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Sec 1.1 Introduction

J udging by what we hear on the
air, nearly everyone is looking
for an SWR of one-to-one. Ques-
tion why, and the answer may

be, “I’m not getting out on this frequency
because my SWR is 2.5:1. There’s too
much power coming back and not enough
getting into the antenna.” Or, “If I feed a
line having that much SWR, the reflected
power flowing back into the amplifier will
burn it up.” Or still, “I don’t want my feed
line to radiate.” Any of these answers
shows a misunderstanding of reflection
mechanics, and are symptomatic of the
present state of thinking on this subject.
Rational and creative thinking toward
antenna and feed-line design practice has
been absent for a long time. Such think-
ing has been replaced with an unscien-
tific and thought-inhibiting attitude, as
in the days before Copernicus persuaded
the multitudes that the universe did not
revolve around the earth. This situation
originated with the introduction of coaxial
transmission lines for amateur use
around the time we got back on the air
after World War II. It gained momentum
since SWR indicators appeared on the
scene and since the loading capacitor of
the pi-net tank replaced the swinging link
as an output-coupling control, decades
ago. We are in this state of mind because
much misleading information has been,
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and is still being published concerning (1)
behavior of antennas which are not self-
resonant, (2) feed-line performance in the
presence of reflections when mismatched
to the antenna, and especially (3) the
meaning and interpretation of the SWR
data.

Articles containing explicitly errone-
ous information and distorted concepts
have found their way into print, became
gospel, and continue to be propagated
with chain-letter effectiveness. These in-
clude such gems as (1) always requiring a
perfect match between the feed line and
the antenna, (2) evaluating antenna per-
formance or radiating efficiency only on
the basis of feed-line SWR—the lower the
better, (3) pruning a dipole to exact reso-
nance at the operating (single) frequency
and feeding with an exact multiple of a
half-wavelength (1/2–λ) coax—no other
length will do, (4) adjusting the height—
perhaps just lowering the ends into an
inverted-V dipole—to make the resistive
component of the antenna terminal im-
pedance equal to the line impedance, or
(5) subtracting percent reflected power
from 100 to determine usable percentage
of transmitter output power. Nomographs
have even been published for this errone-
ous method (Ref 102).

As a result of these misdirected con-
cepts, we have been conditioned to avoid
any mismatch and reflection like the
plague. One-to-one all the way! Sound
exaggerated? Not if your receiver is tun-
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ing the same amateur bands as mine! In
the current vernacular, you could say we
have a severe SWR hang-up! In many in-
stances, from the viewpoint of good engi-
neering practice, this hang-up is induc-
ing us to concentrate our impedance-
matching efforts at the wrong end of the
transmission line (Ref 16).

It is ironic that we should be in this
situation, because the amateur is gener-
ally quite practical when it comes to fol-
lowing theoretical considerations. In this
case we have been following the perfect-
match theory down the narrow path be-
cause many of the aforementioned articles
have misled us to believe that all reflected
power is lost. They’ve given never an in-
kling that, properly controlled, reflections
can be turned to our advantage in obtain-
ing increased flexibility concerning oper-
ating frequencies which we are presently
throwing away.

That so much misinformation gained
a foothold is surprising in view of the cor-
rect teachings of The ARRL Handbook
(Ref 1), The ARRL Antenna Book (Ref 2),
the works of Grammer (Refs 3 through 5),
Goodman (Ref 7), McCoy (Refs 8 through
13 and 41), Drumeller (Ref 14), Smith (Ref
15), and especially two articles addressed
to a subject nearly identical to this one by
Grammer (Ref 6) and Beers (Ref 16). One
objective of this book, therefore, is to iden-
tify some of the many erroneous concepts
concerning reflection principles, with suf-
ficient clarity to make you question your
own position on the subject. Once we cor-
rectly understand mismatch and reflec-
tions, we can obtain improvement in op-
erational antenna flexibility, similar to
going VFO after being rock-bound with a
single crystal. And when we discover how
little we gain by achieving a low SWR on
the average feed line, we will avoid un-
necessary and time-consuming antenna
modifications. Such modifications often

involve hazardous climbing and precari-
ous operations on a roof or tower, which
can result in injuries or even death. Let’s
kill SWR misconceptions—not ham opera-
tors!

Sec 1.2 Open-Wire Versus Coax
Feed Lines

The theory behind the transmission
of power through a feed line with mini-
mum loss by eliminating all reflections—
terminating the line with a perfect
match—is equally valid, of course, for
open-wire and coaxial lines. But in the
days of open-wire lines prior to our wide-
spread use of coax, theory was tempered
with practical considerations. Open-wire
line was, and still is, used with high SWR
to obtain tremendous antenna flexibility
relative to operating over a wide range of
frequencies with high efficiency. This is
because all power reflected from the feed-
line-to-antenna mismatch which reaches
the input source is conserved, not dissi-
pated. The power is returned to the an-
tenna by re-reflection in the antenna
tuner (Transmatch) at the line input. But,
although the loss from reflections and
high SWR is not zero, this additional loss
is negligible because of the low attenua-
tion of open-wire lines. If the line were
lossless (zero attenuation), no loss what-
ever would result because of reflections.
(This is discussed further in Chapter 6,
in connection with Fig 6-1.)

The error in our thinking that stand-
ing waves on coaxial line must always be
completely eliminated originated quite
naturally, because the permissible reflec-
tion and SWR limits are much lower than
in open-wire lines. When using coax for
truly single-frequency operation, it makes
sense to match the load and line to the
degree economically feasible. But it makes
no sense to match at the load in many
amateur applications where we are chiefly
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interested in operating over a band of fre-
quencies! Single-frequency operators we
are not, except as our misguided concern
over increasing SWR restricts our depar-
ture from the resonant frequency of the
antenna.

Many authors are responsible for per-
petuating the unscientific and erroneous
viewpoint that the coax-fed antenna must
be operated at its self-resonant frequency.
They have continually overemphasized
the necessity for the antenna being
matched to the line within some arbitrary,
low SWR value to preserve transmission
efficiency, and by implying that efficiency
equals 100 minus percent reflected power.

The viewpoint is wrong and unscientific
because it neglects the most important
factor in the equation for determining ef-
ficiency—line attenuation. And it is also
erroneous because efficiency does not re-
late to reflected power by simple subtrac-
tion. Setting an SWR limit alone for this
purpose is meaningless, because the
amount of reflected power actually lost is
not dependent on SWR alone. The attenu-
ation factor for the specific feed line must
also be included. This is because the only
reflected power lost is the amount dissi-
pated in the line because of attenuation—
the remainder returns to the load. Some
authors have so wrongly conditioned us

Fig 1-1—Increase in line loss because of standing waves (SWR value at the load).  To
determine the total loss in decibels in a line having an SWR greater than 1, first determine
the loss for the particular type of line, length, and frequency, on the assumption that the
line is perfectly matched.  Locate this point on the horizontal axis and move up to the curve
corresponding to the actual load SWR.  The corresponding value on the vertical axis gives
the additional loss in decibels caused by the standing wave. (Also see Fig 6-1.)
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concerning what happens to the reflected
power that many of us have overlooked
the correct approach to the subject. It is
clearly presented in both The ARRL
Handbook and The Antenna Book that
transmission efficiency is a two-variable
function of both mismatch and line at-
tenuation. With this knowledge and by
using a graph of the function appearing
The ARRL Handbook, presented here as
Fig 1-1, the amateur can determine how
much efficiency he will lose for a given
SWR with the attenuation factor of each
specific feed line. He can then decide for
himself what the realistic SWR limit
should be.

Sec 1.3 Unimportance of Low
SWR Values

In our efforts to obtain low feed-line
SWR values of 1.1, 1.2, or even 1.5 to 1,
we have gone far past the diminishing-
returns point with respect to efficient
power transfer, even for single-frequency
operation. It is like installing no. 4 or no.
6 wire in a house-wiring run where no.
12 wire is sufficient. Reference to the ba-
sic transmission-line equations, which
have always been readily available in en-
gineering texts and handbooks (Refs 1, 2,
17, 18, 19 and 33) verify this analogy. In
addition, such references make it clearly
apparent that authors who simply insist
on low SWR, or find 1.5 or 2 to 1 objec-
tionably high, have failed to comprehend
the true relationship between reflected
and dissipated power. From the viewpoint
of amateur communications, it can be
shown mathematically, and easily verified
in practice, that the difference in power
transferred through any coaxial line with
an SWR of 2 to 1 is imperceptible com-
pared to having a perfectly matched 1:1
termination. This is true no matter what
the length or attenuation of the line. Fur-
ther, it can be shown that many typical

coaxial feed lines we use in the HF bands
with an SWR of 3 or 4, and often as high
as 5 to 1, have an equally imperceptible
difference at the receiving end. When
feed-line attenuation is low, allowing such
higher values of SWR permits operating
over reasonably wide frequency excur-
sions from the self-resonant frequency of
the antenna with the imperceptible power
loss just described, in spite of the preva-
lent impression to the contrary.

The relative unimportance of low
SWR when feed-line attenuation is low is
demonstrated rather vividly in the follow-
ing two examples of spacecraft antenna
applications. First, NOAA’s TIROS-ESSA-
ITOS-APT weather satellites, of which the
design of the entire antenna system fed
by four transmitters operating simulta-
neously on different frequencies, was the
work of the author. (See the accompany-
ing story at the end of this chapter.) The
terminal impedance of each of four crossed
dipoles (radiating circular polarization) at
the beacon-telemetry frequency (108 MHz
in early models) was 150 – j100 ohms, for
an SWR of 4.4, and reflected power of 40%.
Matching was performed at the inputs of
four separate feed lines by a complex
stripline matching network fed by two 30-
milliwatt telemetry transmitters. (We
can’t afford much power loss here!) The
combined attenuation of the feed line and
matching network was 0.2 dB, and the
additional loss from the SWR on the feed
line was 0.24 dB (5.4%), for a total loss of
0.44 dB (only 9.6%). On the prevalent but
erroneous assumption that all reflected
power is lost (40%), only 18.1 milliwatts
would reach the antenna. Efficiency de-
termined on the same erroneous basis
would only be 60%. But 27.1 milliwatts
was measured at the antenna. Of the 2.9
milliwatts lost in total attenuation, only
1.6 milliwatts was lost because of the 4.4:1
SWR. So the real efficiency would have
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been 95.5% if the feed lines had been per-
fectly matched at the antenna, but re-
duces only to 90.4% by allowing the 4.4
SWR to remain on the feed line. Second,
in the Navy Navigational Satellite
(NAVSAT), which is used for precise posi-
tion indications for ships at sea, the an-
tenna terminal impedance at 150 MHz is
10.5 – j48 ohms, for an SWR of 9.3, re-
flected power 65%. Also matched at the
input to the feed line, the matched-line
attenuation is 0.25 dB, and the additional
loss from SWR is 0.79 dB, for a total sys-
tem loss of 1.04 dB. This equates to ap-
proximately 1/6 of an S unit. This is an
insignificant amount of loss for this situ-
ation, even in a space environment where
power is at a premium.

Why did we match at the line input
rather than at the antenna? Because criti-
cal interrelated electrical, mechanical and
thermal design problems made it imprac-
tical to match at the antenna. Line-input
matching (which is exactly what we do in
using an antenna tuner, or transmatch)
provides a simple solution by permitting
the matching elements to be moved to a
noncritical location. This design freedom
afforded tremendous saving in engineer-
ing effort with negligible compromise in
RF efficiency, in spite of SWR levels many
unenlightened amateurs would consider
unthinkable.

Another factor which has contributed
to misunderstanding concerning power
lost because of mismatched loads is the
confusion between three different condi-
tions of line usage: (1) one in which the
incident, or forward voltage on the line is
constant, independent of the load termi-
nating the line; (2) one in which the for-
ward power is constant, also independent
of the load, and (3) one in which the for-
ward power varies with changes in the
load. (For the relative amplitudes of the
SWR and line voltage in the first two

cases, (see Ref 19, Fig 1.3, p 6 and Fig 3.6,
p 29).

The first condition involves labora-
tory and experimental work, which gen-
erally requires holding the forward volt-
age constant with variations in the load
terminating the line. A constant-voltage
source is usually obtained for this purpose
by using a signal generator having a pad
of from 20 to 30 dB of attenuation between
its source and output terminals to absorb
the reflected power. Absorbing the power
in the pad prevents it from reaching the
source in the generator where it would
otherwise alter the line coupling and
cause the output voltage of the source to
vary. Consequently, the generator sees a
perfect match for all terminating load con-
ditions, and all reflected power is lost in
the pad. This is a condition which is re-
quired to obtain certain laboratory test
data.

The second condition involves a
power source, or generator which main-
tains a constant forward power on the line
independent of the load. The distinguish-
ing feature of this condition is that the
generator has an internal source imped-
ance ZS that is equal to the characteristic
impedance ZC of the transmission line into
which it delivers its power. If the line is
lossless, conservation of energy demands
that power reflected from a mismatched
load termination must cause the genera-
tor to deliver less power to the line by ex-
actly the amount of power reflected. This
is because the arrival of the reflected
waves of voltage and current at the input
of the line causes a change in line-input
impedance from the characteristic imped-
ance ZC to a new value that presents a
mismatch to the generator equal to the
mismatch appearing at the mismatched
termination of the line. However, the
phasor voltage appearing at the input ter-
minals of the line is the sum of the re-



1-6 Chapter 1

flected and source phasor voltages at that
point. The result is that, the addition of
the reflected power to the reduced source
power equals the original source power,
thus the power entering the line remains
the same as before the reflected power
returned. Consequently, the forward
power remains constant, but the power
absorbed in the load is still reduced by
the amount of the power reflected. How-
ever, the reflected power is not lost, be-
cause the reduction of the power absorbed
in the load is simply because the source
is now delivering less power to the line.
(See Ref 70, pp 204-205.) The fact that
reflected power is mistakenly thought to
be lost under these conditions is probably
the chief reason many have been misled
to believe reflected power is also absorbed
in the plate resistance of the output am-
plifier of our transmitters, which is not
true for the reason explained above.

The third condition involves the
power amplifiers in our transmitters, or
transceivers, in which the forward power
in the transmission line varies directly in
response to the power reflected from a
mismatched load, such as a mismatched
or non-resonant antenna. The reason is
that for whatever power we adjust the
amplifier to deliver, any power reflected
from the mismatched load is returned,
either to the tank circuit of the amplifier
or to an external line-matching network.
There, by the action of re-reflection, the
reflected power is added to the power de-
livered by the amplifier and returned to
the mismatched load. In this third case,
no reflected power is dissipated in the plate
circuit of the amplifier because it doesn’t
reach the plate circuit, and with lossless
line (and an ideal lossless tuner), no re-
flected power is lost!

As a result of these various misun-
derstandings, many amateurs never even
wonder whether there are any benefits to

be gained by not matching at the junc-
tion of the feed line and the antenna.
Many even shun the use of open-wire lines
(not the old-timers). They completely miss
the joy of a QSY to the opposite end of the
band with only a simple readjustment of
the antenna tuner. The fear of reflections
engendered by the exaggerated applica-
tion of the theory to coax has crept into
their thinking concerning any form of
mismatched connection.

