 + j150 Zg = 1,50 + 33.00
Step 1. Enter the normalized impedance data on a normalized Smith chart
as shown in Figure 6-3(a).
Step 2. Invert the normalized impedance to its admittance position
(see Fig. 6-3(a)).
Step 3. An analysis of the admittance curve indicates that a resonant
short~circuited shunt stub will close up the admittance curve.
An initial try using a 50-ohm stub proved to be inadequate;
a 25-ohm stub is favored. Determine the susceptance of a
resonant stub 90 degrees long at 3.75 mHz.
fHz e tan@ 25tand@ 25tan®/50 |Susceptance
3.5 84° 9.51 238 ohms | +4.8 -0.21
3.6 86.4° 15.89 397 ohms | +8.0 -0.16
3.7 88.8° 47,74 1194 ohms | +24.0 -0.04
3.75 90° ® ® » 0
3.8 91.2° | -47.74 -1194 ohms | =24.0 +0.04
3.9 93.6° | -15.89 -397 ohms | -8.0 +0.16
4.0 96.0° -9.51 -238 ohms | 4.8 +0.21
Step 4. Add above susceptance to admittance curve and plot new admittance

position (see Fig. 6-3(b)).



mez 01d Position + Correction = New Position
Fed Y, = 0.180 + j0.342 (-0.21) Y;; = 0.180 + j0.132
3.6 Yo = 0.450 + j0.380 (-0.16) Y99 = 0.450 + j0.220
37 ¥y = 0.750 + j0.125 (-0.04) Y33 = 0.750 + jO.085
3.8 ¥, = 0.575 - j0.270 +0.04 Y44 = 0.575 - jO.230
359 Y5 = 0,280 - j0.340 +0.16 Yor = 0,280 - jO.180
4'0. Yg = 0.140 - j0.270 +0.21 Yoo = 0.140 - jO.06

Step 5. Invert the new admittance curve into its equivalent impedance curve
(see Fig. 6-3(b)).

Step 6. Draw a circle around the impedance curve with the curve centered
within the circle while making the circle as small as possible.
The curve shown in Figure 6-3(b) is centered on the R/Z_ axis =
2.7. The average resistance of the impedance curve is 2.7 x 50 =
135 ohms.

Step 7. A two-section line transformer will be used to match the 135-
ohm average resistance to 50 chms. Determine the impedances
of a two-section line transformer as follows:

_‘_——_& e !
Z0 Zo Zo Z

— 1 .

¥ -
W

LR < I 7' =z x2
o o g o = ’

vhere Z, = 50 ohms and Zg = 135 ohms

Substitution
4

P8 = 3 1 3
Zo = 50° x 135 ZO 50 x 135

n
P~
(o]
(]

64 ohms 105 ohms

Step 8. Normalize the impedance curve of Figure 6-3(b) to 105 ohms
and enter on the Smith chart (see Fig. 6-3(c)).




Step 9.

Step 10.

foe R50/105 jX50/105
2.5 Z), = 1.714 -j1.238
3.6 2oy = 0.857 -30.405
3.7 Zg3 = 0.657 -3j0.071
3.8 Zyy = 0.714 +0.286

3.9 Zgs = 1.190 +30.714
4.0 Zee = 2.905 +31.190

The length of the first transformer is one-quarter wavelength
long at the resonant frequency (about 3.725 mHz). Determine
its length at other frequencies from

f
Ap = 0.250X x X
%

3.725
A

mez £y

35 0.235
3.6 0.242
347 0.248
3,725 0.250
3.8 0.255
3.9 0.262
4.0 0.268

Starting at 3.5 mHz, determine the new Wavelength Toward
Generator position by drawing a straight line from the
center of the chart, through the 3.5 mHz impedance point,
to the Wavelength Toward Generator scale. The line inter—
cepts 0.298 wavelength on the scale. Determine the amount
of clockwise rotation from

0.298) + Af = 0.298X + 0.235) = 0.533 (0.033)

Repeat for all other frequencies.



oz 01d X Afx New A

3.5 0.298 0.235 0.533(0.,033)
3.6 0.382 0.242 0.624(0.124)
3.7 0.480 0.248 0.728(0.228)
3.8 0.072 0.255 0.327

3.9 0.170 0.262 0.432

4.0 0.229 0.268 0.497

Step 11. Plot the new rotated impedance points on the Smith chart

Step 12,

Step 13.

Step 14,

(see Fig. 6-3(c)).

The rotated impedance points of Figure 6-3(c) must now be
matched to 50 ohms with the 64-ohm line transformer., Nor-
malize the rotated impedance points to 64 ohms and plot

on the Smith chart (see Fig. 6-3(d)).

foHz | R105/64 jX105/64

3.5 |2y = 0.574 +j0.312
3.6 |2y = 1.477 +j0.719
3.7 |233 = 2.543 +j0.295
3.8 |24, = 1.969 -j0.788
3.9  |2Zg5 = 0.952 -30.509

4,0 Zgp = 0.484  -30,033

il

The second line transformer length is 0.250 wavelength at
3.725 mHz. Determine its length at the other frequencies.
This is a repeat of Step 9.

Starting at 3.5 mHz, determine the new Wavelength Toward
Generator position by drawing a straight line from the
center of the chart, through the 3.5 mHz impedance point,
to the Wavelength Toward Generator scale. The line inter-
cepts the scale at 0.066 wavelength. Determine the amount
of clockwise rotation from

0.066A + A = 0.066A + 0.235X = 0.301A

Repeat for all other frequencies.
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£l 0ld A Afx New A
3.5 0.066 0.235 0.301

3.6 0.192 0.242 0.434

3 0.242 0.248 0.490

3.8 0.282 0.255 0.537(0.037)
3.9 0.362 0.262 0.624(0.124)
4.0 0.494 0.268 0.762(0.262)

Step 15. Normalize to 50 ohms and plot on the Smith chart. This
is the final step (see Fig., 6-3(e)).

foHz R64/50 jX64/50
3.5 2.000 -j0.858
3.6 0.730 -j0.410
3.1 0.499 -j0.064
3.8 0.563 +0.256
3.9 1.114 +30.640
4.0 2.690 -j0.307

Summary. This has been a particularly difficult example., It took one
shunt stub and two line transformers to arrive at the results shown in
Figure 6-3(e). High Q wire antennas such as this one are difficult to
match over their entire operational frequency bands. However, we have
managed to place most of the impedance curve with a 2.0 to 1 SWR circle.
It does not appear that any additional matching can improve the curve
other than reducing the Q of the antenna by increasing the wire diameter
thus reducing its length-to-diameter ratio.



IMPEDANCE OR ADMITTANCE COORDINATES

o.12 0.13

Zy,

Y

Load Admittance [ 1, 7 f-
..gr(SteP Py == BEREE N

1
RESISTANCE +umr —n ), OR CONDUCTANCE COMPONENT

s
T

\do

6-16

gHY

333353.: 7
3353

Al
0N
IN313134305 no1Loa1dds 2

"
IN313744305 NoIssTASNYEL 2

N

53,

Figure 6-3(a). Original impedance and admittance curves of half-wave
dipole.

80-meter




IMPEDANCE OR ADMITTANCE COORDINATES 6-17

4 (Step 6) \
o
; Resistance Averaging Circle

Z\z
0 X " %‘
6'0 Z 1:‘
Yll Y22 44 255 B
il el 2
- o) ) p: :
: e s ] 33 ataiaHal | =T .08 S e
ERERSE Y66mcs' componenT(-E), or conbucTance co ONEN_].E(-“.SD—). 233 ;%
o2 7 b
Yss L4 - %22 L =2
2 1 s
- A

Y5

Load Admittance

Figure 6-3(b). Susceptance of short-circuited shunt stub add to admittance curve.
Stub is resonant at 3.75 miz,

-



IMPEDANCE OR ADMITTANCE COORDINATES

0.12

.38
042 0.9 i

(Steplll)
Rotated Impedance

z
20R
Z11R Zhs
e
Z66R HEFE (3] e TaTase

Figure 6-3(c).

et
RESISTANCE COM|

n%[—%—),on conpucTANCE for 7 3 (—.ﬁ.—} ]
0.2

z

55R AN 22 2

C.I3
0.37

bitep B)3
Impedance Curve
255 :
Ze6

30 ny

$335y

position.

Impedance curve normalized to

105 ohms and rotated to new

impedance

o

' IN313134305 No1la31338 ¥

#2'0

az'0

5z'0

20

97




Z
55R
I (Step 14)
b HE ' Z44R .
g Rotated Impedance
2 Zl 1 *G
B
5 S araans: ME R AV N RE RS =
m) RESISTANCE COMPONENTI-E-) CR 66 “comrmi u1(--)]
Z33R

¥

]

. (Step 12)
222 Impedance Curve

EmE .%333.5
Z66R
Z11R

L4y,

0.235) @ 3.5 miz

3 9!

20,
e
o 312
IN313133305 noISSINSHIEL =

' IN313143305 NoILo31d3Y

20wy
533493 i

£2:q

533H5

Figure 6-3(d).
position.

Impedance curve normalized to 64 ohms and rotated to new

impedance




bl

IMPEDANCE OR ADMITTANCE COORDINATES

(Step 15)
Impedance Curve

2R = a 0 ©
=l =1 (<] =]

Trrr
RESISTANCE component(-£-), or cofoucTance COMPoNﬁu( )

+7-2.0 SWR Circle

3.6

6-20

onY

Fhond

f=)
31
IN313753300 NolssiRsvEL 20

Ni1R313143300 WoiLoa 133 4

93339 30 N
$33403

Figure 6-3 (e).