Adding still further to the confusion
is the old-wives’ tale that the reflected
power is dissipated in the transmitter,
causing tube and tank-coil heating and all
kinds of other damage. This myth devel-
oped out of ignorance of the true mechan-
ics of reflections and became the easy, but
fallacious, explanation of what seems to
be abnormal behavior in the transmitter
when feeding a line with reflections. What
really happens at the transmitter in the
presence of reflected power is simply a
change in coupling caused by a change in
impedance at the input terminals of the
feed line. This is explained in detail as
we proceed from chapter to chapter. Then
we may understand how to operate with
absolutely no danger of damaging the
amplifier while feeding into a line with
high SWR. Although some rigs having
solid-state output amplifiers have no pro-
vision for working into any load other than
50 ohms, rigs with tubes and pi-network
output coupling circuits can work into
impedances that far exceed the 2:1 SWR
limits the manufacturers put on their
warning labels. Hence, the manufactur-
ers are also somewhat guilty of perpetu-
ating the low-SWR myth.

Sec 1.4 Engineering an
Antenna System

Engineering is the process of making
workable compromises in design goals
where theories and practical applications
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guiding different aspects of the design are
in conflict, making it impossible to opti-
mize all the goals. Good engineering is
simply recognizing the correct choices in
the compromises and relaxing the right
goals, as in the spacecraft-antenna design
described earlier. We amateurs spend
many hours building and pruning an-
tenna systems. Wouldn’t it be worthwhile
spending some of that time learning how
to engineer the design in order to make
correct trade-off decisions among related
factors instead of letting old King SWR
dictate the design?

FIRST, we need to improve our
knowledge of reflection mechanics and
transmission-line propagation to under-
stand:

1) why reflected power by itself is an
unimportant factor in determining how
efficiently power is being delivered to the
antenna.

2) the effect of line attenuation to dis-
cover why it is the key factor which tells
us when and how much to be concerned
with reflected power and when to ignore
it.

3) why all power fed into the line,
minus the amount lost in line attenuation,
is absorbed in the load regardless of the
mismatch at the antenna terminals.

4) why reflection loss (mismatch loss)
is canceled by reflection gain through re-
reflection obtained by the impedance
matching device at the input of the line
(Ref 19, p 38, Ref 25 Part II, p 33, and Ref
136, p 17).

5) why a low SWR reading by itself is
no more a guarantee that power is being
radiated efficiently than a high SWR read-
ing guarantees it is being wasted.

6) why SWR is not the culprit in
transmitter-loading problems—why the
real culprit is the change in line-input
impedance resulting from the reflected
power, and why we have complete control

over the input impedance without neces-
sarily being concerned with the SWR.

7) the importance of thinking in
terms of resistive and reactive components
of impedance instead of SWR alone, and
why SWR by itself is ambiguous, espe-
cially from the viewpoint of the selection
and adjustment of the coupling and
matching circuitry of an external line-
matching network.

SECOND, we need to become aware
that with moderate lengths of low-loss
coax, such as we commonly use for feed
lines, loss of power because of reflected
power in the HF bands can be insignifi-
cant, no matter how high the SWR. For
example, if the line SWR is 3, 4, or even 5
to 1 and the line attenuation is low enough
to ignore the reflected power, reducing the
SWR yields no significant improvement
in the radiated power because practically
all the power being fed into the line is al-
ready being absorbed in the load (the an-
tenna). This point has especial signifi-
cance for center-loaded mobile whip an-
tennas, because of the extremely low at-
tenuation of the short feed line, which is
explained in detail in Chapter 6.

THIRD, we should become more fa-
miliar with the universally known, pre-
dictable behavior of off-resonance an-
tenna-terminal impedance and its corre-
lation with SWR (Ref 2, Fig 2-7; Ref 71, p
2-6). This knowledge provides a scientific
basis for evaluating SWR-indicator read-
ings in determining whether the behav-
ior of our system is normal or abnormal,
instead of blindly accepting low SWR as
good, or rejecting high SWR as bad. The
following two examples emphasize the
importance of this point by showing how
easily one may be misled by a low SWR
reading.

1) A ground system having 100 prop-
erly installed radials has negligible loss
resistance (Ref 20). AM broadcast stations
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operating in the 540 to 1600 KHz band
use either 120 or 240 radials, while the
FCC requires a minimum of 90. With such
a ground system the terminal impedance
of a thin quarter-wave (1/4–λ) vertical is
approximately the theoretical value of
36.5 + j22 ohms, and becomes approxi-
mately 32 ohms resistive when the an-
tenna is shortened to resonance. Thus
when fed with a 50–ohm line, the SWR at
resonance will be close to 1.6, rising pre-
dictably on either side of resonance. But
a ground system having only 15 radials
has approximately 16 ohms of ground-loss
resistance with this antenna. So if we re-
move a few radials at a time from the 100-
radial system, the increasing ground (loss)
resistance adds to the fixed radiation re-
sistance, increasing the total resistance
terminating the feed line. Hence, as each
radial is removed, the terminating resis-
tance comes closer and closer to 50 ohms,
reducing the SWR. When enough radials
have been removed for the ground-loss
resistance to reach 18 ohms, the termi-
nating resistance will be 18 + 32 = 50
ohms, for a perfect one-to-one match! But
while the SWR went down, so did the ra-
diated power, because now the power is
dividing between 32 ohms of radiation
resistance and 18 ohms of ground resis-
tance! In cases where losses are very
small, it is unnecessary to improve an
impedance mismatch that produces an
SWR of only 1.6:1, because only a 0.24 dB
increase in power will result by reducing
the 1.6:1 mismatch to 1:1. However, in this
antenna situation, reducing the 1.6:1 mis-
match to 1:1 by removing radials will
cause a 36% decrease in radiated power,
a loss of 1.93 dB in the ground resistance.

Ground resistance with 100 to 120
radials is typically in the range of 1 to 2
ohms, or less. However, ground systems
having from two to four radials may have
a loss resistance as high as 30 to 36 ohms,

so now the SWR at the resonant frequency
will be around 1.3 or 1.4. But when oper-
ating at other frequencies, instead of ris-
ing from this low value of SWR, as it
should at frequencies away from reso-
nance, the ground-loss resistance holds
the off-resonant SWR to lower values than
would result with a good ground. The low
SWR simply indicates that the line is well
matched, but it offers no clue that approxi-
mately half the power is heating the
ground. Thus the low SWR in this case is
misleading; instead of verifying that the
antenna system is efficient over a wide
frequency band, it is actually telling us
that the efficiency is very poor indeed!

2) Some amateurs who employ a one-
to-one balun believe that “one-to-one”
means it provides an impedance match
between the feed line and the antenna.
This is an erroneous concept, because
“one-to-one” only specifies the output-to-
input impedance ratio of the balun. No
matter what antenna impedance termi-
nates the output of the balun, approxi-
mately the same impedance is seen at the
input, depending on the quality of the
balun. Nevertheless, these amateurs are
convinced the baluns are matching the
feed line to the antenna, because the SWR
sometimes goes down dramatically when
the balun is inserted. When using some
baluns having ferrite cores, the SWR is
less than 2:1 over the entire 75-80 meter
band, where somewhat over 5:1 is normal
at the ends of the band when the antenna
is cut to resonate at the center of the band.
Off-resonance SWR is sometimes reduced
with these baluns because the ferrite core
saturates while attempting to handle the
reactive current which exceeds the maxi-
mum core-current level. Thus, the full
excursion of the reactive component of
antenna impedance is prevented from
appearing at the input of the balun. All
power above the saturation level is lost
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in heating the balun, while the low SWR
is deceiving the unsuspecting amateur.
The true SWR will be unchanged by a 1-
to-1 balun if it has a core capable of han-
dling the current without saturating and
if it has no significant leakage reactance.
However, most transformer-type baluns
having a ferrite core do have significant
leakage reactance, and less than perfect
coupling. Hence, these baluns cannot pro-
vide a true 1-to-1 impedance transfer, and
the resulting SWR will not be the same
as it would if the balun did have a true
impedance transfer ratio. This is because
when the leakage reactance is inserted
between the antenna and the feed line,
this reactance can either improve or
worsen the match, depending on the mag-
nitudes and signs of both the leakage and
antenna-terminal reactances. In addition,
an SWR indicator may not show the true
SWR without a balun if antenna current
on the outside of the coax is present at
the SWR indicator (Ref 36). These aspects
of the balun problem, and how to avoid
them, are discussed in detail in Chapter
21.

So it is important to know approxi-
mately what SWR to expect—if it is low,
determine whether it should be low. Don’t
assume that a low SWR indicates success,
or that it guarantees a great system! Be
especially suspicious if the SWR remains
low or relatively constant over a moder-
ate frequency range, unless specific
broadbanding steps have been performed
on the radiating system. This knowledge
is elementary and routine for an antenna
engineer, but too little information in this
area has been available for the amateur,
considering the degree of his involvement
with antennas. The variation of antenna-
terminal impedance versus frequency is
shown in The ARRL Antenna Book (Ref
2, Fig 2-7, and Ref 71, p 2-6). In addition,
correlation of the impedance change with

SWR is covered in detail in Chapter 12 in
this book, to enable us to predict normal
SWR, within limits with a non–resonant
antenna terminating the feed line.

FOURTH, we need to re-examine the
use of open-wire feed lines as tuned lines
(Ref 3, Part III, p 20; Ref 10; Ref 21, p 23),
to discover that the principles used there
are exactly what we have been discuss-
ing. Remember, with tuned lines we com-
pletely ignore the mismatch at the junc-
tion of the feed line and the antenna. Then
we compensate for the mismatch with the
tuner at the input of the line, over the
entire frequency range of the band. The
SWR may run as high as 10, 15, or even
20 to 1, but the power reflected from the
mismatch is re-reflected back to the an-
tenna by the tuner. Adjusting the tuner
to obtain maximum feed-line current sim-
ply adjusts the phase of the reflected
waves to re-reflect back up the line in
phase with the forward wave, again reach-
ing the antenna. Thus, the reflection loss
from the mismatch is canceled by the re-
flection gain of the tuner. The phenom-
enon of reflection gain is explained in de-
tail in Chapters 4 and 7.

Many of us older amateurs know from
age-old practice that a 600 ohm line made
of two no. 12 wires with six-inch spacing
would work every time. We had little in-
centive in the earlier days to learn how
they worked and why they transferred
power efficiently with such high reflected
power and SWR. Nor did we particularly
care that tuning the plate tank for a dip
in plate current was really canceling the
reactance appearing at input of the feed
line, or that the plate-current dip was just
another way of viewing the phase adjust-
ment of the reflected waves to coincide
with the waves emanating from the
source. And we didn’t realize that, at the
current dip, the reflected waves of volt-
age and current would add in phase with
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the voltage and current supplied by the
source to obtain maximum feed-line and
antenna current. This is probably one of
the reasons for our misunderstanding of
the similarity between open-wire and co-
axial-line operation with mismatched
loads. The principle is the same in both;
only the degree of mismatch is different.
In other words, for many applications,
coax can be used as a tuned line in pre-
cisely the same manner as open wire, es-
pecially with lines of low loss that are not
unreasonably long. The spacecraft an-
tenna systems mentioned earlier are typi-
cal examples.

Thus, coax connected directly into the
antenna may be operated successfully
with substantial mismatch, in which case
the SWR limits while operating away from
the self-resonant frequency of the antenna
are determined entirely by power lost be-
cause of line attenuation. Voltage break-
down and current heating is not a prob-
lem at our legal power limit with RG-8,
RG-213 or RG-11, or with RG-58 or RG-
59 at lower powers. This is because volt-
age at an SWR maximum is only the
square root of the SWR times the voltage
appearing on the line when the line is
matched. The impedance at the input of
the line will no longer be 50 ohms, but we
can determine whether the output tank
of the transmitter has sufficient imped-
ance-matching range to permit feeding
the line directly. This depends on the
magnitude of the mismatch and the
length of the line. The range is surpris-
ingly high in some rigs, little in others (Ref
4, Part III). If the matching range of the
rig is insufficient, an external matching
device (antenna tuner, transmatch, or
ATU) can be used to obtain an impedance
match and the correct coupling between
the input of the feed line and the trans-
mitter (Refs 9 through 12 and 22). The
point I am emphasizing here is that

within the limits mentioned, all required
line matching can be transferred back to
the operating position instead of forcing
the match to occur at the antenna feed
point, without suffering any significant
loss in radiated power. The use of this
technique, which may come as a surprise
to many, does not contradict any theory.
It is actually an embodiment of the fun-
damental principle of network theory
called conjugate matching (Ref 17, p 243;
Ref 19, p 38; Ref 35, p 49; Ref 69) which is
the basis for all antenna tuner, or
transmatch operation with either open-
wire or coaxial lines.

After learning of the benefits ob-
tained with line-input matching in the two
spacecraft examples described earlier, it
is interesting to compare the results us-
ing this same input matching technique
in typical 80- and 40-meter situations. The
80-meter amateur band is the widest in
terms of percent of center frequency, and
thus suffers the greatest SWR increase
with frequency excursion to the ends of
the band. A dipole cut for resonance at
3.75 MHz yields a mismatch, or SWR in a
50-ohm feed line somewhat above 6:1 at
3.5 MHz and about 5:1 at 4.0 MHz. As
shown in Fig 1-2, in a 100-foot length of
nonfoam RG-8, an SWR of 5:1 adds only
0.46 dB loss to the matched (that is, flat)
line loss of 0.32 dB at 4.0 MHz. So out
almost to the ends of the band, less than
1/12 of an S unit is lost because of the
SWR, an imperceptible amount at the re-
ceiving end. This further verifies the prin-
ciple and proves that full-band, coax-fed
dipole operation on 80 meters also is prac-
tical. Even with the high SWR at the ends
of the band, the loss cannot be distin-
guished from what it would have been had
the SWR been a perfect one-to-one! On 40
meters, with the dipole resonated at 7.15
MHz, something is amiss if the SWR ex-
ceeds 2.5 at the band ends. And from Fig
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1-2 it may be seen that this SWR adds
only 0.18 dB to the matched loss, which
at 7 MHz is 0.44 dB for 100 feet of RG-8
coax.

Sec 1.5 Non-reflective Load
Versus Line-Input Matching

operating flexibility, the convenience and
increased bandwidth afforded by match-
ing at the line input is obvious.