Final

impedance curve. Curve normalized to 50 ohms.




6-21

Example 4. Problem: A vertical 80-meter colinear antenna consisting of a
one quarter wavelength section and a half wavelength section exhibits a hor-
rible impedance. What is the best match that can be realized between 3.5
and 4.0 mHz? ‘

fips Impedance Normalized Impedance
3.5 Zy = 9.500 + j 94.450 [Z; = 0.190 + j1.889
3.6 Zy =9.750 + j97.550 [Z, = 0.195 + j1.951
3.7 Z, = 10,00 + jl01.25 P4 = 0.200 + j2.025
3.8 Z, = 10.50 + j103.05 [, = 0.210 + j2.061
3,9 Zg = 11.00 + j108.50 Pg = 0.220 + j2.170
4.0 Zg = 12.00 + jl15.00 [, = 0.240 + j2.300

Step 1. Enter the impedance data on a normalized Smith chart (see Fig.
6~4(a)). Draw a 2.0 to 1 SWR circle. Draw a boundary circle
tangent to the SWR circle. The first move will be to rotate
the impedance curve to the left along lines of constant resis-
tance with a series capacitor. The purpose of this move is
to place the center frequency (3.750 mHz) on the boundary cir-
cle.

Step 2, Determine the amount of reactance required to place the center
frequency on the boundary circle. The reactance required is
1.445 chartohms (see Fig. 6-4(a)). Compute for the reactance
required at the other frequencies f, from

X, = 1.445 x 3—535—0-
fnHz Xfx
3.5 ~-1.548
3.6 -1.505
3.7 -1.465
3.75 -1.445
3.8 -1.426
3.9 -1.389
4.0 -1.355

Step 3. Add the series capacitive reactance to the load impedance and
plot its new position (see Fig. 6-4(a)).
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£ bz 01d Position + Correction = New Position
3.5 {2y =0.190 + j1.889 (-1.548) Zy7 = 0.190 + jO.341
3.6 |z, = 0.195 + j1.951 (-1.505) Z9p = 0.195 + jO.446
3.7 |23 = 0.200 + 32.025 (-1.465) Zq3 = 0.200 + j0.560
3.8 Z, = 0.210 + j2.061 (-1.426) Zy4 = 0.210 + jO.635
39 g = 0.220 + j2.170 (-1.389) Z<s = 0.220 + j0.781
4.0 g = 0.240 + j2.300 (-1.355) Zep = 0.240 + 30,945
Step 4. Invert the impedance curve to its admittance equivalence in
preparation for the next move (see Fig. 6-4(a)). Determine
the amount of shunt capacitive susceptance required to move
the center frequency to the G,/Yo axis. The amount of suscep-
tance required is 1.500 chartmhos (see Fig. 6-4(b)). Compute
the amount of susceptance required at the other frequencies i
from
£
fo = 1.500 x 57%36
f iz Ut
3.5 1.400
3.6 1.440
37 1.480
3475 1.500
3.8 1.520
3.9 1.560
4.0 1.600
Step 5. Determine the new admittance position and plot on the Smith
chart (see Fig. 6-4(h)).
foHz 0l1d Position + Correction = New Position
3.5 |Y¥y; = 1.250 - j2.200 +1.400 Y177 = 1.250 - 70.800
3.6 Yy, = 0.810 - j1.840 +1.440 Y999 = 0.810 - jO.400
3.7 Y33 = 0.580 - j1.580 +1.480 Y333 = 0.580 - j0.100
3.8 Y44 = 0.450 - j1.410 +1.520 Y44 = 0,450 + jO.110
3.9 Y55 = 0.320 - j1.190 +1.560 Ygg5 = 0.320 + j0.370
4.0 |Ygp = 0.240 - j1.010 +1.600 Yeee = 0.240 + j0.590




Step 6.

Step 7.

6~23

Invert the new admittance position to its equivalent impedance
position (see Fig. 6-4(b)). What we now have is an impedance
curve that is amenable to being folded into a 2.0 SWR circle.
The Zy, (3.8 mHz) point is on the R = 2,10 constant resistance
line ana cannot be matched into the 2.0 SWR circle.

An examination of the impedance curve of Figure 6-4(b) shows
that an addition of about -0.35 chartohm at 3.5 mHz and about
+1.500 chartohms at 4.0 mHz are needed. The task is to select
the proper series resonant circuit that will provide the neces-
sary reactance above and below resonance. Unfortunately, there
are countless combinations of L-C ratios that can be resonated
at a particular frequency, most of which will not satisfy the
matching requirements.

As a rough approximation, the following equation can be used
to determine the value of inductor required for the series
resonant L-C circuit:

X f

L=o |ty
T 2m f_f

X r

where L = inductance required in ul

%y = inductance required at fx
£, = other frequency
f, = resonant frequency of L-C circuit
Substituting X, = 1.5 x 50 = 75 ohms
Topi ™ 4.0 mHz 2
£ = 3.60 mHz

* Resonating the series L-C circuit at 3.6 mHz (Z 22) will
prevent that impedance point from moving. Point 271 will
move towards the left because it is below resonance and all
other points will move toward the right with the largest
move with point Zgge.

Solving

- 4.0
T 6.28( 402 - 3,67

11.94 (1.3158) = 15.71 uH

At resonance Xj = Xc, therefore

XL = 6,28 x 3.6 x 15.71 = 355 ohms
and

C=1/6.28 x 3.6 x 355 = 125 pF
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To obtain the reactance at 3.5 mHz

XL = 6.28 x 3.5 x 15,71 = 345.3 ohms
L= 1/6.28 x 3.5 x 125 = 364 ohms
X = 345.,3 - 364 = -18,7 ohms = -0.374 chartohm

total

It appears that -0.374 chartohm will move the 3.5 mHz point
well into the SWR circle. Let us now look at the 4.0 mHz
point

6.28 x 4.0 x 15.71 394.6 ohms

<
1]

X 318.5 ohms

o}

=394,6 - 318.5 = +80.1 ohms = +1.722 chartohms

1/6.28 x 4.0 x 125
Xtotal

It appears that +1.722 chartohms will move the 4.0 mHz (2666)
point well into the SWR circle. Compute for other frequencies
in a like manner

£tz XL - Xc = Ohms Chartohms
3.5 285.7 302.3 -16.6 -0.332
3.6 Respnance 0 0

3.7 | 365 344.3 +20.7 | +0.414"
3.8 Not| compufed

3.9 Not| compuled

4.0 394.6 318.5 +86.1 +1.722

“* The 3.7 mHz point is in trouble because the 0.414 chartohm,
when added to 0.500 chartohm, puts the 3.7 mHz point outside
the circle. Try again with a smaller inductor, i.e., 13.0 uH.

XL = 06.28 x 3.6 x 13.0 = 293.9 ohms
3.6

C=1/6.28 x 3.6 x 293.9 = 150.5 pF
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¥ i X - X, = | Ohms  |Chartohms
3.5 285.7 302.3 -16.6 -0.332
3.6 Resonpnce 0 0
3.7 302.1 286 +16.1 +0.322
3.8 310.2 278.4 +31.8 +0.636
3.9 318.4 271.3 +47.1 +0.942
4,0 326.6 264.5 +62,1 +1.242

Step 8. Add the reactance obtained in Step 7 to the impedance curve
of Figure 6-4(b).

fnHz 01d Position + Correction = New Position

3.5 |Zy71 = 0.550 + j0.350 (-0.332) 0.550 + j 0.018
3.6 |Z999 = 0.975 + j0.480 0 0.975 + j0.480
3.7 |Zaz3 = 1.500 + j0.500 +0.322 1.500 + j0.822
3.8 |Zg4s = 2.100 - jO.500 +0.636 2.100 + j0.136
3.9 |Zg55 = 1.350 - j1.550 +0.942 1.350 - j0.608
4.0 |Zggg = 0.600 - j1.460 +1,242 0.600 - j0.218

Plot the new impedance position on a Smith chart (see Fig. b-4(cj).

Summary. The 3.7 mHz point proved to be the critical point. Perhaps a
resonance at 3.65 mHz instead of 3.600 mHz would limit the travel of the
3.7 mHz point. In any event, we have done quite well matching the entire
80-meter band into a SWR circle of 2.2 to 1. The matching arrangement is
illustrated below.

13.0 pH
50 ohms 150.5 pF == 1274 pF

" L
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Example 5. Problem: A short vertical antenna operating in the 10-meter

band has the following impedance.

1 or better.

Step 1.

Step 2.

£ Impedance Normalized Impedance

mHz
28 Zp = 20 - j120 Z1 = 0.400 - j2.400

0.40 - j2.200
0.400 - j2.000

I

29 |75 =20 - j110 |7,
20 - j100  |Z4

30 Z3

Plot the normalized impedance on a normalized Smith chart.
Draw a SWR circle centered on the Smith chart and passing
through 2.0 on the R/Z, axis. Draw an inner and an outer
boundary circle that are tangent to the SWR circle as shown
in Figure 6-5(a). An examination of Figures 4-2 and 4-3
shows that the impedance curve is in region 4 and that (h)
appears to be the best matching solution. The first move
will be to rotate the impedance curve clockwise along lines
of constant resistance with a series inductor. This will
also cause the curve to become elongated because a series
inductor will cause the high frequencies to move faster
than the low frequencies.

For our first move, the 29 mHz point will be placed on the

X = -5.000 chartohm reactance line. A correction of +1.700
is required. To calculate the correction required at other
frequencies f,

h

- X
¥ = +1.700 x 59

Match this impedance to a SWR of 2

.0 to

Imiz

0l1d Position + |{Correction = New Position

28

21 = 0.400 — j2.400 1.641 Zy, = 0.400 - j0.759

29

Zy = 0,400 - j2.200 1.700 Loy = 0.400 ~ j0.500

30

[\
w
1

= 0.400 - j2.000 1,759 Z35 = 0.400 ~ ;0,241

Enter the new impedance position on the Smith chart (see Fig.
6-5(a)). The curve is satisfactorily positioned between the

two boundary circles. We can proceed with the next step, the
shunt inductor. For shunt elements we must work with admittance.




Step 3.

Invert the impedance curve into its equivalent admittance

curve, Adding shunt admittance to the curve will cause it
to rotate counterclockwise along lines of constant suscep-
tance into the SWR circle.

Step 4. For our next move we are going to move the 29 mHz point to
the +0.200 chartmho susceptance line. This requires a cor-—
rection of —-(+1.210 - 0.200) = -1.010 chartmhos. To deter—
mine the amount of correction at other frequencies
B, = -1.010 x 29
X f
X
£ 0ld Position + Correction = New Position
mHz
28 Y., = 0.550 + j1.040 (-1.046) Y11 = 0.550 - jO.006
29 Y90 = 0.980 + j1.230 (-1.010) Y222 = 0,980 + j0.220
30 Y33,="1.800 + j1.150 (-0.976) Yqg5 = 1.800 + jO.174
Locate the new admittance positions on the Smith chart. The
final admittance curve is within the SWR circle as desired.
However, it appears that we can further improve the match with
additional matching elements. We cannot do much with a verti-
cally oriented curve such as that shown in Figure 6-5(a). If
the curve is rotated to a horizontal position we can fold the
ends in with a resonant circuit an achieve a much better match.
Figure 5. The final admittance curve of Figure 6-5(a) can be rotated

with a short section of 50-ohm line. The first try will be
to place the 29 mHz point on the G/Y, axis. This will make
29 mHz the resonant frequency. Draw a straight line from
the center of the Smith chart, through the 29 mHz point, to
the Wavelength Toward Generator scale. A scale reading of
0.125 wavelength is obtained. To move the 29 mHz point to
the G/YO axis (0.250X on the WIG scale) requires a line
length of 0.250X -~ 0.125X = 0.125X. A section of line will
cause the high frequencies to move faster than the low fre-
quencies. To determine the line length at other frequencies

fx
Ay = 0.125% x X

mez AX

28 0.121
29 0.125
30 0.129




Step 6.

Step 7.
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To determine the amount of rotation at all frequencies

LoHz| 01d A + Ay = New A

28 0.496 0.121 0.617 (0.117)
29 0.125 0.125 0.250

30 0.239 0.129 0.368

Without changing the radii of the admittance points, rotate
them clockwise to their new positions as shown in Figure
6-5(b). The new admittance points, as a result of this
rotation, are

£ Normalized Admittance

mHz
28 ¥y71 = 0.820 + jO.525
29 Y99g = 1.250 + jO

30 Y333 = 0.890 - j0.570

It now remains to fold the ends of the curve inward. The
frequencies below resonance have positive (+) susceptance
whereas the frequencies above resonance have negative (-)
susceptance. A short-circuited line, 90 degrees long
(0.250A) at 29 mHz is the choice. It will provide neg-
ative susceptance below resonance and positive susceptance
above resonance. A very low impedance line is required.
By paralleling four 25-ohm lines an impedance of 6.25 ohms
can be obtained. (It was determined emperically that
higher impedance lines did not provide sufficient shunt
susceptance). To determine the reactance and susceptance

X

]

Z . tan 9
and ©
1.

B= Zy tan 8

vhere Z, = impedance of the stub line = 6.25 ohms

Since 90 degrees represents one-quarter wavelength at 29
mHz, the electrical length at other frequencies is

mHz 8= X=2, tan 8 [B=1/Z, tan O] B/Y_

28 86.90 115.4 -0.0087 -0.435

29 90.00 | @ ————— 0 0

30 93.10 -115.4 +0.0087 +0.435
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Step 8. The admittance obtained in Step 8 must now be added to the
admittance curve of Figure 6-5(b).

£t 0ld Position + | Correction = New Position

28 Y = 0.820 + j0.525 (-0.435) Y = 0.820 + j0.09
29 Y = 1.250 + jO 0 Y = 1.250 + jO

30 Y = 0.890 - j0,570 +0.435 Y = 0.890 - j0.135

Step 9. It now remains to compute the values of the inductors and
lengths of the series line and stub line. To determine the
value of the series inductor

X
L=_L henry
2rf

where X = 1.7 x 50 ohms (from Step 2)

£ =29 x 10 Hz/sec
Substituting
85 -6
Lim—=S0 . = 0467 % 1070 K
6.28 x 29 x 106 enry
or
L = 0.467 uH

Step 10. Determine the value of the shunt inductor

L = . henry

2nf By YO

where By = 1.010 (from Step 4)
Y = 0.02 mho
f =129 x 106 Hz/sec

Substituting
1
L = 6
6.28 x 29 x 10Y x 1.010 x 0.02
L = 0.272 x 107 henry or 0,272 uH

Step 11. Determine the length of line required to rotate the admit-
tance curve, From Step 5, the electrical length required
is 0.125 wavelength at 29 mHz.



Step 12,
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N _ Velocity of Propagation
29 Frequency

300 x 100 meters/sec

29 x 10° Hz/sec
Converting meters to feet

= 10.34 meters

10.34 x 3,281 = 33.94 feet

RG-8 coaxial cable is considered for the series line. It
has a velocity factor of 0.66. The physical length required
is

33.94 x 0.125 x 0.66 = 2.8 feet

Determine the length of stub required. From Step 7, a stub
length of 90 degrees (0.250)) at 29 mHz is required.

Apg = 33.94 feet x 0.250 = 8.49 feet

The 25-ohm RG-73 coaxial cable which is used as the shunt
cable has a velocity factor of 0.655. The physical length
required is

8.49 x 0.655 = 5.56 feet

The illustration shown below shows the arrangement of the
matching elements used in this example.
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Broadband Matching.

Example 6. Problem: A broadband dipole has the following impedance.
Match this impedance to a SWR of 3.0 to 1 or better.

Fons Impedance Normalized Impedanif
2.0 Z =192.0 - j90.0 |Z = 1.840 - j1.800
2.5 Z = 75.5 - j19.0 |Z = 1.510 - j0.380
3.0 Z = 67.0 + j24.0 | Z = 1.340 + j0.480
3.5 Z =282.0+ j62.5 |Z = 1.640 + j1.250
4.0 Z =137.5 + j57.5|Z = 2.750 + j1.150
4.5 Z =82.5+ j47.5 | Z = 1.650 + jO.950
5.0 Z=77.0+ j92.5 | Z = 1.540 + j1.850
5.5 Z = 170.0 + j105 | Z = 3.400 + j2.100
6.0 Z =115.0 - j25.0| Z = 2.300 - j0.500
Step 1. Enter the normalized impedance coordinates on a Smith chart
as shown in Figure 6-6(a). Draw a SWR circle centered on the
Smith chart with the radius passing through 3.0 on the R/Z0
axis. Draw an inner and an outer boundary circle that are
tangent to the SWR circle. The first objective is to move
the impedance curve so that it is between the two boundary
circles and positioned so that it can be matched with a
second matching element. A shunt inductor appears to be the
logical choice for the first matching element.
Step 2. A shunt element requires that the impedance curve be inverted
into its equivalent admittance position (see Fig. 6-6(a)).
The extent of the first move will be -0.430 chartmho at 4.0
mHz. To determine the extent of the move at other frequencies
_ 4.0
B, = -0.430 x E—m
bs
£o11y 01d Position + Correction = New Position
2.0 Y =0.275 + j0.275 (-0.860) Y = 0.275 - jO.585
2.5 ¥ =0.620 + jO.160 (-0.688) Y = 0.620 - j0.528
3.0 Y = 0.675 - jO.240 (-0.573) Y = 0.675 - j0.813
3.5 Y = 0.380 - jO.290 (-0.491) Y = 0.380 - j0.781
4,0 Y =0.280 - j0.160 (-0.430) Y = 0.280 - j0.590
4.5 |Y = 0.460 - j0.260 (-0.382) Y = 0.460 - jO.642
5.0 |¥ = 0.260 - j0.320 (=0.344) Y = 0.260 - jO.664
5.5 |Y = 0.200 - jO0.140 (-0.313) Y = 0.200 - j0.453
6.0 |Y = 0.400 - jO.090 (-0.287) Y = 0.400 - j0.377
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The new admittance position is shown in Figure 6-6(b). The
next step will be a series matching element. This requires
that the admittance curve be inverted into its equivalent
impedance curve (see Fig. 6-6(b)).