But line-input matching also presents
a real challenge to learning more about
complex impedance, because in the pres-
ence of reflections, the line-input imped-
ance is no longer simply the characteris-
tic impedance ZC, but now has resistive
and reactive components, both of which
vary with changes in line length and with
frequency. Thus, we need to understand
complex impedance in order to choose and
adjust corrected external conjugate-
matching circuitry to couple the transmit-
ter to the line, or to adjust the transmit-
ter directly to the line if sufficient match-

Fig 1-2—Effect of standing-wave ratio on line loss at 4 and 7 MHz.  The ordinates show the
additional loss in decibels over those for a perfectly matched 100-foot length of RG-8 line
for the SWR values shown on the horizontal scale

Now is a good time to contemplate the
distinction between the no-reflection, per-
fectly matched load , requiring an
inaccessable matching network at the
antenna-feedline junction, and matching
at the input of the feed line. From the
standpoint of good engineering, as long as
the SWR does not exceed the value above
which one cannot afford to compromise
further power in exchange for improved
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ing range is available. Practically all prob-
lems encountered while attempting to ob-
tain proper coupling or loading to a line
with reflections can be traced simply to
not understanding the correlation of line
length and relative phase of the forward
and reflected waves with the resulting
complex impedance seen at the input ter-
minals of the feed line.

A detailed discussion of reflection
mechanics and feed-line propagation is
presented in subsequent chapters. In-
cluded is a novel means for explaining

impedance transformation along the line
in direct relation to forward and reflected
waves, that simplifies the understanding
of what does and what does not happen
when a line length is changed, and how
to select the correct length for given con-
ditions. The relation of line attenuation
to permissible SWR while using conjugate
matching techniques, along with details
on how to obtain proper coupling and load-
ing of a transmitter to a line for which
the input impedance has changed because
of reflections, is also presented.
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tenna tuner. In this condition the entire
system is resonant, including the output
circuitry of the amplifier. All available
power from the source enters the line, and
reflections from any terminating mis-
match or other line discontinuities are
compensated by a complementary reflec-
tion, which cancels the original reflection
at the matching point in the matching
device. Such a reflection is obtained by
introducing a non-dissipative mismatch
at the match point. This non-dissipative
mismatch is one which, if placed in the
system by itself, would produce the same
magnitude of reflection, or SWR, as is
produced by the mismatched line termi-
nation. The result is a precise and total
re-reflection of the arriving reflected
wave. Andrew Alford makes an elegant
presentation of this concept (Ref 39, pp
10-15, Also see Ref 136).

Although this sounds very compli-
cated, the entire set of conditions is auto-
matically fulfilled simply by completing
a correct tuning and loading procedure.
It matters not whether a transmitter hav-
ing sufficient matching range feeds the
line directly, or whether an external
matching network (antenna tuner) is used
where additional range is required. If the
transmitter, or source generator is now
replaced by a passive impedance equal to
its source impedance (equal to its opti-
mum load resistance), the line can be
opened at any point. Then, from this open
point, and looking in either direction, one

(Adapted from QST, June 1973)

Sec 2.1 Introduction

I n Chapter 1 we saw that obtaining
a low SWR is relatively unimpor-
tant for an efficient transfer of
power when line attenuation is low.

Four steps to assist in understanding the
operation of transmission lines with re-
flections due to a mismatched termina-
tion were presented. In addition, the con-
cept of matching the complex impedance
appearing at the input of a transmission
line with reflections was introduced,
based on the principles of conjugate
matching. One of the articles of the Con-
jugate Match Theorem is that a conjugate
match exists whenever all of the available
power from the source is being delivered
to the load. (Ref 137, IEEE.) In the fol-
lowing paragraphs we will discuss some
of the basic principles involving efficient
transfer of power in a system comprising
a source, and a transmission line termi-
nated in a mismatch.

A conjugate match exists throughout
the entire system, and all the available
power will be delivered by the source,
when the output impedance of the source
is made equal to the resistive component
of the line-input impedance, and when all
reactance components in the source and
line-input impedances are canceled to zero
by a matching network, which can be ei-
ther the pi-network tank circuit or a sepa-
rate matching network such as an an-
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will see the conjugate of the impedance
seen in the opposite direction—whatever
R + jX value is seen in one direction, R –
jX is seen in the other.

Contrary to what many believe, it is
not true that when a transmitter delivers
power into a line with reflections, a re-
turning reflected wave sees an internal
generator resistance as a dissipative load.
Nor is the reflected wave converted to heat
and lost, while at the same time damag-
ing the final amplifier. When a matched
RF power amplifier is actively supplying
power when the reflected wave returns,
the reflected wave encounters total re-re-
flection at the match point appearing at
the input terminals of the pi-network tank
circuit, and the reflected power is entirely
conserved because it never sees the source
impedance of the amplifier as a dissipa-
tive terminating load, but not because the
source impedance is non-dissipative. (In-
cidentally, the source impedance of the RF
power amplifier is non-dissipative, as will
be explained in detail in Chapter 19. The
concept of a non-dissipative impedance is
one of the most misunderstood concepts
in electrical engineering today.) This is
because the source and reflected voltages
and currents superpose, or add (in phase)
at the match point, just as if the reflected
power had been supplied by a separate
generator in series with the source. The
phasor sum of their voltages yields a net
current flow which is always in the for-
ward direction. The reflected power thus
adds to the source power, deriving reflec-
tion gain which compensates for the re-
flection loss suffered at the mismatched
termination. More details on the reflec-
tion phenomenon are presented in later
chapters.

Sec 2.2 Line Losses
All power reflected from a mis-

matched line termination that reaches the

source is re-reflected and returned to the
load, as part of the forward or incident
wave. The only reflected power lost is that
from line attenuation during its return to
the source and once again during its re-
turn to the load. The higher the line at-
tenuation, the less reflected power
reaches the source to add to the forward
power. Thus, the lower the line attenua-
tion, the higher the allowable SWR for a
given loss because of SWR. No reflected
power is lost in a lossless line, no matter
how high the SWR, because it all ulti-
mately arrives at the load. This is why
open-wire line functions so efficiently as
a tuned line with any reasonable mis-
match value—its attenuation is almost
negligible. Since the attenuation is higher
in coax, the attenuation imposes lower
limits on the mismatch, and may require
calculation of the loss penalty for a given
SWR. Line attenuation and SWR must
both be quite high to incur any substan-
tial additional loss over and above the
matched-line loss. The additional loss due
to SWR and line attenuation may be de-
termined graphically from Figs 1-1 and
6-1, or calculated using Eq 6-1.

Coax has higher RF losses than open
wire at HF for two reasons:

1) It has a lower impedance, causing
higher current flow at lower voltage for
the same power. This results in higher R2

loss for the same effective conductor size.
(Electric power distribution lines mini-
mize I2R loss by using high voltage and
low current). Skin effect also increases the
loss with rising frequency because of de-
creased effective conductor size.

2) The increased amount of dielectric
material separating the conductors in co-
axial line (air vs solid dielectric) is also a
substantial contributor to the attenuation
loss factor. The attenuation increases with
frequency, especially at VHF and UHF.
(The attenuation due to resistance R in
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the conductors increases as the square-
root of frequency, and the attenuation due
to conductance G of the dielectric in-
creases directly with frequency.) Hence,
it is understandable why RG-8, especially
the foam type with its larger center con-
ductor (Ref 23) allows higher SWR (thus
more bandwidth) than RG-58 for the same
additional loss penalty. And for any cable,
the shorter it is, the less loss is added for
a given SWR.

 A fifth step in improving your under-
standing of the reflected-power problem
is to view the situation objectively, ask-
ing yourself, “Have I fallen prey to any of
the erroneous teachings? Can I spot the
wrong info when I hear it discussed? Do I
understand the principles well enough to
convince others of the correct version if
the opportunity arises?” Several pertinent
short statements follow which may be
used as self-test material. They highlight
and summarize many reflection-related
concepts known to be generally confusing
to many amateurs. In the interest of brev-
ity they are not intended to be completely
self-explanatory, but sufficient material
for obtaining a complete understanding
of each point appears later, or is available
from references in the bibliography. Sup-
port for nearly every statement can be
found in The ARRL Antenna Book alone.

Sec 2.3 True or False?
1) Reflected power does not represent

lost power except for an increase in line
attenuation over and above the matched-
line attenuation. In a lossless line, no
power is lost because of reflection. Only
when the matched-line attenuation and
SWR are both high is there significant
power lost from reflection. On all HF
bands with low-loss coax, the reflected
power loss is generally insignificant,
though at VHF it becomes significant, and
at UHF it is of extreme importance.

2) Reflected power does not flow back
into the transmitter and cause dissipation
and other damage. Damage blamed on
reflections is really caused by improper
output-coupling adjustment — not by
SWR. Tube overheating is caused by ei-
ther or both overcoupling and reactive
(mistuned) loading. Tank-coil heating and
arc-overs result from a rise in loaded Q
caused by undercoupling. With some ma-
nipulation, proper output coupling indi-
cated by a normal resonant plate-current
dip at the correct loading level can be at-
tained no matter how high the SWR. The
transmitter doesn’t “see” an SWR at all
— only an impedance resulting from re-
flections giving rise to the SWR. And the
impedances are matchable without con-
cern for the SWR. This is one of the most
important issues contributing to the con-
fusion.

3) Any effort to reduce an SWR of 2:1
on any coaxial line is completely wasted
from the standpoint of any significant in-
crease in power transfer. See Figs 1-1 and
6-1.

4) A low SWR is not proof of a good-
quality antenna system or an indication
that it is working efficiently. On the con-
trary, lower than normal SWR values ex-
hibited over a frequency range by a di-
pole or a vertical over ground is a clue to
trouble in the form of undesired loss re-
sistance. Such resistance can be from poor
connections, poor ground system, lossy
cable, etc.

5) The radiator of an antenna system
need not be of a self-resonant length for
maximum resonant current flow, the feed
line need not be of any particular length,
and a substantial mismatch at the junc-
tion of the line and the antenna does not
prevent the radiator from absorbing all
of the power available at the junction (Ref
3, Part III, p 20; Ref 24).

6) If a suitable matching network can-
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cels all the reactance developed by a non-
resonant-length radiator and a random-
length feed line which is mismatched at
the antenna feed point, the antenna sys-
tem is resonant, the mismatch effect is
canceled, maximum current flows in the
radiator, and all the power available at
the feed point is absorbed by the radia-
tor.

7) The majority of tower radiators
used in the standard AM broadcast band
(from 540 to 1600 kHz) are of heights
which are not resonant lengths at the fre-
quency of operation.

8) The SWR on the transmission line
between the antenna and a matching net-
work at the input to the line is determined
only by the mismatch conditions at the
load, and is not changed or “brought
down” by the matching network. “Low
SWR” obtained by using the device indi-
cates only the mismatch remaining be-
tween the input impedance of the network
and the impedance of the line from the
transmitter.

9) Adjusting the matching network,
or antenna tuner, for maximum line cur-
rent creates a perfect mirror termination
for the reflected wave, causing it to be to-
tally re-reflected on arrival at the input
end of the line. The tuner provides the
proper reactance to cancel the equal but
opposite reactance between the source
and reflected wave at the input. This
causes the reflected wave to add in phase
to the source wave to derive the total in-
cident, or forward power, which is the sum
of the source and reflected power.

10) Total re-reflection of the reflected
power at the line input is the reason for
its not being dissipated in the transmit-
ter, and why it is conserved, rather than
lost.

11) With a good antenna tuner and a
well-constructed open-wire feeder, a 130-
foot center-fed dipole does not radiate sig-

nificantly more power on 80 meters than
one 80 feet long for the same power fed
from the transmitter (Ref 3, Part III, p 20;
Ref 7, pp 50 and 124 or pp 41 and 42 in
reprint version; Ref 10; Ref 21).

12) A dipole cut to be self-resonant at
3.75 MHz and fed with either RG-8, RG-
213, RG214, or RG-11 coax does not radi-
ate significantly more on 3.75 MHz than
on 3.5 or 4.0 MHz with any feeder length
up to 150 or 200 feet.

13) With a 3.75-MHz dipole, the SWR
on a 50-ohm feed line rises to around 6.5
at 3.5 MHz, and around 5.0 at 4.0 MHz,
thus utilizing the coax as a tuned feeder,
but with insignificant loss in radiated
power across the entire 80-meter band.

14) With the use of a transmatch or a
simple L network at the line input, proper
coupling between the transmitter and the
tuned-coax feeder can be attained over the
entire 80-meter band with any random
coax length.

15) From the standpoint of line loss
because of SWR resulting from the change
in quality of the impedance match be-
tween the line and antenna, changing the
height of the dipole above ground or low-
ering the ends of a horizontal dipole to
make an inverted-V dipole has an insig-
nificant effect on the amount of power it
absorbs from the transmitter.

16) As a tuned line at 4.0 MHz, RG-8
can handle 700 watts CW continuously
within ratings, at an SWR of 5:1. With the
duty cycle of SSB, it is far below maxi-
mum ratings at 2 kW PEP. With a 100-
foot length, the total attenuation with a
5:1 SWR is just 0.78 dB (0.46 dB due to
the SWR), which results in an insignifi-
cant loss of power in terms of received sig-
nal strength.

17) If the line length is critical in or-
der to satisfy a particular matching con-
dition, the same input impedance can be
obtained with any length of line, shorter
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or longer, by adding a simple L network
of only two components: either two capaci-
tors, two inductors, or one of each, deter-
mined by the specific impedance change
required of it. This statement is pertinent
to coiled-up coax in mobiles (Ref 19, pp
118-128; Ref 24; Ref 30, p 48; Ref 31.)

18) High SWR in a coaxial transmis-
sion line caused by a severe load mismatch
does not produce antenna currents on the
line, nor does it cause the line to radiate
(Ref 2, p 101; Ref 32. See also Chapter 20,
Sec. 20.3, for the answer.)

19) High SWR in an open-wire line
at HF caused by a severe load mismatch
does not produce antenna currents on the
line, nor cause the line to radiate if the
feed currents in each wire are balanced,
and if the spacing is small at the wave-
length of operation (also true at VHF if
sharp bends are avoided (Ref 2, pp 101,
106. See also Chapter 20, Sec. 20.3, for the
answer.)

20) Both coax and open-wire feed
lines may radiate (Ref 32), though not at
a significant level, by reradiating energy
coupled into the line from the antenna
because of asymmetrical positioning with
respect to the antenna. The energy
coupled from the antenna results in an-
tenna currents flowing on the outside of
the outer coax conductor, or in-phase (com-
mon mode )currents flowing on the wires
of the open-wire line. But this condition
has no relation to the level of the SWR on
the line in either case (Ref 2, pp 101, 106.
See also Chapter 20, Sec. 20.3, for the an-
swer.)

21) SWR indicators need not be
placed at the junction of the feed line and
the antenna to obtain a more accurate
measurement. Within its own accuracy
limits, the indicator reads the SWR wher-
ever it is located in the line. The SWR at
any other point on the line may be deter-
mined by a simple calculation involving

only the SWR at the point of measure-
ment, the line attenuation per unit length,
and the distance from the measured point
to the point where the SWR is desired. In
any case, the primary reason for using the
SWR indicator is to assist in proper load-
ing of the transmitter.

22) The SWR in a feed line cannot be
changed, adjusted or controlled in any
practical manner by varying or adjusing
the line length (Ref 7, p 51). (Also see
Chapter 21.)