Step 3. From the position of the impedance curve it appears that a
series capacitor is required to move the impedance curve
counterclockwise along lines of constant resistance into the
SWR circle. The 5.5 mHz point is the furthest point from the
SWR circle. The extent of the second move will be to place
the 5.5 mHz point just inside the SWR circle. Therefore, the
extent of the next move will be -(1.850 -1.050) = -0.800.
Calculate the extent of the next move for other frequencies
from

5.5
Xy = -0.800 x T
X
iz 0ld Position + Correction = New Position
2.0 Z = 0.625 + j1.370 (-2.200) Z = 0.625 - j0.830
2.5 Z = 0,925 + j0.800 (-1.760) Z = 0,925 - j0.960
3.0 Z = 0.590 + j0.780 (-1.467) Z = 0.590 -~ jO.687
3.5 Z = 0,500 + j1.040 (-1.257) Z = 0,500 - j0.217
4.0 Z = 0.675 + j1.400 (-1.100) Z = 0,675 + j0.300
4.5 Z = 0.740 + j1.050 (-0.978) Z = 0,740 + j0.072
5.0 Z = 0.510 + j1.300 (-0.880) Z = 0.510 + jO.420
5.5 Z = 0.850 + j1.850 (-0.800) Z = 0.850 + j1.050
6.0 Z =1,300 + jl.240 (-0.733) Z = 1.300 + j0.507
Plot the impedance data on a Smith chart as shown in Figure
6-6(c). The 5.5 mHz point is inside the SWR circle as expected
but the region between 2.5 and 3.0 mHz is outside the circle.
The horizontal arrangement of the impedance curve lends itself
to stub matching in order to fold the ends of the curve inward.
.Step 4. A stub match requires that the impedance curve be inverted into

its equivalent admittance curve (see Fig. 6-6(d).

A short-

circuited stub resonated at about 3.75 mHz and with an impedance

of 100 ohms will be tried.

ceptance of the stub

and

where Zy

ks
]

B

impedance of

Z, tan e

1/(Z, tan )

the stub = 100 ohms

To determine the reactance and sus-—
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Since 90 degrees represents one-quarter wavelength at 3.75 mHz,
the electrical length, reactance and susceptance at other fre-
quencies is

O, = 90" 3??5

ER Qo X=2ytan 8 [B= 1/(20 tan@) B/YO
2.0 | 48 111 -0.009 -0.450
2.5 | 60 173 -0.006 -0.300
3.0 72 308 -0.003 -0.162
3.5 | 84 951 -0.001 -0.053
3.75| 90 e 0 0

4,0 | 9 -951 +0,001 +0.053
4.5 | 108 -308 +0.003 | +0.162
5.0 | 120 -173 +0.006 +0.289
5.5 | 132 =111 +0.009 +0.450
6.0 | 144 -72.7 +0.014 +0.700

Step 5. Add the susceptance obtained in Step 5 to the admittance

curve of Figure 6-6(d) and plot the new admittance position.
¥ i 01d Position + Correction = New Position
2.0 |Y = 0.575 + j0.760 (-0.450) Y = 0.575 + 0.310
2.5 |Y = 0.520 + j0.540 (-0.300) Y = 0.520 + j0.240
3.0 |Y =0,720 + jO.840 (-0.162) Y = 0.720 + jO.678
3.5 |Y = 1.650 + jO.700 (-0.053) Y = 1.650 + j0.647
4.0 |Y =1.210 - jO.550 (+0.053) Y = 1.210 - jO.497
4.5 |Y = 1.340 - jO.120 +0.162 Y = 1,340 + jO.042
5.0 |Y=1,170 - jO.950 +0,289 Y = 1.170 - jO.661
5.5 |Y = 0.450 - jO.570 +0.450 Y = 0.450 - j0.120
6.0 |Y = 0.660 - j0.260 +0.700 Y = 0.660 + jO.440

Summary. The admittance curve of Figure 6-6(e) is well within the 3.0
SWR circle. Three matching elements were required. The final admittance
curve is at about 2.5 to 1 SWR.
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Example No. 7. Problem: A slot antenna operating in the frequency range
from 200 mHz to 350 mHz has the following impedance. Match this impedance
to a SWR of 2.0 to 1 or better.

Enilz Impedance Normalized Impedance
200 Z = 24.5 - j31.5 |Z = 0.490 - j0.630
225 7 = 33.5 - j12.5 |Z = 0.670 - j0.250
250 Z = 47.0 + j8.50 [Z = 0.940 + j0.170
275 /. = 70,0 - j4,50 |2 = 1.400 - j0.090
300 V. = 45.5 - j5.50 |Z = 0.910 - jO.110
325 . = 37.0 + 18.5 Z = 0.740 + jO.370
350 P = 28.5+ j36.5 |Z = 0.570 + j0.730

Step 1. Enter the normalized impedance on a normalized Smith chart
as shown in Figure 6-7(a).

Step 2. The impedance curve has a natural loop which simplifies
the matching procedure. It appears that the ends of the
curve can be folded inward with a shunt stub. A shunt
stub element requires that we work with admittance instead
of impedance. Invert the impedance curve into its equiva-
lent admittance (see Fig. 6-7(b)).

£ Normalized Admittance
mHz
200 = 0.760 + j0.980

1.300 + j0.500
1.100 - j0.190
0.710 + j0.050
1.090 + j0.120
= 1.100 - j0.550
0.670 - j0.850

I
I

(g%}
~J
[9,]
= [ = [ = | =
it

Step 3. At VHF and above, half-wave shunt stubs become practical due
to their short physical lengths. Two shunt stubs will be
chosen for this example, a short-circuited line 90 degrees
long and an open-circuited line 180 degrees long at the mid
frequency. These stubs have the effect of moving all the
frequency points lower than mid frequency in a counterclock-
wise direction along lines of constant conductance and all



Step 4.
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frequency points higher than mid frequency is a clockwise
ion. The size of the loop, in this case, is expected

direct

to blossom with this arrangement.

A short-circuited 25-ohm

line 90 degrees long and a 180 degrees long line at 275 mHz

will be used for comparison purposes.

Compute for the line

length, reactance and susceptance at other frequencies from

Q?X ~ 407 = §$5

£, | ©© [ X=25tan0 [B=1/(25tan0) | BV
200 65.5 54.9 -0.018 -0.911
225 | 73.6 84.9 ~0.012 ~0.589
250 | 81.8 173.5 ~0.006 ~0.288
275 | 90.0 — 0 0

300 | 98.2 -173.5 +0.006 +0.288
325  [106.4 849 +0.012 +0.589
350 |114.5 -54.9 40,018 +0.911

Add the susceptance obtained in Step 3 to the admittance

curve of Figure 6-7(b) and plot the new admittance positions
(see Fig. 6-7(d)).

il 01d Position + Correction = New Position

200 |Y = 0.760 + jO.980 (-0.911) Y = 0.760 + jO.069
225 |Y = 1.300 + jO.500 (-0.589 Y = 1.300 - jO.089
250 |Y = 1.100 - j0.190 (-0.288) Y =1.100 - jO.478
275 |Y = 0.710 + jO.050 0 Y = 0.710 + j0.050
300 |Y = 1,090 + j0.120 +0.288 Y = 1.090 + jO.408
325 |Y = 1.100 - jO.550 +0.589 Y =1.100 + jO.039
350 |Y = 0.670 - j0.850 +0.911 Y = 0.670 + jO.061
Step 5. Compute for the line length, reactance and susceptance for the

open—-circuited 180-degree long line at other frequencies from

egx = 180° x _*x

f
275
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£, | 0° X = =75 cot © | B = 1/(75cot 0) B/Y,

200 130.9 65.0 -0,015 -0.750

225 147.3 116.8 -0.009 -0.428

250 163.6 254.8 -0.004 -0.196

275 180.0 —_— 0 0

300 196.4 -254.8 +0.004 +0.196

325 212.7 -116,8 +0.009 +0.428

350 229.1 -65.0 4+0.015 +0.750
Step 6. Add the susceptance obtained in Step 5 to the admittance

curve of Figure 6-7(b) and plot the new admittance position

(see Fig. 6-7(d)).
mez 01d Position + Correction New Position
200 |Y = 0.760 + jO.980 (-0.750) Y = 0.760 + jO.230
225 |Y = 1.300 + jO.500 (-0.428) Y = 1.300 + jO.072
250 |Y = 1.100 - j0.190 (-0.196) Y = 1,100 - jO.386
275 |Y = 0,710 + j0.050 0 Y = 0.170 + jO.050
300 |Y = 1,090 + jO0.120 +0.196 Y = 1.090 + jO.316
325 |Y = 1.100 - jO.550 +0.428 Y =1.100 - jo.122
350 |Y = 0.670 - j0.850 +0.750 Y = 0.670 - jO.100
Summary. Both the low impedance 90-degree shunt line and the high

impedance 180-degree shunt line are effective matching devices.
shown, both the final admittance curves are matched to a SWR circle that
The noted difference between the stub lines is
that a stub line between 90 degrees and 180 degrees long has a more rapid

is better than 1.6 to 1.

reactance variation vs. frequency.

As
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Example 8. Problem: A long wire antenna of low length-to-diameter ratio

has the following impedance.

better.

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

fmHz Impedance Normalized Impedance
10 Z = 250 - j50.0 Z = 5.000 - j1.000
12 Z = 200 - j80.0 Z = 4,000 - j1.600
14 Z =150 - j82.5 Z = 3,000 - jl1.650
16 Z = 100 - j62.5 Z = 2.000 - j1.250
18 7 = 69.5 — j25.0 |2 = 1.390 - j0.500
19 Z =65+ j2.50 Z = 1,300 + jO.05
20 Z =67.5 + j31.5 |Z = 1.350 + jO.63
22 Z=112.5 + j67.5 |Z = 2.250 + j1.350
24 Z = 145 + j23.0 Z = 2.900 + jO0.460
25 Z =170 + j10.5 Z = 3.400 + j0.210

Inter the normalized impedance on a normalized Smith chart
as shown in Figure 6-8(a).

Draw the desired SWR circle (SWR = 2.0 to 1).

A study of the impedance curve indicates that a line trans-
former is required to move the impedance curve towards the
center of the Smith chart. We must first determine the
impedance Z) of the line transformer. Draw an outer bound-
ary circle that is tangent to the SWR circle and drawn in
such a way as to include the desired portion of the imped-
ance curve (see Figure 6-8(a)).

The line transformer impedance is determined from the mini-
mum and maximum of the boundary circle as follows

0.5 x 50 = 25 ohms
5.0 x 50 = 250 ohms

Min.

Max.

z! =\/Max. x Min, = ‘/25 x 250 = 79 ohms

Normalize the impedance curve and SWR circle to the line
transformer impedance (see Fig. 6-8(b)).

Match this impedance to a SWR of 2,0 to 1 or
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£ Impedance Normalized
mHz | to 79 ohms

10 Z = 3.160 - jO.630
12 Z = 2.530 - jl.010
14 Z =1.900 - j1.040
16 Z =1.270 - jO.790
18 Z = 0.880 - j0.320
19 Z = 0.820 + j0.030
20 |2 = 0.850 + j0.400
22 Z = 1.420 + j0.850
24 |Z = 1.840 + 30,290
25 Z = 2.150 + j0.130

SWR Min. = 0.32
SWR Max. = 1.27

Step 6. A center frequency of 19 mHz will be used to establish the
electrical length of the transformer. Draw a straight line
from the center of the Smith chart, through the 19 mHz point,
to the Wavelength Toward Generator scale. A wavelength of
0.012 is located on this scale. The 19 mHz point must now
be rotated clockwise to the 0.0250A on the WIG scale. The
extent of this rotation is

0.250x - 0.012X = 0.238\

Step 7. Determine the extent of the rotation required for the other
frequencies f, from

Ae = 0.238) x ‘x
X

19
fuHz |Rotation (A)
10 0.125
12 0.150
14 0.175
16 0.200
18 0.225
19 0.238
20 0.251
22 0.276
24 0.301
25 0.313




6-54

Step 8. Starting at 10 mHz, draw a line from the center of the Smith
chart, through the 10 mHz point, to the Wavelength Toward
Generator scale. A wavelength of 0,261 is located on this
scale. The 10 mHz point must now be rotated in a clockwise
direction so that a line drawn through it coincides with the
0.386A on the scale

0.261X + 0.125Xx = 0.386A
Repeat the procedure for the other frequencies
£ i 01d Position (A) | + |Correction (A) New Position (X)
maz
10 0.261 0.125 0.386
12 0.275 0.150 0.425
14 0.290 0.175 0,465
16 0.322 0.200 0.522 (0.022)
18 0.390 0.225 0.615 (0.115)
19 0.012 0.238 0.250
20 0.113 0.251 0.364
22 0.190 0.276 0.466
24 0.232 0.301 0.533 (0.033)
25 0.243 0.313 0.556 (0.056)
Figure 6-8(c) represents the new impedance curve,
Step 9. Normalize the new impedance group obtained in Step 8 to 50

ohms.

mHz Impedance

10 Z = 0.790 - j1.170
12 Z = 0.650 - j0.700
la Z = 0.630 - j0.300
16 Z = 0.770 + jO0.170
18 Z = 1.420 + j0.540
19 Z =1.,910 + j0

20 Z =1.530 - j0.710
22 Z = 0,770 - j0.270
24 Z = 0.870 + j0.240
25 Z = 0.820 + j0.440
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Step 10. We can see from Figure 6-8(d) that the 10 mHz point is out-—
side the outer boundary circle thus making it impossible to
match with the next matching element. To overcome this
difficulty the impedance curve must be rotated in a clock-
wise direction so as to bring the 10 mHz point inside the
outer boundary circle. The extent of the move will be a
cautious one, 0.055\ at 10 mHz. To determine the amount
of rotation at other frequencies

£
he = 0.055x x _x
X 10
[ Rotation (A)
10 0.055
12 0.066
14 0.077
16 0.088
18 0.099
19 0.105
20 0.110
22 0.121
24 0.132
25 0.138
Step 11. Add the amount of rotation obtained in Step 10 to the old
position to obtain the new position.
£ 01d Position (A) | + Correction (A) New Position (X)
10 0.344 0,055 0.399
12 0.380 0.066 0.446
14 0.431 0.077 0.508 (0.008)
16 0.058 0.088 0.146
18 0.195 0.099 0.294
19 0.250 0.105 0:355
20 0.302 0.110 0.412
22 0.418 0121 0.539 (0.039)
24 0.095 0.132 G227
25 0.112 0.138 0.250




Step 12.

Step 13.

Without changing the radius of each frequency, rotate the
curve to its new position. Figure 6-8(e) illustrates the
rotated curve. Note that the low frequency end of the
curve is now between the inner and outer boundary circles
thus permitting matching with a shunt inductor. A shunt
element requires that we work with admittance, therefore,
invert the impedance curve of Figure 6-8(e) into its equi-
valent admittance curve (see Fig. 6-8(f)).

The extent of the next move will be a cautious one, A
susceptance of -0.6 chartmho at 10 mHz will be added to
the admittance curve of Figure 6-8(f). To determine the
amount of susceptance at other frequencies
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10
= -0.6 x =
Gt HE,
il 01d Position + Correction = New Position
10 Y = 0.720 + j1.090 (-0.600) Y = 0.720 + jO.490
12 Y = 1,595 + j1.010 (-0.500) Y = 1.595 + 0.510
14 Y = 1,780 - jO.150 (-0.429) Y =1.780 - jO.579
16 Yy = 0.860 - j0.280 (-0.375) Y = 0.860 - jO.655
18 Y = 0.600 + jO.180 (-0.333) Y = 0.600 - j0.153
19 Y = 0.725 + j0.470 (-0.316) Y = 0.725 + jO.154
20 Y 1.100 + j0.750 (~0.300 Y = 1.100 + jO.450
22 Y 1.400 - j0.280 (-0.273) Y = 1.400 - jO.553
24 Y = 0.760 - j0O.060 (-0.250) Y = 0.760 - jO0.310
25 y = 0.600 - j0.020 (-0.240) Y = 0,600 - j0.260

Figure 6-8(g) is that of the final admittance curve. All points

of the curve are matched to 2.0 to 1 SWR or better.
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Example No. 9.

Problem:
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The objective of this example is to match the low

impedance of a notched blade antenna to a 50-ohm line with a SWR of 1.5 to
1 or better.

Step 1.

Step 2.

Step 3.

Step 4.

frHz Impedance Normalized Impedance
26 Z=11.0 - §5.00 1Z = 0.220 - j0.100
27 7z = 10.0 - j4.00 |Z = 0.200 - j0.080
28 Z = 9.0 - j2.00 |Z = 0.180 - jO.040
29 Z = 9.0 - jO.50 |Z = 0.180 - jO.010
30 7 = 10.0 + j1.00 |Z = 0.200 + j0.020
31 7 = 13.0 + jO.50 |Z = 0.260 + jO.010
32 V7 = 12,5 - j5.00 |Z = 0.250 - j0.100

Plot the normalized impedance on a normalized Smith chart.
Draw a 1.5 SWR circle centered on the Smith chart.

From the data presented, it appears that a line transformer
can transform the low impedance curve to the center of the
Draw an outer boundary circle that is tangent
to the SWR circle and drawn in such a way as to include the
impedance curve (see Fig. 6-9(a)),

Smith chart.

Determine the line transformer impedance Z from the minimum
and maximum of the boundary circle

Normalize the impedance
to the line transformer

Min

1]

Max

0.17 x 50 = 8.5 ohms
1.5 x 50 = 75 ohms

= VMin. x Max. = J8.5 x 75 =

impedance, Z; =

£z R50/25.25 £ jX50/25.25
26 Z = 0.44 - 30.200
27 Z =0.39 - j0.160
SWR Min.
28 Z =0.,36 - 3j0.080
SWR Max.
29 Z =0.35 - 3j0.020
30 Z = 0,40 + j0.040
31 Z=0,51 + 30.020
32 Z =0.50 - j0.200 )

25.25 ohms

25,25 (see Fig.

curve and SWR circle of Figure 6-9(a)

6-9(b)).

]

It

1.33
2.97



Step 5.