23) If SWR readings change signifi-
cantly when moving the SWR bridge a few
feet one way or the other in the line, it
indicates either “antenna” current flow-
ing on the outside of the coax, or else an
unreliable instrument, or both, or even a
reliable bridge incorrectly adjusted to the
line impedance, but it is not because the
SWR is varying with line length. Some
writers insist the bridge must be placed
at a 1/2–λ interval from the load to ob-
tain a correct reading. This is incorrect.
All readings are invalid if they change sig-
nificantly along the line, even though they
may repeat at λ/2 intervals (Ref 2, pp 101,
106, and 132, Also see Chapter 21.)

24) Any reactance added to an al-
ready resonant (resistive) load of any
value for the purpose of compensation to
reduce the reflection on the line feeding
the load will, instead, only increase or
worsen the reflection. It is for this rea-
son, although contrary to the teaching of
several writers, that the lowest feed-line
SWR occurs at the self-resonant frequency
of the radiating element it feeds, com-
pletely independent of feed-line length.
Any measurements which contradict this
indicate that either the measuring equip-
ment or the technique (or both) are in er-
ror.

25) Of the several types of dipoles
such as the thin wire, folded, fan, sleeve,
trap, or coaxial, none radiates more field
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than another, providing each has insig-
nificant ohmic losses and is fed the same
amount of power (Ref 3, Part III).

26) If coax at least the size of RG-8 is
used in mobile installations (80 through
10 meters), any matching required to load
the transmitter may be done at the input
end of the coax without significant power
loss compared to matching at the antenna
terminals, and with improvement in op-
erating bandwidth.

27) With center-loaded mobile whips
of equal size having no matching arrange-
ment at the input terminals, the best ra-
diating efficiency is obtained on models
having the lowest measured terminal re-
sistance (highest resonant SWR, model for
model). Models having lowest SWR are
wasting power in the loading coil, because
of either a low value of coil Q or excessive
distributed coil capacitance, or both. (See
Chapter 6 for more details.)

28) The resonant frequency of an an-
tenna cannot be determined by probing
the input terminals of a feed line for reso-
nance with a grid-dip oscillator or a noise
bridge that has no capability for measur-
ing reactance. Resonances measured at
the feed-line input are resonances of the
combination of the antenna and the feed
line, not the resonance of the antenna
alone. A change in length of the feed line
results in a different resonant frequency
of the combination for every different
length of feed line. A λ/2 feed line is not
the answer, because, since the resonant
frequency of the antenna is unknown, the
frequency at which the feed line should
be λ/2 is also unknown. If the feed line is
λ/2 at some frequency other than the reso-

nant frequency of the antenna, the reso-
nant frequency measured at the input of
the feed line will be different than that of
either the antenna or the feed line.

Sec 2.4 How Did You Do?
Did you mark all of the statements

correctly? You did if you marked each one
TRUE. Yes, all of the above statements
are true. These examples have been cen-
tered around 80-meter operation because
bandwidth and dipole length on this band
present the maximum SWR problem. Of
all the amateur bands, 80 m has the larg-
est bandwidth, 13.3% of center frequency,
as compared to 4.2% on 40 m, 2.5% on 20
m, 2.1% on 15 m, and 5.9% on 10 m. Hav-
ing the longest wavelength (excepting 160
m, of course), 80 m poses the greatest
problem with respect to physical construc-
tion of radiating systems on existing real
estate. Some antenna sites just won’t per-
mit an entire λ/2 on 80 m. So these ex-
amples should have a special interest if
you wish to work 80 meters but are forced
to use a short antenna. Since the band-
width and antenna-length problem are
really one and the same, the 80-meter
examples have maximum practical value.
But practices recommended at the 80-
meter level are also valid on the higher
frequencies. Interestingly enough, as we
go to the higher bands, the line losses in-
crease but the percentage bandwidth of
the amateur bands decreases. This means
inherently lower maximum SWR values
will be obtained during frequency excur-
sions from the design center to the ends
of the band.
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tenna tuner. In this condition the entire
system is resonant, including the output
circuitry of the amplifier. All available
power from the source enters the line, and
reflections from any terminating mis-
match or other line discontinuities are
compensated by a complementary reflec-
tion, which cancels the original reflection
at the matching point in the matching
device. Such a reflection is obtained by
introducing a non-dissipative mismatch
at the match point. This non-dissipative
mismatch is one which, if placed in the
system by itself, would produce the same
magnitude of reflection, or SWR, as is
produced by the mismatched line termi-
nation. The result is a precise and total
re-reflection of the arriving reflected
wave. Andrew Alford makes an elegant
presentation of this concept (Ref 39, pp
10-15, Also see Ref 136).

Although this sounds very compli-
cated, the entire set of conditions is auto-
matically fulfilled simply by completing
a correct tuning and loading procedure.
It matters not whether a transmitter hav-
ing sufficient matching range feeds the
line directly, or whether an external
matching network (antenna tuner) is used
where additional range is required. If the
transmitter, or source generator is now
replaced by a passive impedance equal to
its source impedance (equal to its opti-
mum load resistance), the line can be
opened at any point. Then, from this open
point, and looking in either direction, one

(Adapted from QST, June 1973)

Sec 2.1 Introduction

I n Chapter 1 we saw that obtaining
a low SWR is relatively unimpor-
tant for an efficient transfer of
power when line attenuation is low.

Four steps to assist in understanding the
operation of transmission lines with re-
flections due to a mismatched termina-
tion were presented. In addition, the con-
cept of matching the complex impedance
appearing at the input of a transmission
line with reflections was introduced,
based on the principles of conjugate
matching. One of the articles of the Con-
jugate Match Theorem is that a conjugate
match exists whenever all of the available
power from the source is being delivered
to the load. (Ref 137, IEEE.) In the fol-
lowing paragraphs we will discuss some
of the basic principles involving efficient
transfer of power in a system comprising
a source, and a transmission line termi-
nated in a mismatch.

A conjugate match exists throughout
the entire system, and all the available
power will be delivered by the source,
when the output impedance of the source
is made equal to the resistive component
of the line-input impedance, and when all
reactance components in the source and
line-input impedances are canceled to zero
by a matching network, which can be ei-
ther the pi-network tank circuit or a sepa-
rate matching network such as an an-
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will see the conjugate of the impedance
seen in the opposite direction—whatever
R + jX value is seen in one direction, R –
jX is seen in the other.

Contrary to what many believe, it is
not true that when a transmitter delivers
power into a line with reflections, a re-
turning reflected wave sees an internal
generator resistance as a dissipative load.
Nor is the reflected wave converted to heat
and lost, while at the same time damag-
ing the final amplifier. When a matched
RF power amplifier is actively supplying
power when the reflected wave returns,
the reflected wave encounters total re-re-
flection at the match point appearing at
the input terminals of the pi-network tank
circuit, and the reflected power is entirely
conserved because it never sees the source
impedance of the amplifier as a dissipa-
tive terminating load, but not because the
source impedance is non-dissipative. (In-
cidentally, the source impedance of the RF
power amplifier is non-dissipative, as will
be explained in detail in Chapter 19. The
concept of a non-dissipative impedance is
one of the most misunderstood concepts
in electrical engineering today.) This is
because the source and reflected voltages
and currents superpose, or add (in phase)
at the match point, just as if the reflected
power had been supplied by a separate
generator in series with the source. The
phasor sum of their voltages yields a net
current flow which is always in the for-
ward direction. The reflected power thus
adds to the source power, deriving reflec-
tion gain which compensates for the re-
flection loss suffered at the mismatched
termination. More details on the reflec-
tion phenomenon are presented in later
chapters.

Sec 2.2 Line Losses
All power reflected from a mis-

matched line termination that reaches the

source is re-reflected and returned to the
load, as part of the forward or incident
wave. The only reflected power lost is that
from line attenuation during its return to
the source and once again during its re-
turn to the load. The higher the line at-
tenuation, the less reflected power
reaches the source to add to the forward
power. Thus, the lower the line attenua-
tion, the higher the allowable SWR for a
given loss because of SWR. No reflected
power is lost in a lossless line, no matter
how high the SWR, because it all ulti-
mately arrives at the load. This is why
open-wire line functions so efficiently as
a tuned line with any reasonable mis-
match value—its attenuation is almost
negligible. Since the attenuation is higher
in coax, the attenuation imposes lower
limits on the mismatch, and may require
calculation of the loss penalty for a given
SWR. Line attenuation and SWR must
both be quite high to incur any substan-
tial additional loss over and above the
matched-line loss. The additional loss due
to SWR and line attenuation may be de-
termined graphically from Figs 1-1 and
6-1, or calculated using Eq 6-1.

Coax has higher RF losses than open
wire at HF for two reasons:

1) It has a lower impedance, causing
higher current flow at lower voltage for
the same power. This results in higher R2

loss for the same effective conductor size.
(Electric power distribution lines mini-
mize I2R loss by using high voltage and
low current). Skin effect also increases the
loss with rising frequency because of de-
creased effective conductor size.

2) The increased amount of dielectric
material separating the conductors in co-
axial line (air vs solid dielectric) is also a
substantial contributor to the attenuation
loss factor. The attenuation increases with
frequency, especially at VHF and UHF.
(The attenuation due to resistance R in
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the conductors increases as the square-
root of frequency, and the attenuation due
to conductance G of the dielectric in-
creases directly with frequency.) Hence,
it is understandable why RG-8, especially
the foam type with its larger center con-
ductor (Ref 23) allows higher SWR (thus
more bandwidth) than RG-58 for the same
additional loss penalty. And for any cable,
the shorter it is, the less loss is added for
a given SWR.

 A fifth step in improving your under-
standing of the reflected-power problem
is to view the situation objectively, ask-
ing yourself, “Have I fallen prey to any of
the erroneous teachings? Can I spot the
wrong info when I hear it discussed? Do I
understand the principles well enough to
convince others of the correct version if
the opportunity arises?” Several pertinent
short statements follow which may be
used as self-test material. They highlight
and summarize many reflection-related
concepts known to be generally confusing
to many amateurs. In the interest of brev-
ity they are not intended to be completely
self-explanatory, but sufficient material
for obtaining a complete understanding
of each point appears later, or is available
from references in the bibliography. Sup-
port for nearly every statement can be
found in The ARRL Antenna Book alone.

Sec 2.3 True or False?
1) Reflected power does not represent

lost power except for an increase in line
attenuation over and above the matched-
line attenuation. In a lossless line, no
power is lost because of reflection. Only
when the matched-line attenuation and
SWR are both high is there significant
power lost from reflection. On all HF
bands with low-loss coax, the reflected
power loss is generally insignificant,
though at VHF it becomes significant, and
at UHF it is of extreme importance.

2) Reflected power does not flow back
into the transmitter and cause dissipation
and other damage. Damage blamed on
reflections is really caused by improper
output-coupling adjustment — not by
SWR. Tube overheating is caused by ei-
ther or both overcoupling and reactive
(mistuned) loading. Tank-coil heating and
arc-overs result from a rise in loaded Q
caused by undercoupling. With some ma-
nipulation, proper output coupling indi-
cated by a normal resonant plate-current
dip at the correct loading level can be at-
tained no matter how high the SWR. The
transmitter doesn’t “see” an SWR at all
— only an impedance resulting from re-
flections giving rise to the SWR. And the
impedances are matchable without con-
cern for the SWR. This is one of the most
important issues contributing to the con-
fusion.

3) Any effort to reduce an SWR of 2:1
on any coaxial line is completely wasted
from the standpoint of any significant in-
crease in power transfer. See Figs 1-1 and
6-1.

4) A low SWR is not proof of a good-
quality antenna system or an indication
that it is working efficiently. On the con-
trary, lower than normal SWR values ex-
hibited over a frequency range by a di-
pole or a vertical over ground is a clue to
trouble in the form of undesired loss re-
sistance. Such resistance can be from poor
connections, poor ground system, lossy
cable, etc.

5) The radiator of an antenna system
need not be of a self-resonant length for
maximum resonant current flow, the feed
line need not be of any particular length,
and a substantial mismatch at the junc-
tion of the line and the antenna does not
prevent the radiator from absorbing all
of the power available at the junction (Ref
3, Part III, p 20; Ref 24).

6) If a suitable matching network can-
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cels all the reactance developed by a non-
resonant-length radiator and a random-
length feed line which is mismatched at
the antenna feed point, the antenna sys-
tem is resonant, the mismatch effect is
canceled, maximum current flows in the
radiator, and all the power available at
the feed point is absorbed by the radia-
tor.

7) The majority of tower radiators
used in the standard AM broadcast band
(from 540 to 1600 kHz) are of heights
which are not resonant lengths at the fre-
quency of operation.

8) The SWR on the transmission line
between the antenna and a matching net-
work at the input to the line is determined
only by the mismatch conditions at the
load, and is not changed or “brought
down” by the matching network. “Low
SWR” obtained by using the device indi-
cates only the mismatch remaining be-
tween the input impedance of the network
and the impedance of the line from the
transmitter.

9) Adjusting the matching network,
or antenna tuner, for maximum line cur-
rent creates a perfect mirror termination
for the reflected wave, causing it to be to-
tally re-reflected on arrival at the input
end of the line. The tuner provides the
proper reactance to cancel the equal but
opposite reactance between the source
and reflected wave at the input. This
causes the reflected wave to add in phase
to the source wave to derive the total in-
cident, or forward power, which is the sum
of the source and reflected power.

10) Total re-reflection of the reflected
power at the line input is the reason for
its not being dissipated in the transmit-
ter, and why it is conserved, rather than
lost.

11) With a good antenna tuner and a
well-constructed open-wire feeder, a 130-
foot center-fed dipole does not radiate sig-

nificantly more power on 80 meters than
one 80 feet long for the same power fed
from the transmitter (Ref 3, Part III, p 20;
Ref 7, pp 50 and 124 or pp 41 and 42 in
reprint version; Ref 10; Ref 21).

12) A dipole cut to be self-resonant at
3.75 MHz and fed with either RG-8, RG-
213, RG214, or RG-11 coax does not radi-
ate significantly more on 3.75 MHz than
on 3.5 or 4.0 MHz with any feeder length
up to 150 or 200 feet.

13) With a 3.75-MHz dipole, the SWR
on a 50-ohm feed line rises to around 6.5
at 3.5 MHz, and around 5.0 at 4.0 MHz,
thus utilizing the coax as a tuned feeder,
but with insignificant loss in radiated
power across the entire 80-meter band.

14) With the use of a transmatch or a
simple L network at the line input, proper
coupling between the transmitter and the
tuned-coax feeder can be attained over the
entire 80-meter band with any random
coax length.

15) From the standpoint of line loss
because of SWR resulting from the change
in quality of the impedance match be-
tween the line and antenna, changing the
height of the dipole above ground or low-
ering the ends of a horizontal dipole to
make an inverted-V dipole has an insig-
nificant effect on the amount of power it
absorbs from the transmitter.

16) As a tuned line at 4.0 MHz, RG-8
can handle 700 watts CW continuously
within ratings, at an SWR of 5:1. With the
duty cycle of SSB, it is far below maxi-
mum ratings at 2 kW PEP. With a 100-
foot length, the total attenuation with a
5:1 SWR is just 0.78 dB (0.46 dB due to
the SWR), which results in an insignifi-
cant loss of power in terms of received sig-
nal strength.