Step 6.
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Determine the length of the line transformer. As an initial
approach, the center frequency, 30 mHz, will be used to es-
tablish the length. Draw a line from the center of the Smith
chart, through the 30 mHz point, to the Wavelength Toward
Generator scale. A wavelength of 0,008 is located on this
scale. Rotate the 30 mHz point clockwise to the zero react—
ance axis (0.250A). The amount of rotation required is

0.250A - 0.008X = 0.242X

Determine the amount of rotation required at the other
frequencies

£x
Ag, = 0.242) x 35

mez 01d Position (X)| + |Correction (A)| = [New Position (A)
26 0.461 0.210 0.671 (0.171)
27 0.471 0.218 0.689 (0.189)
28 0.485 0.226 0.711 (0.211)
29 0.495 0.234 0.729 (0.229)
30 0,008 0,242 0.250
31 0.003 0.250 0.253
32 0.459 0.258 0.717 (0.217)

The new impedance curve is shown as a solid line in Figure
6-9(c). It appears that the line is too short. Another try
is required; a lower frequency, 28 mHz will be chosen to
establish a longer line transformer length. The amount of
rotation required at 28 mHz is
0.250X + 0.015A = 0.265X
Step 7. Determine the amount of rotation required at the other

frequencies from

Ap = 0.265X x 55
x 28
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=££57 0ld Position (A) | + [Correction (X) New Position (A)
26 0.461 0,246 0.707 (0.207)
27 0.471 0.256 0.727 (0.227)
28 0.485 0.265 0.750 (0.250)
29 0.495 0.274 0.769 (0.269)
30 0.008 0.284 0.292
31 0.003 0.293 0.296
32 0.459 0.303 0.762 (0.262)

Step 8.

Step 9.

The new impedance curve is shown as a dash line in Figure
6-9(c). We have found the proper length for the line trans-
former. We can now proceed with the next matching element.

Normalize the new impedance curve of Figure 6-9(c) to 50
ohms (see Fig. 6-9(d)).

£ u, |R25.25/50 * jX25.25/50
26 |Z =0.91 + j0.450

27 |z =1.16 + 30.370

28 |Z=1.41 + 3O

29 [z =1.31 - j0.350

30 |z =0.93 - 3j0.480

31 |z=0.81 - j0.310

32 |2=1.04 - j0.130 |

The shape and placement of curve normalized in Step 8 calls
for an open-circuited 90 degree series line of about 75 ohms.
Determine the electrical length of the series line at other
frequencies from

Of, = 90° x Ty
28
£l Degrees
26 83.57
27 86.79
28 90.00
29 93.21
30 96.43
31 99.64
32 102.85
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Step 10. Determine the reactance of the series line for all frequen-
cies from
Xfx = =75 cot ©
fufz | © | X = -75cot © | X/50
26 | 83.57 ~— 8.45 -0.17
27 | 86.79 - 4.20 -0.08
28 | 90.00 0 0
29 |93.21] + 4.20 +0.08
30 | 96.43 + B.45 +0.,17
31 | 99.64 +12.74 +0.25
32 102.85 +17.00 +0.34
Step 11. Add the series line reactance to the curve of Figure 6-9(c)
to obtain the final impedance curve.
mez 0ld Position + Correction = New Position
26 Z = 0,920 + jO.450 (-0.170) Z = 0.920 + j0.280
27 Z =1.130 + j0.360 (-0.080) Z = 1,130 + j0.280
28 Z = 1.450 + jO 0 Z = 1.450 + jO
29 Z = 1.320 - j0.360 +£.080 Z =1.320 - j0.280
30 Z = 0.930 - jO0.480 +0.170 Z = 0.930 - j0.310
31 Z = 0.820 - j0.320 +0.250 Z = 0,820 - j0.070
32 Z = 1.040 - jO.140 +0.340 Z = 1,040 + j0.200

The result of adding the series inductance to the impedance
curve of Figure 6-9(d) is shown in Figure 6-9(e).
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Example No. 10. Problem: A folded blade antenna has the following impedance.
Match this impedance to a SWR of 2.0 to 1 or better.

fmHZ Impedance Normalized Impedance
100 Z =32 - j55.0 Z = 0.64 - 31,100
105 Z =45 - j63.0 Z =0,90 - j1.260
110 Z = 28 - j60.0 Z = 0,56 - jl.200
120 Z =29 - j50.0 Z = 0.58 - j1.000
130 Z = 30 - j38.5 Z = 0.60 - j0.770
140 Z = 33 - 28.0 Z = 0.66 - 0,560
150 Z = 36 - j20.0 Z = 0,72 - j0.400
160 Z = 40 - jl2.5 Z = 0.80 - j0.250

Step 1. Enter the normalized impedance on a normalized Smith chart
as shown in Figure 6-10(a). Draw a 2.0 to 1 SWR circle.

Step 2. The first move will be to move the impedance curve to the
right along lines of constant resistance. The center fre-
quency, 130 mHz, will be placed on the R/Z axis. This
move calls for a short-circuited series 11ne that provides
a reactance of +0.770 chartohm at 130 mHz. Determine the
extent of the move at other frequencies from

Xe = 0.770 x fﬁ_
£x 130

mez Xfx
100 0.592
105 0.622
110 0.652
120 0.711
130 0.770
140 0.829
150 0.888
160 0,948

Step 3. Add the reactance obtained in Step 2 to the impedance curve
to obtain the new position.



£ 01d Position Correction New Position
L mHz

100 |[Z = 0.640 - {1,100 +0.592 Z = 0.640 - 0,508

105 [Z = 0.900 - jl1.260 +0.622 Z = 0.900 - jO.638

110 |Z = 0.560 - j1.200 +0.652 Z = 0.560 - jO.548

120 |Z = 0.580 - j1.000 +0.711 Z = 0.580 - jO.289

130 |Z = 0.600 - jO.770 +0.770 Z = 0.600 + jO

140 |(Z = 0.660 - j0.560 +0.829 Z = 0,660 + jO.269

150 |Z = 0.720 - jO.400 +0.888 Z=0.720 + j0.488

160 (Z = 0.800 - j0.250 +0.948 Z = 0.800 + j0.698
The result of this move is shown in Figure 6-10(b).

Step 4. The characteristic of the new impedance curve calls for a
shunt stub to fold the curve into the SWR circle. Shunt
elements require that we work with admittance instead of
impedance. Invert the impedance curve into its equivalent
admittance curve.(see Fig. 6-10(¢)).

Step 5. A short-circuited 50-ohm shunt stub 90 degrees long at 130
mHz will be the initial approach. To determine the stub
length at other frequencies

69, = 90° x x_
% 130
2]

iz Iy

100 69.2

105 72.7

110 76.2

120 83.1

130 90.0

140 96.9

150 103.8

160 110.8

Step 6. Determine the susceptance at other frequencies.
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£, | ©° |X=50tan 8 [B=1/(50 tan 0)] B/Yg

100 | 69.2 131.6 ~0.0076 ~0.380
105 | 72.7 160.5 -0.0062 -0.312
110 | 76.2 203.6 ~0.0049 -0.246
120 | 83.1 413.2 -0.0024 —0.121
130 | 90.0 | ——- 0 0

140 | 96.9 | -413.2 +0.0024 +0.121
150 | 103.8 | -203.6 +0.0049 +0.246
160 | 110.8 | -131.6 +0.0076 +0.380

Step 7. Add the susceptance obtained in Step 6 to the admittance

curve of Figure 6-10(c).

fmHz 01d Position + Correction = New Position
100 |Y = 0.850 + jO.770 (-0.380) Y = 0.850 + j0.390
105 |Y = 0.745 + jO.510 (-0.312) Y = 0.745 + j0.198
110 |Y = 0.940 + {0.875 (=0.246) Y = 0,940 + jO.629
120 |Y = 1.380 + j0.650 (-0.121) Y = 1.380 + j0.529
130 |Y = 1,650 + jO 0 Y = 1.650 + jO
140 |Y = 1.290 - jO.525 +0.121 Y = 1,290 - jO0.404
150 |[Y = 0.950 - j0.650 +0.246 Y = 0.950 - j0.404
160 |Y =0.720 - j0.620 +0.380 Y = 0.720 - j0.240
The new admittance position is shown in Figure 6-10(d). The
curve has not folded a sufficient amount. Another attempt
will be made using a 25-ohm shunt stub line. Reducing the
shunt stub line impedance from 50 ohms to 25 ohms will double
the amount of susceptance. Compute for the susceptance using
25 ohms as the line impedance.
£tz 01d Position + | Correction = New Position
100 |Y = 0.850 + j0.770 (~0.760) Y = 0.850 + j0.010
105 | Y = 0.745 + j0.510 (-0.624) Y = 0.745 - jO.114
110 | Y = 0,940 + jO.875 (-0.492) Y = 0.940 + j0.383
120 | Y = 1.380 + jO.650 (-0.242 Y = 1.380 + jO.408
130 [Y = 1.650 + jO 0 Y = 1.650 + jO
140 [ Y = 1,290 - jO.525 +0.242 Y =1.290 - j0.283
150 | Y = 0.950 - j0.650 +0.492 Y = 0.950 - 0,158
160 |Y = 0,720 - jO.620 +0.760 Y = 0.720 + jO.140
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Summary. This has been a relatively successful matching exercise. The
requirement of placing the impedance curve within a SWR circle of 2.0 to 1
was achieved with a 50-ohm shunt stub resonant at 130 mHz. It was felt
that the final impedance curve could be improved with a 25-ohm shunt stub.
The results obtained with the 25-ohm stub are shown in Figure 6-10(e).
Note that the worse case SWR is at 130 mHz which is 1.65 to 1.
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Example No. 11. Problem:

receiving antenna.

Step 1.

Match this antenna to a SWR of 5.0 to 1 or better.
This is a particularly difficult and tedious exercise because of the ex-
treme bandwidth and the number of frequency points that must be plotted.

Exis Impedance Normalized Impedance
2.0 Z = 450 - 3150 Z =9.00 - j3.00
2.2 Z = 100 - j150 Z=2.00 - j3.00
2.4 Z = 40 - 92,5 Z=10.80 - 1.85
2.6 7 = 45 - j45.0 Z=0.90 - j0.90
2.8 Z = 59+ j25.0 Z=1.18 + j0.50
3.0 Z= 73+ j65.0 Z =1.46 + 41.30
3.2 Z = 50 + j85.0 Z=1.00 + 41.70
3.4 Z= 80+ j147.5 | Z =1.60 + {2.95
3.6 Z = 145 + j85.0 Z =290 + 1.70
3.8 Z = 107.5 + j90 Z=2.15 + j1.80
4.0 Z = 215 + j170 Z = 4,30 + 33.40
4.2 Z =215 + j110 Z =4,30 + j2.20
4,4 Z = 375 + j190 Z=7.50 + §3.80
4.6 Z = 375 + j50.0 Z=7.50 + j1.00
4.8 Z = 600 - 200 Z=12.0 - j4.00
5.0 Z = 450 - j75.0 Z=9,00 - §1.50
5.2 Z = 300 - j135 Z =6.00 - 2.70
5.4 Z = 400 - j225 Z =8.00 - §4.50
5.6 Z = 300 - 4325 Z=16.00 - i6.50
5.8 Z = 210 - j250 Z =4.20 - §5.00
6.0 Z = 150 - 3300 Z = 3,00 - j6,00

The impedance curve is

presented in Figure 6-11(a).

The first move will be to rotate the impedance curve out of
the critical boundary circle "B". A shunt capacitor will be
used. The advantage is that the shunt capacitor will cause
the high frequencies to move faster than the low frequencies
thus reducing the size of the impedance curve, The direction

of rotation will be clockwise.

Since the first move is with

a shunt capacitor, the impedance curve must be inverted into
its equivalent admittance curve (see Fig. 6-11(b)). A sus-
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The following is the impedance of a long wire
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ceptance of +0.360 chartmho at 5.4 mHz will be tried. The
extent of the move at other frequencies is determined by

f
fo = 40,360 x E%Z chartmho

mez 01d Position + Correction | = New Position

2.0 Y = 0,100 + j0.035 0.133 Y = 0.100 + jO.168
2.2 Y = 0.150 + j0.230 0.147 Y = 0.150 + j0.377
2.4 Y = 0.200 + jO.460 0,160 Y = 0,200 + j0.620
2.6 Y = 0.550 + j0.560 0:173 Y = 0.550 + j0.733
2.8 Y = 0,720 - j0.300 0.187 Y =0,720 - jO,113
3.0 Y = 0.381 - j0.340 0.200 Y = 0.381 - j0,140
3.2 Y = 0.240 - j0.430 0.213 Y = 0.240 - j0.217
3.4 Y = 0.140 - jO.260 0.227 Y = 0.140 - j0.033
3.6 Y = 0.250 -~ jO0.150 0.240 Y = 0.250 + j0.090
3.8 Y = 0.270 - jO.210 0.253 Y = 0,270 + jO.043
4,0 Y = 0.140 - jO.115 0.267 Y = 0.140 + jO.152
4.2 Y = 0.180 - jO.095 0.280 Y = 0.180 + jO.185
4.4 Y = 0,100 - j0.051 0.293 Y = 0.100 + jO.242
4.6 Y = 0.125 - j0.015 0.307 Y =0,125 + 0,292
4.8 Y = 0.070 + jO.025 0.320 Y = 0.070 + j0.345
5.0 Y = 0.105 + j0.020 0.333 Y = 0.105 + jO.353
5.2 Y = 0,135 + jO.065 0.347 Y = 0,135 + jO.412
5.4 Y = 0.095 + j0.055 0.360 Y = 0,095 + jO.415
5.6 Y = 0.075 + j0.085 0.373 Y = 0.075 + jO.458
5.8 Y = 0,095 + jO.125 0.387 Y = 0.095 + jO.512
6.0 Y = 0.060 + jO.135 0.400 Y = 0,060 + jO.535

The new admittance curve is plotted in Figure 6-11(c).

Step 2. This step will be made with a series inductor. The inductor
will move the curve along lines of constant resistance in a
clockwise manner. Before incorporating the series inductor
the admittance curve must be inverted into its equivalent
impedance curve (see Fig. 6-11(d)) and the reactance added
to it. A reactance of +1.360 chartohms at 6.0 mHz will be
tried. To compute for the reactance at other frequencies




£
Xe, = 1.360 x 656 chartohms
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cause the impedance curve to rotate in a counterclockwise
direction along lines of constant conductance, Hopefully,
this should place the impedance curve more central in the
SWR circle and out of the boundary circle. A shunt element
requires that the impedance curve be inverted into its equi-
valent admittance curve (see Fig. 6-11(f)). A susceptance
of -0.850 chartmho at 2.0 will be tried. Determine the sus-
ceptance for other frequencies and add to the admittance.

iz 0ld Position + Correction = New Position
-;.D Z = 2.700 - j4.500 0.453 Z = 2,700 - j4.047
2.2 |Z = 0,900 - ;2,300 0.499 Z = 0.900 - j1.801
2.4 |Z = 0.480 - j1.450 0.544 Z = 0.480 - j0.906
2,6 |Z = 0.650 - j0.375 0.589 Z = 0.650 - j0.286
2.8 |Z =1.340 + jO.220 0.635 Z = 1.340 + jO.855
3.0 |Z = 2.300 + j0.300 0.680 Z = 2.300 + jl1.480
3.2 |Z = 2.300 + j2.000 0.725 Z = 2,300 + j2.725
3.4 |Z=7.700 + j1.950 0.771 Z=7.700 + j2.721
3.6 |Z = 3.500 - j1.200 0.816 Z = 3.500 - j0.384
3.8 |Z = 3,500 - j0.550 0,361 Z = 3,500 + jO,311
4.0 |Z = 3.300 - 33.500 0.907 Z = 3,300 - j2.593
4,2 |Z = 2,750 - j2.300 0.952 Z=2,750 - j1.848
4.4 |Z = 1,400 - 33,500 0.997 Z = 1,400 - j2.503
4.6 |Z =1.200 - §2.900 1.043 Z=1.200 - §1.857
4,8 |Z = 0,550 - j2.750 1.088 Z = 0.550 - {1.662
5.0 |Z =0.750 - j2.750 1.133 Z = 0.750 - j1.617
5.2 |Z = 0.710 - j2.210 1.179 Z = 0.710 - j1.031
5.4 |Z = 0.506 - j2.300 1.224 Z = 0.500 - j1.076
5.6 |Z =0.370 - j2.150 1.269 Z = 0,370 - j0.881
5.8 |Z = 0.340 - j1.380 1,315 Z = 0,340 - j0.565
6.0 |2 =0.210 - j1.820C 1.360C Z = 0,210 - jO.460
The new impedance curve is plotted in Figure 6-11(e).
Step 3. This step involves a shunt inductor. This inductor will




2.0
Bg = -0.850 x chartmho
be fy
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mHz 0ld Position + Correction = New Position
2.0 |Y =0.115 + jO.170 (-0.850) Y = 0.115 - j0.680
2.2 1Y = 0.220 + jO.435 (-0.773) Y = 0.220 - j0.338
2.4 |Y = 0.450 + j0.850 (-0.708) Y = 0.450 + jO0.142
2.6 |Y =1.300 + jO0.570 (-0.654) Y = 1,300 - jO.084
2,8 |Y = 0.525 - j0.340 (-0.607) Y = 0.525 - jO.947
3,0 |Y = 0,300 - j0.200 (-0.567) Y = 0.300 - jO0.767
3.2 |Y = 0.180 - j0.220 (-0.531) Y = 0,180 - j0.751
3.4 |Y = 0.120 - j0.045 (-0.500) Y = 0.120 - j0.545
3.6 |Y =.0.275 + j0.030 (-0.472) Y = 0.275 - jO.442
3.8 |Y = 0.280 - j0.030 (-0.447) Y = 0.280 - j0.477
4.0 |Y = 0.185 + jO.145 (-0.425) Y = 0.185 - j0.280
4,2 (Y = 0.245 + j0.170 (-0.405) Y = 0.245 ~ j0.235
4,4 |Y = 0,170 + jO.300 (-0.386) Y = 0.170 - jO.086
4,6 |Y = 0.250 + jO.380 (-0.370) Y = 0,250 + j0.010
4.8 |Y = 0.190 + j0.540 (-0.354) Y = 0.190 + jO.186
5.0 |Y =0.230 + j0.500 (-0.340) Y = 0.230 + jO.160
5.2 |Y = 0.470 + j0.650 (-0.327) Y = 0.470 + j0.323
5.4 |Y = 0.380 + j0.770 (-0.315) Y = 0.380 + jO.455
5.6 |Y = 0.400 + jO0.960 (-0.304) Y = 0.400 + jO.656
5.8 |Y =0.790 + j1.310 (-0.293) Y = 0.790 + j1.017
6.0 |Y = 0.840 + j1.770 (-0.283) Y = 0.840 + jl.487
The new admittance curve is plotted in Figure 6-11(g).
Step 4. A series capacitor will be added to further improve the

impedance curve,

on the high frequencies.