17) If the line length is critical in or-
der to satisfy a particular matching con-
dition, the same input impedance can be
obtained with any length of line, shorter
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or longer, by adding a simple L network
of only two components: either two capaci-
tors, two inductors, or one of each, deter-
mined by the specific impedance change
required of it. This statement is pertinent
to coiled-up coax in mobiles (Ref 19, pp
118-128; Ref 24; Ref 30, p 48; Ref 31.)

18) High SWR in a coaxial transmis-
sion line caused by a severe load mismatch
does not produce antenna currents on the
line, nor does it cause the line to radiate
(Ref 2, p 101; Ref 32. See also Chapter 20,
Sec. 20.3, for the answer.)

19) High SWR in an open-wire line
at HF caused by a severe load mismatch
does not produce antenna currents on the
line, nor cause the line to radiate if the
feed currents in each wire are balanced,
and if the spacing is small at the wave-
length of operation (also true at VHF if
sharp bends are avoided (Ref 2, pp 101,
106. See also Chapter 20, Sec. 20.3, for the
answer.)

20) Both coax and open-wire feed
lines may radiate (Ref 32), though not at
a significant level, by reradiating energy
coupled into the line from the antenna
because of asymmetrical positioning with
respect to the antenna. The energy
coupled from the antenna results in an-
tenna currents flowing on the outside of
the outer coax conductor, or in-phase (com-
mon mode )currents flowing on the wires
of the open-wire line. But this condition
has no relation to the level of the SWR on
the line in either case (Ref 2, pp 101, 106.
See also Chapter 20, Sec. 20.3, for the an-
swer.)

21) SWR indicators need not be
placed at the junction of the feed line and
the antenna to obtain a more accurate
measurement. Within its own accuracy
limits, the indicator reads the SWR wher-
ever it is located in the line. The SWR at
any other point on the line may be deter-
mined by a simple calculation involving

only the SWR at the point of measure-
ment, the line attenuation per unit length,
and the distance from the measured point
to the point where the SWR is desired. In
any case, the primary reason for using the
SWR indicator is to assist in proper load-
ing of the transmitter.

22) The SWR in a feed line cannot be
changed, adjusted or controlled in any
practical manner by varying or adjusing
the line length (Ref 7, p 51). (Also see
Chapter 21.)

23) If SWR readings change signifi-
cantly when moving the SWR bridge a few
feet one way or the other in the line, it
indicates either “antenna” current flow-
ing on the outside of the coax, or else an
unreliable instrument, or both, or even a
reliable bridge incorrectly adjusted to the
line impedance, but it is not because the
SWR is varying with line length. Some
writers insist the bridge must be placed
at a 1/2–λ interval from the load to ob-
tain a correct reading. This is incorrect.
All readings are invalid if they change sig-
nificantly along the line, even though they
may repeat at λ/2 intervals (Ref 2, pp 101,
106, and 132, Also see Chapter 21.)

24) Any reactance added to an al-
ready resonant (resistive) load of any
value for the purpose of compensation to
reduce the reflection on the line feeding
the load will, instead, only increase or
worsen the reflection. It is for this rea-
son, although contrary to the teaching of
several writers, that the lowest feed-line
SWR occurs at the self-resonant frequency
of the radiating element it feeds, com-
pletely independent of feed-line length.
Any measurements which contradict this
indicate that either the measuring equip-
ment or the technique (or both) are in er-
ror.

25) Of the several types of dipoles
such as the thin wire, folded, fan, sleeve,
trap, or coaxial, none radiates more field
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than another, providing each has insig-
nificant ohmic losses and is fed the same
amount of power (Ref 3, Part III).

26) If coax at least the size of RG-8 is
used in mobile installations (80 through
10 meters), any matching required to load
the transmitter may be done at the input
end of the coax without significant power
loss compared to matching at the antenna
terminals, and with improvement in op-
erating bandwidth.

27) With center-loaded mobile whips
of equal size having no matching arrange-
ment at the input terminals, the best ra-
diating efficiency is obtained on models
having the lowest measured terminal re-
sistance (highest resonant SWR, model for
model). Models having lowest SWR are
wasting power in the loading coil, because
of either a low value of coil Q or excessive
distributed coil capacitance, or both. (See
Chapter 6 for more details.)

28) The resonant frequency of an an-
tenna cannot be determined by probing
the input terminals of a feed line for reso-
nance with a grid-dip oscillator or a noise
bridge that has no capability for measur-
ing reactance. Resonances measured at
the feed-line input are resonances of the
combination of the antenna and the feed
line, not the resonance of the antenna
alone. A change in length of the feed line
results in a different resonant frequency
of the combination for every different
length of feed line. A λ/2 feed line is not
the answer, because, since the resonant
frequency of the antenna is unknown, the
frequency at which the feed line should
be λ/2 is also unknown. If the feed line is
λ/2 at some frequency other than the reso-

nant frequency of the antenna, the reso-
nant frequency measured at the input of
the feed line will be different than that of
either the antenna or the feed line.

Sec 2.4 How Did You Do?
Did you mark all of the statements

correctly? You did if you marked each one
TRUE. Yes, all of the above statements
are true. These examples have been cen-
tered around 80-meter operation because
bandwidth and dipole length on this band
present the maximum SWR problem. Of
all the amateur bands, 80 m has the larg-
est bandwidth, 13.3% of center frequency,
as compared to 4.2% on 40 m, 2.5% on 20
m, 2.1% on 15 m, and 5.9% on 10 m. Hav-
ing the longest wavelength (excepting 160
m, of course), 80 m poses the greatest
problem with respect to physical construc-
tion of radiating systems on existing real
estate. Some antenna sites just won’t per-
mit an entire λ/2 on 80 m. So these ex-
amples should have a special interest if
you wish to work 80 meters but are forced
to use a short antenna. Since the band-
width and antenna-length problem are
really one and the same, the 80-meter
examples have maximum practical value.
But practices recommended at the 80-
meter level are also valid on the higher
frequencies. Interestingly enough, as we
go to the higher bands, the line losses in-
crease but the percentage bandwidth of
the amateur bands decreases. This means
inherently lower maximum SWR values
will be obtained during frequency excur-
sions from the design center to the ends
of the band.
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Chapter 5

Low SWR for the Wrong
Reasons
Sec 5.1  Introduction learned this as we saw how the reflected

power adds to the source power at the con-
jugate match point so that the reflected
power can be subtracted from the total,
enlarged forward power at the mismatch
point to leave a net power in the load equal
to the source power, less only that lost in
the due to attenuation in the line.

Now that we have established this
relationship between the source, reflected,
and forward powers in terms of the wave
mechanics of the conjugate match, we
have the necessary background for iden-
tifying some of the improper usage of
SWR.  We can also clarify in greater de-
tail the reasons for the misunderstand-
ing that still prevails concerning what
happens to the power reflected from an
antenna that is mismatched to its feed
line. Further clarification of the miscon-
ceptions will enhance the appreciation of
the mismatched feed line as simply a
tuned, resonant impedance-transforming
device, particularly as we see somewhat
later how the transmatch type of feed-line
matching network and the pi-network
tank circuit of the transmitter perform the
matching function in the same manner as
the stub. Additional perspective in relat-
ing the discussion to practical feed-line
operation will be gained as some of the
thoughts presented in Chapters 1 and 2
are now expanded.

If it appeared that the importance of
SWR was overly minimized or down-
graded in the treatment accorded it in

I  made the statement in Chapter 1
that misconceptions concerning
SWR and reflections are prevalent
among amateurs, both in print and

on the air. So I reiterate, this book was
written with one primary goal in view—
to identify some of the misconceptions and
to clarify some of the confusion resulting
from the misconceptions.

One outstanding area of confusion
concerns the nature of reflected power and
how it is accounted for in the circuit. In
short, is it real or fictitious, reactive power,
and if it is real, where does it go? The na-
ture of reflected power is discussed in
Chapter 3, where it is shown why reflected
power is real power not reactive. However,
the understanding of this subject is so vi-
tal that an entire chapter, “The Reality of
Reflected Power,” Chapter 8, was written
to present additional proof for those who
still believe that reflected power is ficti-
tious. And Chapter 4, in discussing the
role of reflections in conjugate matching,
I delved into the question of where the
reflected power goes. I used the stub form
of matching to illustrate the wave action
that accomplishes the matching function,
and that also derives the total forward
power from the combined source and re-
flected power.  Recall that learning of this
wave action stripped away the mystery
of how a mismatched load can absorb all
of the power delivered by the source. We
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Chapter 1, I did not so intend. The intent
there was to focus attention on the im-
portance of understanding the subject of
reflection and SWR correctly and in such
depth that we may retain complete con-
trol over them in our antenna system de-
sign engineering. Thus, instead of letting
SWR become king to take control and de-
prive us of a breadth and flexibility of op-
eration, we may use SWR in the system
design choices in ways which many are
unaware exist.

How many of us have acquiesced to
“King SWR” in pruning an 80-meter di-
pole, taking great pains to obtain the best
possible match to a λ/2 feed line at a spe-
cific frequency, and fearing to operate
more than a few kilohertz from that fre-
quency without worrying about the king’s

ominous threats of damage to our equip-
ment? But how many are aware that King
SWR can be outwitted and his conse-
quences averted without pruning either
the dipole or the feed line? And how many
have been aware that the matching op-
eration can be performed at the transmit-
ter end of the line at any frequency within
the entire 75-80 meter band without suf-
fering any significant loss in power in
spite of the SWR remaining on the feed
line? Although it contradicts the word
published in many articles during the past
four decades, this revelation is true. This
revelation indicates the flexibility or free-
dom that really is available in our choice
of antenna systems designed for all the
HF bands, simply by having a better un-
derstanding of SWR and reflection.
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Sec 5.2  Valid Reasons for Low
SWR

There are good and valid reasons for
being concerned with SWR and reflection
from both the amateur and commercial
viewpoints — with this there can be no
argument. As we well know, these reasons
are concerned basically with voltage
breakdown and power-handling capabil-
ity, efficiency and losses, and with line-
input impedance as it relates to transmit-
ter output coupling. However, in amateur
practice, power-handling capability and
voltage breakdown don’t become serious
problems unless we try to shove the legal
limit of power through RG-58 or RG-59
at a high SWR. Losses and efficiency con-
cern us, but to a much smaller degree than
is generally realized, and for a different
reason than many are aware, as we’ll see
very shortly.

The chief reason why the amateur
should be concerned but not alarmed with
SWR is in its relation to line-input im-
pedance and transmitter coupling. This
is discussed in great detail in Chapters 6,
7 and 13. There we see how to tame im-
pedance and coupling for any reasonable
value of SWR, and in those discussions
the relative unimportance of having a
self-resonant antenna also becomes evi-
dent. But it is of great importance that
we first clarify some of the prevalent mis-
understandings of SWR and reflected
power, because they are causing many
amateurs to strive for a low SWR for the
wrong reasons, often needlessly. Probably
the most serious and widespread miscon-
ception concerning SWR prevailing
throughout the amateur fraternity is the
erroneous notion that there is a direct one-
for-one relationship between reduction in
reflected power and a resulting increase
in radiated power. In other words, many
believe that for every decreased watt of

reflected power there is an additional watt
of increased output. Not so, but the num-
ber of amateurs who have been misled to
believe this invalid and unscientific
premise is unbelievable.

Another related concept, popular, but
also erroneous, is that, when terminated
in a mismatch, the coaxial feed line be-
comes part of the radiator, causing radia-
tion from the feed line because of the
standing wave. (See Chapter 2, statement
18, and Chapter 20, Sec 20.4.)  This is
untrue because the line voltages and cur-
rents, and the standing wave resulting
from the mismatch, are entirely contained
in and between the outer and inner con-
ductors, inside the coax. No standing wave
develops on the outside of the coax be-
cause of impedance mismatch. However,
feed-line radiation may result from stand-
ing waves on the outside of the coax be-
cause of current flowing on the outside, if
a balanced dipole is fed without using a
balun. This feed-line radiation may or
may not be of any consequence, but the
topic is covered well by McCoy (Ref 45).
(Also see Chapter 20 Sec 20.3 and 20.4,
and Chapter 21.) There is also no radia-
tion from tuned open-wire feeders, be-
cause the current is flowing in opposite
directions in each wire; hence the fields
developed by the current in each wire are
canceled.

Misunderstanding of how the benefits
accrue from a low SWR, and of just how
little benefit is obtained, is driving many
of us to attain SWR values far lower than
where the benefits continue to be signifi-
cant in relation to the efforts expended to
attain them. It is for this reason that we
often set an unrealistically low limit on
allowable SWR that needlessly restricts
the operating bandwidth — the range of
usable frequencies on either side of the
resonant frequency of the antenna — to a
far more limited range than is necessary.
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In rectifying a misunderstanding such as
this, it often helps to first learn how the
misunderstanding originated.

Sec 5.3  “Impedance” Bridges2
 One aspect of the misunderstanding

has been created to some extent by nar-
row, and often erroneous interpretations
of matching principles found in various
instructions for instruments such as noise
bridges (Ref 100) and the antenna-scope
for determining the terminal “impedance”
of an antenna. Contrary to what is stated
in some of the instruction manuals, these
devices cannot measure impedance —
they can measure resistance only — and
then only in the absence of reactance.1

Look up and compare the definitions of
impedance and resistance; the term im-
pedance is often misused when the cor-
rect term should be resistance (Ref 46).
Consequently, in using these devices we
have been coerced into finding only the
resistance component of the antenna ter-
minal impedance, and only at the reso-
nant frequency of the antenna, because
this is the only frequency where the im-
pedance has zero reactance, or R + j0.

In following this approach, erroneous
emphasis has been given to requiring the
antenna radiator itself to be resonant,
thus nurturing the misconception that it
needs to be self-resonant to radiate all the
power being supplied to it (Refs 100, 101).
Thus, many have been misled to believe
that the antenna just won’t perform prop-
erly at any frequency except the self-reso-
nant frequency. (See Chapter 2, state-
ments 5, 6 and 7; also Refs 20, 21, and
24.) In addition, emphasis on the further
necessity for obtaining an antenna-termi-
nal resistance component equal to the line
impedance ZC has in many cases caused

us to go to extreme measures, such as
adjusting the antenna height above
ground in small increments to achieve
that precise resistance reading in quest
of the perfect 1.0 match (Ref 101.) Also
see Chapter 2, statement 15. Adjusting
antenna heights in large increments to
obtain control of radiation in the vertical
plane is realistic. But controlling radia-
tion resistance by adjusting the height is
neither necessary nor practical, because
the efficiency thought to be gained
through this action is illusory.