The capacitor should pull into the SWR
circle the low frequency end and have negligible effect

In order to add reactance to the

curve the admittance curve must be inverted into its equi-
valent impedance curve (see Fig. 6-11(h)).

reactance of +0.800 chartohm at 3.4 mHz will be added.

A capacitive

Determine the reactance at other frequencies from

Xfx

= -0.800 x %;é- chartohm

X
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i 0ld Position + Correction = New Position
2.0 |Z = 0.270 + j1.500 (-1.360) Z = 0,270 + jO.140
2,2 {Z =1.350 + j2.070 (-1.236) Z = 1.350 + j0.834
2.4 |Z = 2.000 + jO.650 (-1.133) Z = 2.000 - jO.483
2.6 |Z =0.775 + j0.050 (-1.046) Z = 0,775 - j0.996
2.8 |Z = 0.450 + j0.800 (~0.971) Z = 0.450 - j0.171
3.0 |Z = 0.440 + j1.130 (-0.907) Z = 0.440 + jO.223
3.2 |Z = 0.300 + jl.250 (-0.850) Z = 0,300 + jO0.400
3.4 |Z = 0.400 + j1.750 (-0.800) Z = 0.400 + j0.950
3.6 |Z = 0.750 + j1.470 (-0.756) Z = 0.750 + jO.714
3.8 (Z = 0.950 + j1.600 (-0.716) Z = 0.950 + j0.884
4,0 |Z =1.700 + j2.500 (-0.680) Z = 1.700 + j1.820
4.2 |Z =2,150 + j2.070 (-0.648) Z = 2,150 + jl.422
4.4 |Z = 4.800 + j2.200 (-0.618) Z = 4,800 + j1.582
4,6 |Z = 4,000 - jO.300 (-0.591) Z = 4,000 - jO.891
4.8 |Z = 2,700 - j2.400 (-0.567) Z =2,700 - j2.967
5.0 |Z = 2.800 - j1.900 (-0.544) Z = 2,800 - j2.444
5.2 |Z = 1.480 - j1.100 (-0.523) Z = 1.480 - jl.623
5.4 |Z =1.100 - j1.300 (-0.504) Z=1,100 - j1.804
5.6 |Z = 0.675 - j1.100 (-0.486) Z=0.675 - j1.586
5.8 [Z = 0.460 - j0.630 (-0.467) Z = 0.460 - j1.097
6.0 |Z = 0,310 - jO.500 (-0.453) Z = 0,310 - j0.953

Summary, This has been a particularly difficult exercise, not only because
of the extreme bandwidth but also because the impedance curve had to be
moved out of the limiting boundary circle. Most of the objective of this
exercise have been met, namely, a SWR not to exceed 5.0 to 1. This limit
is exceeded at relatively few frequencies (see Fig., 6-11(j)). It now
remains to compute the values of each matching element.
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Figure 6-11(f).
susceptance.

Admittance curve preparatory to

adding a shunt inductive
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A series capacitor will move the low frequency
end into the SWR circle.

The high frequency end may have to be compromised.
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Step 5.

Step 6.

Step 7.

Step 8.

Determine the capacitance of the shunting capacitor:

c BYD

T
where B = 0.360 chartmho at 5.4 mHz
Y, = 1/Z, 1/50 = 0.02 mho
f = 5.4 mHz

Substituting

C = 0.360 x 0.02 212 pF
6.28 x 5.4 x 10

Determine the inductance of the series inductor:

XZ

L = o]
2mf
where X = 1.360 chartohm at 6.0 mHz
Z0 = 50 ohms
f = 6.0 mHz
Substituting
L = 1.360 X 50 = ]_.8 UH

6.28 x 6.0 x 100

Determine the inductance of the shunt inductor:

L=_1
2TEBY,
where B = 0.850 chartmho at 2.0 mHz
YO = l/Zo = 1/50 = 0,02 mho
f = 2.0 mHz
Substituting 10-6 _ 1076
L= =— " 0,2135

6.28 x 2,0 x 0.850 x 0.02

L

4,68 uH

Determine the capacitance of the series capacitor:

1
B o £XZ,,

where X = 0,80 chartohm at 3.4 mHz

Zy = 50 ohms

f = 3.4 mHz
Substituti -6 -5
u u ngC _ 10 & égz— = 1171 pF

6.28 x 3.4 x 0.80 x 50
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CHAPTER VII
CONSTRUCTION OF OVERLAY TRACING BOX

General.

Admittedly, using the overlay technique when inverting from impedance to
admittance or vice versa saves a great deal of labor and time. For this
reason the overlay tracing box was developed. There is nothing critical
about the construction of this box. It can be built of readily avail-
able materials. Although construction details are provided, any conve-
nient arrangement can be employed. This is a must project for the
serious antenna designer.

Figure 7-1. Overlay tracing box.
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Figure 7-2.

Overlay tracing box construction details.
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PLAN YOUR SPRING ANTENNA WORK NOW!

THE ARRL ANTENNA BOOK Written by
members of the ARRL Technical Depart-
ment staff and sixteen well-known outside
authors, all of whom have done much to
contribute to the state-of-the-art in antenna
and transmission line theory and practice.
The recently published 15th Edition presents
the best and most highly regarded informa-
tion on antenna fundamentals, propagation,
transmission lines, Yagis and quads, as well
as all of the popular wire antenna designs.
You'll find antennas for limited space,
portable, mobile, VHF, UHF, microwave and
space communications. Contains over 700
pages and 987 figures. Chapter lineup:
Safety First, Antenna Fundamentals, The
Effects of Earth, Selecting Your Antenna
System, Loop Antennas, Multielement
Arrays, Broadband Antennas, Log Periodic
Arrays, Yagi Arrays, Quad Arrays, Long
Wire and Traveling Wave Antennas,
Direction Finding Antennas, Portable
Antennas, Mobile and Maritime Antennas,
Repeater Antennas Systems, VHF and UHF
Antenna Systems, Antennas for Space
Communications, Spacecraft Antennas,
Antenna Materials and Accessories,
Antenna Supports, Radic Wave Propa-
gation, Transmission Lines, Coupling the
Transmitter to the Line, Antenna and
Transmission Line Measurements, Smith
Chart Calculations, Topical Bibliography on
Antennas, Glossary and Abbreviations.
Edited by Gerald L. Hall, K1TD, QST
Associate Technical Editor. Copyright 1988,
#2065 $18*.

*For postage and handling add $2.50 ($3.50 for
insured parcel post or UPS, please specify)

YAGI ANTENNA DESIGN is based on the
series in Ham Radio Magazine by the late
Dr. James L. Lawson, W2PV. Jim designed
and built a highly competitive and suc-
cessful Amateur Radio contest station. 210
pages cover the following subjects:
Performance Calculations, Simple Yagis,
Performance Optimization, Loop Antennas,
Ground Effects, Stacking, Practical
Designs, Designs for 7 through 28 MHz.
Hardcover, Copyright 1986. #0410 $15".

NOVICE ANTENNA NOTEBOOK At last, an
antenna book written for the beginner! Don't
let the lack of an antenna keep you from
getting on the air. With this book you can
choose which wire, vertical or beam
antenna suits your needs, and you'll be
ready for all of the fun of seeing that
the antenna you put up really works!
Contains pictorial drawings that show
dimensions for Novice and Technician
band use. Written by W1FB in his usual
plain language style that makes him so
popular as a QST author. Copyright 1988,
#2073 $8*

ANTENNA COMPENDIUM We don’t have
room for all of the good antenna articles that
are submitted to QST; so we have packed
this volume with new material on verticals,
quads, loops, Yagis, reduced-size antennas,
baluns, Smith Charts, antenna polarization
and other interesting subjects. 176 pages,
Copyright 1985. #0194 $10*

LOW BAND DXING John Devoldere,
ONA4UN completely explores the 160, 80,

and 40-meter bands. A large portion of this
book is devoted to propagation characteris-
tics and design and building of efficient
antennas for these bands. 210 pages,
Copyright 1987, #047X $10*

HF ANTENNAS FOR ALL LOCATIONS
was written by L.A. Moxon, G6XN for the
RSGB. Contains 264 pages of practical
antenna information. This book is
concerned primarily with small wire arrays,
but you'll find descriptions of some
aluminum antennas as well. Copyright
1982, #R576 $15°.

TRANSMISSION LINE TRANSFORMERS
At last there is a source of practical design
data covering the use of these devices for
both commercial and amateur applications.
Written by Dr. Jerry Sevick, W2FMI, this
book covers types of windings, core
materials, fractional-ratio windings,
efficiencies, multiwinding and series
transformers, baluns, limitations at high
impedance levels and test equipment.
Hardcover, 128 pages, Copyright 1987.
#0471 $10°.

W1FB'S ANTENNA NOTEBOOK Not
everyone has a great deal of real estate to
put up a forest of aluminum. Doug DeMaw
tells how to get the best performance out
of unobtrusive wire antennas and verticals
and how to build tuners and SWR bridges.
122 pages, Copyright 1987, #0488 $8" For
shipping and handling add $2.50 ($3.50 for
insured parcel post or UPS)—please
specify.

ARRL, 225 MAIN ST., NEWINGTON, CT 06111
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