The truth of this will become evident
somewhat later as we see why there is no
justification for expending any matching
effort at the load, or antenna, to improve
a mismatch of 2:1 or less, simply to re-
move the standing wave with the expec-
tation of improving efficiency. (See Fig 6-
1.) Furthermore, because of the reactance
that appears as we depart from the reso-
nant frequency of the antenna, the sacred
but overrated perfect match found at some
carefully adjusted height can be obtained
at only one frequency without retrimming
the radiator length, thus continuing the
vicious cycle. However, the widespread
practice of this philosophy in antenna-
system operation has conditioned us to
think only in terms of using a λ/2 trans-
mission line with no reflections, and to
obtain its perfect 50-ohm non-reactive
input impedance by operating only at the
resonant frequency. So we have, in effect,
been deterred from learning of the real
effect of reactance in antenna impedance,
and how the transmission line transforms
any antenna impedance in a straightfor-
ward and predictable manner for use at
the line input.

In becoming so conditioned, many of
us have forgotten that we can obtain the

2 [AUTHOR’S NOTE: The original QST text from which this chapter is adapted was written before noise bridges were constructed
with the capability of measuring reactance.]
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desired 50-ohm non-reactive input imped-
ance from the line-transformed antenna
impedance with a simple line-input
matching network in the shack, much
more easily than it can be obtained at the
antenna. In fact, with most tube trans-
mitters the impedance seen by the trans-
mitter at the input of the feed line for SWR
values in excess of 2:1 can be matched for
optimum loading by adjustment of the
transmitter tank circuit itself. If a trans-
mitter does not contain sufficient match-
ing range, a separate line-matching net-
work (antenna tuner) between the trans-
mitter and line input offers a more judi-
cious matching arrangement than play-
ing games out at the antenna. Chapter 6
explains why there are many situations
where this same matching approach
should be considered when the load mis-
match yields SWR values of even 5:1 or
higher, as one departs from the self-reso-
nant frequency of the antenna.

One further misconception exists that
has also resulted in needless and unwar-
ranted reliance on the λ/2 feed line to re-
peat the resonant antenna resistance at
the transmitter. This one concerns the
effect of line-input reactance on tank-cir-
cuit resonance when the line with reflec-
tions is fed directly by the pi network.
Consider a tank circuit which is first
loaded and tuned to resonance with a re-
sistive load, and then when the load is
changed to one containing reactance. If
the tank components have sufficient re-
tuning range to compensate for the re-
flected reactance to return the circuit to
resonance at the same load level, all is
well, because the tubes still see the same
resistive load as before. The misconcep-
tion about this point has been generated
by some writers who apparently don’t
understand resonant circuits, for they
proclaim that the retuning ‘introduces’
reactance that detunes the circuit, caus-

ing improper loading and increasing plate
current and dissipation. Wrong! Chapters
7 and 13 contain much more detail on this
point.

Sec 5.4  Low SWR for the
Wrong Reasons

We have discussed “low SWR for the
wrong reason,” as practiced (often unwit-
tingly) in using the perfectly matched
antenna operated only at the self-reso-
nant frequency of the radiating element.
But another wrong reason for desiring a
low SWR is interpreting feed-line SWR as
the sole indicator of the quality of an
antenna’s radiating performance across a
band of frequencies, with low SWR across
the band getting the raves and high SWR
getting the boos. This is a definite misuse
of SWR information, because there are
cases where the low and high SWR val-
ues occur in just the opposite relation,
with respect to indicating antenna effi-
ciency over a given bandwidth.  Reasons
for this are given shortly. As a result of
this misuse of SWR values, good anten-
nas are too frequently rejected as “bad”
because the feed-line SWR swings rela-
tively high, and poor antennas are ac-
cepted as “good” when the SWR remains
relatively low.

In most cases the use of feed-line
SWR alone to indicate antenna efficiency
is invalid, because SWR indicates only the
degree of mismatch, not efficiency. How-
ever, we will see presently how a relative
change in SWR, to a value either lower or
higher than a previous value known to be
correct in a given antenna system, can
indicate that a possible undesirable
change has occurred somewhere in the
system. That change may affect its radi-
ating efficiency. For example,the popular
vertical antenna having from two to four
ground radials (an insufficient number for
efficient operation), or perhaps having
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only a buried water pipe or a driven rod
for a ground terminal, is one case where
a lower-than-normal SWR obtained over
a frequency range indicates a poor qual-
ity of radiating efficiency, rather than a
good one. But conversely, improving the
ground system by adding a sufficient
number of radials can increase the radi-
ating efficiency to nearly 100%, and this
improvement is accompanied by a signifi-
cant increase in SWR readings over the
same frequency range to higher values,
which are the normal or expected values.
With an adequate ground system, the
SWR is predictable over the frequency
range, because a load impedance of any
specific R +  jX value yields an exact value
of SWR on a given feed line, and because
we can determine approximately what the
antenna impedance should be at whatever
frequency we may wish to use. (Ref 2, Fig
2-7; Refs 47, 48, 49 and 58; Ref 71, p 2-6).
But when the ground system is inad-
equate there is an unknown ground-loss
resistance added to the known antenna
impedance, which changes the SWR to
some lower and unpredictable value. Yet,
without being aware of these facts, we
often tend to be happier in the discovery
of an unsubstantiated low SWR than we
are in determining whether we have SWR
values that should  be obtained with the
existing configuration. This is a very im-
portant concept that requires a clear un-
derstanding if we are to avoid misinter-
pretation of SWR data in our effort to op-
timize radiated power.

It will help in understanding this con-
cept if we have a clear physical picture of
how the ground-loss resistance develops.
Still another misconception exists here,
this one concerning the current and field
behavior in the vertical-over-ground an-
tenna system. Most of us know that con-
ventional grounding techniques used for
lightning protection, such as rods or pipes

driven deeply into the ground, provide an
excellent low-resistance current path for
the lightning current (dc). Many are un-
aware, however, that these techniques are
totally inadequate for conducting the en-
tirely different pattern of current flow
with the vertical antenna system.

Sec 5.5  Vertical Radiator over
Earth

 Let us digress a moment for a brief
look into the field and current behavior of
the vertical antenna system, to see what
type of ground system is needed  to meet
the requirements of a proper current-flow
pattern. Consider a base-fed vertical an-
tenna as shown in Fig 5-1. One terminal
of a generator is connected to the base of
the vertical radiator and the other gen-
erator terminal is connected to ground,
just below the base of the radiator. Dur-
ing the half cycle in which the conduction
current in the antenna flows upward, all
the current returns to ground through
displacement currents, which follow the
lines of force in the RF electric field
through the radiator-to-ground capaci-
tance, as shown in Fig 5-1.

The electric field surrounding the
antenna, which excites the displacement
currents, fills the entire volume of space
surrounding the antenna in the shape of
an oblate or somewhat squashed hemi-
sphere. This hemisphere intersects the
ground to form an imaginary circle hav-
ing a radius of slightly over 0.4λ for ra-
diators of λ/4 in electrical height. This ra-
dius defines the distance from the an-
tenna at which the returning displace-
ment currents become insignificant, and
don’t justify radials of greater length. The
radius decreases as the height of the ra-
diator decreases, because the size of the
hemisphere surrounding the antenna de-
creases.  Also, radials in or on the ground
have no resonance-versus-length charac-
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teristic; when outward-flowing current
reaches the end of the radial, it continues
flowing in the ground instead of going to
zero and becoming reflected to flow in the
opposite direction, as it does in elevated
radials. The displacement currents enter
the ground everywhere over the entire sur-
face within the circle and then flow back
radially to reach the grounded generator
terminal. So to repeat for emphasis,
ground radials are not resonant. Although
some of the current penetrates somewhat
more deeply, most of the current flow at
frequencies above 3 MHz is restricted by
skin effect to the upper few inches of the
ground.

Now a ground system comprising
only a simple water pipe or a driven rod
or two is simply a terminal — the ground-

feed terminal of the antenna system. So
all the returning currents using this ar-
rangement must flow entirely through the
poorly conducting ground from all direc-
tions everywhere within the circle to reach
the terminal. This ground system is often
measured to have an “acceptably low” re-
sistance at dc (which may be satisfactory
for lightning protection), but it injects a
loss resistance in series with the antenna
at RF. The RF ground resistance often
exceeds the radiation resistance of the
antenna itself! Adding a few wire radials
to the system provides good conductivity
toward the ground terminal for the cur-
rents which reach those radials. However,
only a tiny amount of the total current
entering the earth’s surface inside the
circle is intercepted by these few radials.

Fig 5-1—The hemisphere of displacement current that flows as a result of the
capacitance of a (/4 vertical radiator to the earth or a radial system. At frequencies above
3 MHz, RF currents flow primarily in the top few inches of soil, as explained in the text.
Ground rods are of little value at these frequencies, and spikes or large nails are
sufficient to secure the outside end of each radial wire. With a sufficient number of
radials, annular wires interconnecting the radials offer no improvement in antenna
efficiency, as the current path is radial in nature.
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Thus, all the remaining currents still flow
only through the lossy earth, and the re-
sult is that we still have a high loss resis-
tance.

If a sufficient number of equally
spaced radials (90 to 100) extending out
to 0.4λ is present to intercept all the cur-
rent, all the returning displacement cur-
rents find highly conductive paths every-
where within the circle, which lead the
currents through negligible loss resis-
tance directly back to the ground termi-
nal of the generator. This can be visual-
ized by examining Fig 5-1. Currents which
enter the ground between the closely
spaced radials quickly diffract to a radial
wire, and thus travel only a short distance
through lossy earth before reaching a good
conductive path. Thus, with a sufficient
number of radials, we have a nearly per-
fect ground system, which adds only a
negligible amount of resistance to the true
antenna impedance measurable between
the base of the radiator and the ground
terminals (Refs 20, 50, 51 and 57). From
this we can see why the lightning-type
ground system, although in prevalent use,
is unsatisfactory for an efficient antenna
system (Ref 57, p 82).

I am not suggesting that λ/4 anten-
nas with less than ideal ground systems
should not be used, nor that fair results
cannot be obtained without their use. But
the difference between no radials, or only
3 or 4 compared to 100, can amount to
over 3 dB. This is far in excess of the loss
resulting from an SWR of 4:1 or 5:1 on
the average coaxial feed line used by ama-
teurs. The point made here is that the
value of ground resistance is unknown
and unpredictable in systems using less
than an adequate number of radials. This
makes the resulting SWR readings unpre-
dictable and therefore useless for the pur-
pose of evaluating the quality of the sys-
tem, unless some means is available for

determining what the change in SWR
would be if the loss resistance could be
switched in or out.

In practical amateur installations,
the ground resistance is sufficiently low
if only 40 to 50 radials are used with a
λ/4 radiator. The small improvement in
radiated power for the addition of still an-
other 40 to 50 radials with the λ/4 radia-
tor probably does not justify the extra cost
and effort. However, if a short vertical an-
tenna (from λ/8 or less to λ/4 is contem-
plated, remember that the radiation re-
sistance decreases as the radiator is short-
ened. The ground resistance then becomes
a larger part of the total resistance, de-
creasing the efficiency. Thus, the ground
resistance should be kept as low as pos-
sible for the full capability of the short an-
tenna to be realized (Refs 51, 56 and 57).
There is practically no difference between
the radiation capabilities of the λ/4 an-
tenna and a radiator even shorter than
λ/8, except for the effect of ground resis-
tance and the loss in the resistance of the
inductance coil used to cancel the capaci-
tive reactance in the terminal impedance
of the shortened antenna. The profes-
sional literature is replete with references
confirming this point (Refs 20, 52 and 53).

Sec 5.6  Resistive Losses and
SWR

In this section I discuss how any ad-
ditional resistive losses that are separable
from the true antenna impedance affect
the true load SWR. By separable I mean
such losses as ground-loss resistance, cor-
roded connectors and other poor connec-
tions, cold-solder joints, and so on. These
all contribute loss resistances that we can
control or reduce. In contrast is the resis-
tive component of the antenna terminal
impedance, which comprises both the ra-
diation resistance and the inherent con-
ductor-loss resistance in the radiating el-
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ement. In most cases the conductor-loss
resistance in practical radiating elements
is negligible, unless excessively small wire
is used. There are several useful relation-
ships between load impedance ZL = R +
jX, line impedance, ZC, and SWR. For ex-
ample, it is well known that when the load
impedance is a pure resistance R, equal
to the line impedance ZC, the reflection
coefficient ( is zero, and the standing-wave
ratio is thus one to one. But the reflection
is no longer zero and the SWR becomes
equal to the ratio R/ZC when the resistance
is larger than ZC, or ZC/R when the resis-
tance is smaller than ZC. It is also well
known that ρ and SWR increase with the
addition of any reactance component in
the load impedance that increases the to-
tal reactance, whatever the resistive com-
ponent may be. This relationship may be
verified by observing Eq 3-1.  And as noted
previously, any combination of R + jX
yields an exact value of SWR when ter-
minating a line of given impedance ZC. We
also know that the reactance X appear-
ing in the impedance at the terminals of
an antenna contributes more to the rise
in SWR at frequencies away from antenna
resonance than the change in the antenna
resistance. This is because the reactance
changes more rapidly than the resistance
during the change in frequency, and be-
cause no power is absorbed in the reac-
tance.

However, there is an interesting re-
lationship between the resistance and re-
actance components of a load impedance
which is not generally well known. This
relationship sheds light on how these two
impedance components affect mismatch
reflection and SWR, and it also explains
why the unknown ground resistance and
other losses mentioned above reduce the
usefulness of SWR readings. When reac-
tance is present in the load impedance,
the minimum possible SWR occurs when

the resistance R is greater than ZC. The
value of the resistance that yields the low-
est SWR in combination with a given
value of reactance in the load, which I call
the minimum-SWR resistance, is depen-
dent solely on the reactance present in the
load. This value may be obtained from the
relationship

r = √X2 + 1 (Eq 5-1)

where
r and x are normalized to the system

ZC

r = minimum-SWR resistancex = re-
actance present in the load

(For more information concerning Eq
5-1 and its proof, see Chapter 11 and Ap-
pendix 1 in Chapter 23.)  It can be seen
from Eq  5-1 that when x becomes zero, r
= 1, for an SWR of 1:1. But it is interest-
ing to know that the resulting SWR al-
ways equals exactly the arithmetic sum
of the minimum-SWR resistance value r,
and the reactance value, x. This interest-
ing relationship is shown in the following
expression

SWRM = r + x (Eq 5-2)

where
SWRM = SWR obtained with the mini-

mum-SWR resistance
r = the normalized minimum-SWR

resistance
x = the normalized reactance

The relationship shown in Eq 5-2 can
help us to understand how unwanted loss
resistance, separable from the true an-
tenna-load impedance, affects SWR. In
the case of the vertical radiator over earth,
the unpredictable ground losses change
the SWR from a predictable value, based
on known available antenna impedance
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data (Ref 48, p 176) to some unpredict-
able and usually lower value. A general
application of the relationship is pre-
sented in the following statements. When
the resistance component of the true load
impedance is lower than the minimum-
SWR resistance, as determined for any
reactance component also present in the
true load, adding of resistance separate
from the true load impedance will cause
the SWR to decrease from the value ob-
tained with the true load resistance. This
is true until the total resistance is equal
to the minimum-SWR resistance. The fur-
ther addition of resistance will cause the
SWR to rise again. These statements ap-
ply especially to the vertical antenna of
λ/4 heights or less in proving why ground
resistance which reduces the efficiency
also reduces the SWR. This is because the
true antenna resistance component, R, is
generally less than the impedance, ZC, of
normally used feed lines, while the mini-
mum-SWR resistance, R, is always equal
to or greater than ZC.

The effect of reactance in the antenna
impedance raises an additional factor of
importance in understanding the relation-
ship between SWR values and antenna
performance. As stated earlier, the rate
at which the SWR rises as the operating
frequency departs from the resonant fre-
quency of the antenna depends on the re-
sulting change in the impedance at the
antenna terminals, which in turn is de-
pendent on the Q of the antenna. One fac-
tor that has a primary influence on an-
tenna Q is the amount of capacitance be-
tween the opposite halves of the dipole.
(Although it is more commonly called a
monopole, a vertical antenna over ground
can also be considered as a dipole, because
the lower half is simply the image of the
upper half, with the opposite polarity.)
This dipole capacitance is determined by
the ratio of the radiator length L, to its

diameter D, the well-known L/D ratio.
The L/D ratio found in the usual

simple thin-wire dipole is very high, re-
sulting in a low dipole capacitance and
high Q.  When the frequency is changed
with such an antenna, rapid changes in
impedance, reflection, and SWR result.
This is why a thin-wire dipole is consid-
ered a narrow-band device. However, spe-
cific broadbanding steps may be taken to
increase the dipole capacitance and thus
reduce the Q, thereby reducing the rate
of change of SWR. One such step, for ex-
ample, is decreasing the L/D ratio by us-
ing a multiwire cage configuration for
each dipole half, or by fanning out mul-
tiple wires from the feed point. Curves of
SWR versus frequency are valid here in
comparing bandwidths obtained while
you experiment with different radiator
configurations. However, any separable
loss resistance must now be either mini-
mized or held constant to prevent it from
introducing unknown variables. Other-
wise, the unknown variables can cause
differing errors in the SWR readings ob-
tained with different configurations, and
thus render the results of the experiment
invalid. But unless actual broadbanding
steps have been taken to reduce the Q,
the rate of change in SWR as frequency
changes will not differ dramatically be-
tween various types of dipoles having
roughly equivalent values of Q. These
types include the inverted-V dipole. If a
dramatic difference is noted with no valid
broad-banding steps having been taken,
troubleshooting is called for to determine
the cause. More than likely some un-
wanted loss resistance will be flushed out,
if this is the case.

I have seen SWR curves published
with descriptions of quite simple anten-
nas, where it would have been impossible
for the SWR to remain as low as indicated
over the frequency range shown — the Q
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of the antenna configuration shown would
have simply been too high. Two possible
explanations for this sort of contradiction
are that (1) perhaps the readings were
obtained from an inaccurate SWR indica-
tor — many read on the very low side (Refs
40, 54) or (2) as suggested above, an un-
recognized trouble existed somewhere in
the antenna system which was lowering
the Q by means of a separable loss resis-
tance. Yet these articles were published
because the antennas they described were
purported to have “improved SWR char-
acteristics.” How many times have you
heard someone praise his newly hung
skywire by simply telling how low the
SWR indicator reads across an entire
band? It should now be clear, and it can-
not be emphasized too strongly, that an
unrecognized and unwanted loss resis-
tance in an antenna system can cause a
low SWR reading when it should not be
so low. So in Chapter 6 we will explore
the relationship between antenna imped-
ance and SWR in detail so that we may
determine what is a proper SWR for given
conditions.

Sec 5.7  Reflected Power and
SWR

Let us now return to the subject of
why we worship low SWR for the wrong
reason. As stated earlier, the misunder-
standing of this aspect of reflected power
is based primarily on the prevalent, but
erroneous, notion that any reduction in
SWR or reflected power effected on a line
feeding a mismatched antenna results in
a direct one-for-one increase in radiated
power. The erroneous reasoning behind
this notion is in the assumption that if
power is being reflected by a mismatched
load, it cannot be absorbed in the load or
radiated, and that the reflected power
returns to be lost to dissipation in the
transmitter. This assumption is false on

both points, for the truth is, except for the
power dissipated in the line itself because
of line attenuation, all of the power deliv-
ered to the line by the transmitter is ab-
sorbed in the mismatched load. This is
true because the power reflected from the
mismatch is conserved and returned to
the load by re-reflection from the line-in-
put matching circuitry, the antenna tuner,
in accordance with the principles dis-
cussed in Chapter 4.

In light of the above statement, let
us consider a lossless line for a moment.
Adhering to the Law of Conservation of
Energy,  Here it is axiomatic that if all
power delivered to the line is already be-
ing absorbed in the load (because none can
be absorbed in a lossless line), a reduc-
tion of the reflected power cannot have
any effect whatever on the amount of
power taken by the load. And, obviously,
there is no power left over to be dissipated
in the transmitter.

Following this same reasoning in a
real line having attenuation, all losses in
power must be attributed to the basic I2R
and E2/R losses arising from attenuation
due to line resistance. These losses are un-
avoidable, even when the load is perfectly
matched. The only additional losses in
power that can be attributed to SWR or
reflection occur because the same resis-
tive attenuation is encountered by the
reflected power as it travels back along
the line from the load to the input. The
amount of power lost in this manner is
very small at frequencies in the HF range
when good-quality, low-loss line is used.
This is because during its return to the
input, the reflected power suffers only the
same amount of line-attenuation loss as
the forward power suffers in its forward
travel toward the load. And as stated pre-
viously, all the reflected power which ar-
rives back at the input now becomes part
of the forward power due to total re-re-
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flection at the input.
Another way of explaining the rela-

tionship between SWR and lost power is
to recall from Chapters 3 and 4 that, be-
cause the forward power is the sum of the
source and reflected powers, the forward
power is greater than the source power
whenever the SWR is greater than 1.0.
Thus, for a given source power, the resis-
tive losses are somewhat higher in the
portion of line where the forward power
is higher than the source power, simply
because the average line current I and
voltage E are higher in that portion of the
line.

So from this discussion concerning
improper usage of SWR data, we learn
that from the viewpoint of efficiency, our
concern for SWR involves only the loss
from line attenuation. Hence, we can tol-
erate a higher SWR when the attenuation
is low, but when attenuation is high the
SWR limit must be lower for the same
amount of additional power lost from
SWR. The exact relationship between
SWR and line losses for different values
of line  attenuation is shown graphically
in Figs 1-1 and 6-1. From these graphs
we can easily see that the amount of power
actually lost is in sharp contrast to the
amount mistakenly assumed to be lost in
the improper concept of SWR, where it is

thought that a reduction in SWR or re-
flected power results in a direct equiva-
lent decrease in the amount of power lost
in the system.

There is a certain twist of irony be-
hind these various misunderstandings of
reflections that have prompted the wrong
interpretation or usage of SWR. The irony
is that the correct reasons why SWR
should be considered are frequently over-
looked in the wrong usage, while the ba-
sis so generally accepted in support of the
wrong usage doesn’t even exist in the cou-
pling methods used by amateurs to trans-
fer power from the transmitter to the an-
tenna. A part of this obtuse logic seems to
have originated from the confusion among
both amateurs and engineers in the mean-
ing of “a matched generator.”  To some it
means being matched in only one direc-
tion, and to others it means being matched
in both directions. A “matched” signal gen-
erator is generally considered to be Z0

matched, or matched to the line imped-
ance in both directions. However, in trans-
mitter operation, the match is in one di-
rection only — forward — because of the
total re-reflection of the load-reflected
wave by the matching circuitry at the in-
put to the transmission line. This subject
is treated in great detail in Chapters 6, 7,
16, 17 and 19.
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(Adapted from QST, December 1974)

Sec 6.1  Introduction

C hapter 5 concludes with the
statement that in transmitter
operation, where conjugately-
matched coupling is normally

used to deliver power to a load through a
transmission line, the match is in one di-
rection only — forward. The transmitter
(or generator) output is matched to the
line, but looking back into the generator,
the line is totally mismatched during the
time the generator is actively supplying
power to the line through the conjugate
coupling of the pi-network tank. If the
correct procedure is followed, the conju-
gate relationship may be demonstrated by
making impedance measurements in ei-
ther direction from any point on the line.
These measurements will show an imped-
ance R + jX looking in one direction, and
the equal but opposite-sign impedance R
– jX in the opposite direction. The net re-
actance of zero obtained from these two
impedances proves that the system is
resonant! However, these measurements
cannot be performed while the generator
is active; it must be turned off and re-
placed with a passive impedance equal to
its optimum load impedance. When this
is done the impedance terminating the
generator end of the line will be seen as a
dissipative load when measuring the im-
pedance in the direction of the generator.

One of the prevalent misconceptions

is that when reflected power returns to
the generator, it sees the plate resistance
of the amplifier tube as a dissipative ter-
minating resistance. The fact that dissi-
pation occurs in the impedance that re-
places the generator impedance during
the measurements described above is
partly responsible for the erroneous infer-
ence that power reflected toward the gen-
erator is dissipated in a similar manner
in the internal impedance of the genera-
tor. However, when the generator is sup-
plying power to the line, its internal im-
pedance is never seen as a terminating
load for power reflected from a mis-
matched load terminating the line. This
is true because of the wave interference
between the source wave, the load-re-
flected wave, and the canceling wave sup-
plied by the coupling network that elimi-
nates the reactance and achieves the to-
tal re-reflection of the load-reflected wave.
Hence, the line is totally mismatched look-
ing rearward in the direction of the gen-
erator. This entire phenomenon is de-
scribed in detail in Chapter 4.

On the other hand, in laboratory work
the signal generator is usually matched
in both directions. Here the generator has
a ZC source impedance at the output ter-
minals, usually 50 ohms, and it is also iso-
lated i from the line with a resistive pad
or attenuator. The pad usually has an in-
sertion loss of around 20 dB (sometimes
more) with the same impedance as the
generator output and line ZC. Thus, the

Chapter 6

Low SWR for the Right Reasons
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generator sees a match looking into the
pad. This is because the pad absorbs and
dissipates both forward and reflected
power like a lossy line, so that only about
1/100 of the source power reaches the load,
and any power reflected from a mis-
matched load is also dissipated to 1/100
of its original value during its return to
the generator. As a result, whether the
load is a totally reflecting short- or open-
circuit termination, the reflected power
reaching the source is about 40 dB below,
or only 1/10,000 of the power delivered by
the generator. Consequently, the power
delivered by the source of the generator
remains constant, unaffected by the re-
turning reflected power.  Thus the pad
appears to the generator as either an in-
finitely long line, or a line having a per-
fect R = ZC termination. As a result, re-
flected power returning from a mis-
matched termination on the line, the de-
vice under test, does not reach the gen-
erator with sufficient power to signifi-
cantly affect its output power, or to modify
the impedance which the generator source
sees as its load. Consequently the forward
voltage entering the transmission line at
the output of the pad is held constant,
independent of the load impedance pre-
sented by the device under test. (Ref 19, p
48). Thus, it is understandable that con-
fusion between these two forms of match-
ing can be responsible for misleading us
into thinking that reflected power in the
transmitter case is dissipated and lost on
return to the source.

Sec 6.2  Reflected Power
Versus “Lost” Power

Houghton (Ref 102) and the other an
SWR-indicator review by Scherer (Ref
103), are especially pertinent, because
they contain explicit statements support-
ing the erroneous concept, whereas state-
ments in many other articles only support
the error implicitly. Let us now make a
further analysis of the reflection mechan-
ics involved in generator matching. In this
analysis, two important ingredients that
have been overlooked for a long time will
be revealed. In so doing, we will see why
statements concerning lost power pub-
lished in the two articles mentioned above
are incorrect. We will also see why it was
so easy for these ingredients to be over-
looked early in the amateur use of coaxial
transmission line, with the result that
many amateurs have been misled into
seeking low SWR for the wrong reason.

Let’s consider a lossless transmission
line having a perfectly matched load ter-
mination. The line is also matched to the
generator or transmitter. Under these
conditions, there is no reflected power in
the line and therefore no reflection loss.
Thus the generator delivers what is de-
fined as the maximum available matched
power, and the load absorbs all the power
delivered. If the load termination is now
changed, creating a mismatch between
the line impedance ZC and the terminat-
ing load, less power will be absorbed by
the load. The amount of reduction in ab-
sorbed power resulting from the change
in load impedance is the measure of the
reflection loss. As the reflected power
wave returns toward the generator, it
causes a change in the line impedance
from ZC to a complex Z = E/I all along the
line.  This change is as described in Chap-
ters 3 and 4, and as shown for an SWR =
3.0 in Fig 3-2. When the reflected wave
reaches the input terminals of the line,
the generator is presented with a change
in line-input impedance from the original

The erroneous conception that re-
flected power is lost is widespread, hav-
ing been nurtured on the air for a long
time, and supported in print in so many
published articles it would be impossible
to count them. Two such articles, one by
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ZC value to some new value determined
by the complex E/I vector relationship
appearing at the line-input terminals.
This new impedance at the line input has
exactly the same degree of mismatch to
the line ZC as the mismatched terminat-
ing load that generated the reflection.
Thus, the line is also now mismatched to
the generator in the same degree, and in
this condition the generator will automati-
cally make less power available to the line
in the amount determined by the result-
ing mismatch.

The reduction of power delivered to
the line is exactly the same amount as the
power reflected at the load. In other
words, the reflection loss at the load is
referred back along the line to the gen-
erator. Thus, reflection loss is simply a
non-dissipative loss representing only the
unavailability of power to the load because
the generator makes less power available
as a result of the impedance mismatch at
the line input.

It will now become evident that re-
flection loss represents only the unavail-
ability of power to the load, as we see that
the load absorbs all the power the gen-
erator makes available to the line. On
reaching the generator terminals and
causing the mismatch to the generator,
the reflected power adds to the reduced
source power by exactly the same amount
of power as the decrease in power made
available by the generator. Since forward
power now equals the source power plus
the reflected power, the forward power
reaching the mismatched load remains
the same as before the generator reduced
its power available for delivery. Hence, the
reflection loss equals the amount of de-
crease in power made available by the
generator. But because the power re-
flected by the load is now a part of the
forward power reaching the load, the for-
ward power continues at the same level

as that originally delivered by the genera-
tor prior to decreasing its delivery. Thus
the load continues to receive the original
amount of power, and reflects the origi-
nal amount of power, and therefore ab-
sorbs all of the decreased power delivered
by the generator. If an impedance match
is now provided anywhere along the line,
even at the input terminals, the reflected
power is prevented from traveling past the
match point toward the generator, as ex-
plained in Chapter 4. Thus, the line im-
pedance between the match point and the
generator is now unaffected by the re-
flected wave, and remains at its ZC value
at the input. Consequently the generator
no longer sees a mismatch  and again de-
livers its maximum available power to the
line. The impedance match has thus pro-
vided a negative reflection, commonly
called “reflection gain,” which exactly
equals and cancels the reflection loss.
Consequently, all the power delivered by
the generator is absorbed in the load in
either case — with or without the reflec-
tion gain.  The generator simply made less
power available before the reflection gain
restored the matched condition between
the generator and the line (Ref 19 p 37).
So we now ask the question, how does this
situation relate to the Houghton nomo-
graph (Ref 102), where reflected power is
stated to be “lost power,” and to the “use-
ful power” table from the Knight SWR
indicator review (Ref 103)? It is this: This
nomograph simply converts SWR back to
reflected power, ρ2, which is what the SWR
indicator actually measures but converts
to SWR by means of its scale construc-
tion. As discussed in Chapter 3, 2 is the
measure of reflection loss or power re-
flected, which equals the decrease in
power made available from the transmit-
ter, calculated directly from the mismatch
between the characteristic impedance ZC
of the line and the terminating load im-
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pedance ZL. The reflected power is the
square of the voltage (or current) reflec-
tion coefficient, , from Eq 3-1 (also see Fig
3-2), but remember further that reflected
power ρ2 is a non-dissipative power, be-
cause it all eventually reaches the load
and absorbed, as explained in Chapters 4
and 5.

The tabulated data in the SWR-indi-
cator-review article correctly lists percent-
age of reflected power ρ2 for correspond-
ing values of SWR. However, the “useful-
power” column is incorrectly labeled, and
is therefore misleading because it is ac-
tually listing percentage values of (1 – ρ2),
which is the portion of the maximum-
available matched power the transmitter
actually delivers, depending on the degree
of mismatch it sees. In other words, the
“useful power” column is simply specify-
ing the amount of power the transmitter
will deliver into the mismatch if first
tuned to a line having a matched ZC load,
and is then switched to the mismatched
load without the benefit of retuning or
rematching to the new impedance at the
line input. But we do not operate in this
manner — we retune, thereby rematching
the transmitter to the new load, and con-
sequently establishing the reflection gain
as

1
1

1
2

−





− ρ

delivering 100% of its matched available
power to the line, whatever the SWR on
the line may be!  Thus, the two missing
ingredients are

1) understanding the concept of re-
flection loss and reflection gain, and

2) the discovery that the reflected
power is totally re-reflected at the trans-
mitter output terminals, either with or
without the reflection gain.

It is now evident that the informa-
tion presented by Houghton and Scherer
is not specifying “lost” power at all, but
only the non-dissipative reflection loss —
the amount of power made unavailable by
the transmitter until an impedance match
provides the reflection gain which cancels
the reflection loss and permits the trans-
mitter to again deliver its maximum-
available matched power. And as stated
on several previous occasions, the conju-
gate impedance match is automatically
attained (sometimes unknowingly) either
by proper tuning of the transmitter tank
circuit to the complex line-input imped-
ance E/I, or (knowingly) by use of a line-
matching network if the pi-network tank
of the transmitter lacks sufficient range
to obtain the match by itself. How the tank
performs the impedance match, and the
effects of undercoupling, overcoupling,
and possible reactive loading of the tank
which can result in the absence of the
impedance match are explained in detail
in Chapter 7.

Sec 6.3  Reflection Gain
Refer now to Fig 6-1. This figure was

2 Houghton (Ref 102) states that reflected power is lost, accompanied by a nomograph for converting SWR into percent reflected
power “to make it easier to determine just how much power is lost.” The reader is invited to read an excellent rebuttal to this
nomograph presentation by Anderson (Ref 55).

3 Scherer Ref 103) erroneously shows data on page 90, where 100% minus the reflected power is given as “useful” power. The
succeeding paragraph also states incorrectly that the SWR indicator must be placed at a multiple of (/2 from the load to indicate the
true SWR. This statement is simply untrue! The example demonstrates that the SWR indicator was either not properly adjusted to
the impedance of the line, or that it was unreliable, or that no balun was being used to feed a dipole with an unbalanced feed line.
See Chapter 2 (statements 21 and 23), Chapter 21, and Ref 38, pp 25-26, and Ref 59.

which completely cancels the reflec-
tion loss ρ2 and the effect of the load mis-
match. The transmitter now returns to
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developed to illustrate the concept of  re-
flection-gain, in order to emphasize the
effect of misinterpreting reflection loss to
be “lost” or dissipated power. The impact
of this single misunderstanding of trans-
mission-line principles has been disas-
trous, because it is the principal cause of
the prevalent “low-VSWR mania” (low-
vis-war-ma’nya). It is the reason why so
many amateurs wrongly believe that “get-
ting the SWR down” is the most impor-
tant factor in “getting the power into the
antenna.” They fail to realize that, what-
ever the SWR with a low-loss feed line,
the reflection gain obtained inherently by
the tuning and loading procedure, has
canceled the effect of the load mismatch
if the transmitter can be made to tune and
load properly into the line, and that all
the available transmitter power is already
being taken by the antenna. And there-
fore, as explained in Chapter 5, they have
also been unaware that no more power of
any significance reaches the antenna by
achieving the lower SWR. They have also
been unaware that line attenuation is the
key to whether the SWR level has any
practical effect on efficiency at all.

In Fig 6-1, the heavy curve marked
ρ2 and (1 – ρ2 ) is based on lossless-line
conditions. It is also an exact replotting
of the Houghton “lost power” nomograph
(Ref 102), and indicates both the reflected
and so-called “useful power” columns from
the Scherer’s SWR-kit review article (Ref
103). Reading downward from the top of
the chart, the heavy curve represents re-
flected power ρ2 versus SWR. Conversely,
the power made available by the trans-
mitter versus the mismatch it sees in
terms of SWR, (1 – ρ2 ) is found by read-
ing upward from the bottom of the chart.
Thus, in reading upward, the curve rep-
resents the power being made available
with the transmitter tuned for a perfect
ZC match, but actually looking into an

uncorrected mismatch. However, as ex-
plained earlier, when the reflection loss
is canceled by the reflection gain obtained
by re-establishing the impedance match
by retuning the transmitter, a new curve,
α = 0.0 dB, which now represents the
newly matched condition, follows the
heavy straight line hoizontally across the
top of the graph. This indicates that 100%
of the power is being made available, and
is also absorbed by the load regardless of
the value of the SWR. Suddenly the “lost”
power is found! Since the curves we’ve just
been discussing represent conditions on
lossless lines, it is evident that neither
Houghton nor Scherer was even consid-
ering line attenuation in their presenta-
tions.

As stated earlier, power can be “lost”
in a transmission line only through line
attenuation, alpha (α).  If the attenuation
is zero, lost power is also zero, as shown
along the straight-line α = 0.0 dB curve
at the top of Fig 6-1. When the line has
attenuation, power is lost, as shown by
the various loss curves marked α = 0.03
dB, etc. Since no allowance for the attenu-
ation factor was made in either case in
the material presented by Houghton and
Scherer, we have still another reason why
the terms “lost power” in one case and
“useful power” in the other are incorrect
and misleading (Ref 55).

In Chapter 15 I deal in detail with
attenuation effects and show how to per-
form some of the pertinent calculations
based on Eqs 6-1 and 6-2, which are used
as the basis for the  loss curves appearing
in Fig 6-1. However, these loss curves are
in a form practical for visualizing the cor-
rect relationship between the losses ac-
tually encountered in feed lines of vari-
ous lengths, values of attenuation, and
values of SWR. From these curves we can
determine the total loss encountered on
the line arising from attenuation for the
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values of SWR indicated on the scale at
the bottom of the chart. The curves rep-
resent the condition in which the trans-
mitter is matched to the input of the line,
and therefore signify that the effect of the
load mismatch is canceled in each case.
Each curve starts at the left, where the
SWR is 1.0, thus indicating the actual
attenuation encountered by a particular
line when terminated in a perfectly
matched load.

Continuing, the loss value along each
curve is seen to increase logarithmically

as the SWR on the line rises with increas-
ing mismatch due to mis-termination of
the line. Thus, the difference between the
loss incurred with a 1.0 SWR compared
to that for any other given SWR value on
the same line indicates the amount of
additional loss that will be incurred for
that SWR. Hence, the graph in Fig 6-1
presents further evidence that when the
line attenuation is low, the additional loss
from reflection is surprisingly small, even
when the SWR is quite high.

Examine the SWR region between 1:1
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and 2:1. Do you see enough difference in
power level on any of these curves to jus-
tify any effort in reducing a 2:1 SWR to
any lower value whatever? Do you still
think you’ll get out better by squeezing
that SWR of 1.8 down to 1.2? A review of
Chapter 1 is now appropriate to re-em-

phasize how the use of these concepts can
broaden our design flexibility. It is also
reassuring to check the efficiency values
of both the TIROS and NAVSAT space-
craft feed-line examples from Chapter 1
in the Fig 6-1 graph. In the NAVSAT ex-
ample, comparison of the 65% reflected

Fig 6-1— Reflection loss versus SWR and matched-line loss of RF transmission lines.
Total attenuation in a line operating with SWR may be determined from the dB scale at
the right of the chart. The calibration scales at the left are discussed in the text. The α
alpha curves in the body of the chart represent the matched-line loss for any given
transmission line. For example, the following types and lengths of line would exhibit the
α attenuation factors indicated at the frequency of 4 MHz: α = 0.03 dB for 100 ft of no. 12
open-wire line; α = 0.064 dB for 20 ft of RG-8; α = 0.1 dB, for 100 ft of Amphenol twin-lead,
no. 214-022; α alpha = 0.2 dB for 62.5 ft of RG-8; α = 0.32 dB for 50 ft of RG-59, 100 ft of
RG-8, or 200 ft of RG-17; α = 0.5 dB for 87 ft of RG-59 or 175 ft of RG-8; α = 0.64 dB for
100 ft of RG-59 or 200 ft of RG-8; α = 1.0 dB for 119 ft of RG-58, 350 ft of RG-8, or 700 ft of
RG-17.  For mathematical derivations of Eqs 6-1 and 6-2 below, see Appendix 5 in
Chapter 23.  The curves are plots of the following expressions.
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power with only 1.04 dB actual line loss
is especially revealing.

Fig 6-2 provides additional line-at-
tenuation data, permitting us to extend
the use of the Fig 6-1 curves to other fre-
quencies and transmission lines. Fig 6-2
may also be supplemented with further
data available in The ARRL Handbook
and The ARRL Antenna Book (Refs 1, 2
and 71).

Sec 6.4  Radiation Resistance
In Chapter 2, Statement 26 says, in

effect, that with mobile whip antennas in
the 80- through 10-meter bands, no sig-
nificant amount of power is saved by us-
ing matching circuitry between the feed

line and the antenna terminals. And
Statement 27 goes on to say that in the
absence of such matching circuitry, more
power is radiated from center-loaded mo-
bile antennas that have a high feed-line
SWR at resonance than those that have
low SWR. The concepts involved in those
two statements are also widely misunder-
stood, so this is an appropriate time to
clarify both of these statements. These
concepts also fit the category of “low SWR
for the wrong reasons.”

It is well known that the radiation
resistance of the short whip-type mobile
antenna is very low. And of all the HF
amateur bands, the radiation resistance
is the lowest at 80 meters, because the

Fig 6-2 — Attenuation in decibels per hundred feet for various coaxial cables.
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electrical length of the radiating portion
is the shortest on this band. Depending
on the exact length of the antenna and
other factors, the radiation resistance of
the center-loaded antenna is approxi-
mately 1 ohm at 80 meters, as shown by
Belrose (Ref 60). The capacitive-reactance
component in the terminal impedance of
this short antenna ranges from –j3000 to
–j3500 ohms in typical 80-meter models,
as shown by Belrose and also confirmed
by my own measurements using a Gen-
eral Radio 1606-A RF impedance bridge.
This capacitive reactance is canceled by
the equal +jX inductive reactance of the
loading coil.

However, it is not well known that
there are two other resistances which be-
come important for consideration in an-
tennas of this type. These resistances,
from loading-coil loss and ground loss, add
to the radiation resistance to comprise the
total resistive component of the imped-
ance appearing at the antenna terminals.
Thus, by ignoring these two resistances,
it is erroneously thought by many ama-
teurs that the 1-ohm radiation resistance
alone comprises the entire antenna-ter-
minal impedance, and also that it requires
a matching device at the antenna to match
what is thought would be about a 50:1
mismatch if fed directly with a 50-ohm
feed line. Actually, the loss resistance in
the loading coil and any ground-loss re-
sistance both add to the radiation resis-
tance, causing the terminal resistance of
the antenna to be much higher than is
commonly realized, although still lower
than the 50-ohm feed lines that are nor-
mally used. Thus, the actual mismatch
value is much lower than is usually real-
ized.

While there are some who recognize
that loading-coil loss appears as part of
the total terminal impedance, only a few
are aware that ground-resistance loss also

exists, because, except for Belrose, most
writers neglect to mention it or consider
it in their system analysis. For example,
see Swafford (Ref 116).

The Mobile Handbook (Ref 117) not
only fails to recognize the existence of
ground resistance, but misconstrues what
is actually the combined ground and ra-
diation resistances as radiation resistance
alone. For example, in subtracting 6 ohms
of terminal resistance, the 8-ohm differ-
ence is simply taken to be radiation re-
sistance, with no mention of any ground
resistance. Hence, the ground resistance,
which cannot be ignored, is unknowingly
and improperly being included as a por-
tion of the radiation resistance instead of
as a loss resistance in the expression for
efficiency. This oversight might have been
avoided if an analysis had been made of
the increase in radiation resistance actu-
ally obtained by raising the loading coil
from the base to the center of the whip,
because the 6 ohms of coil resistance plus
a 1-ohm  radiation resistance subtracted
from the 14 ohms of measured terminal
resistance leaves 7 ohms, which requires
an explanation of where those remaining
7 ohms of resistance came from. Obvi-
ously, it is the ground resistance that was
ignored.

From further study of the Mobile
Handbook text, however, it is evident that
an assumption of a greater amount of ra-
diation from the coil than what is actu-
ally possible may have been the reason
why such a high value of radiation resis-
tance was considered plausible. But what-
ever the reason, we have been given the
unrealistically high radiation resistance
of 8 ohms and an impossible efficiency
value of 8/14 = 58%. These values are fun-
damentally impossible to obtain in the
center-loaded mobile antenna, and the
true values have been obscured. In other
words, a large portion of the power con-
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sidered in the Mobile Handbook as being
radiated is actually dissipated as heat in
the ground. Belrose shows a proper analy-
sis (Ref 60), which is supported by my own
measurements.

It is practically impossible to obtain
a mismatch of sufficient magnitude that
requires any matching circuitry between
the feed line and a properly resonated,
conventional center-loaded mobile an-
tenna for the purpose of conserving any
significant amount of power.  This state-
ment is true, the many remotely con-
trolled luggage-compartment tuning and
matching arrangements notwithstanding.
Now we will see why.

I have made measurements on load-
ing coils and antennas using a Boonton
260-A Q meter and a General Radio 1606-
A RF impedance bridge.  Loading-coil loss
resistances range from about 8 ohms for
the better commercially available coils to
as high as 31 ohms measured in poorer
coils, depending on the Q and the self-
resonant frequency of the coil. Ground-
loss resistances encountered with conven-
tional low-band mobile antenna installa-
tions range from about 5 ohms for low, wet
ground to around 12 ohms for high, dry
ground. Average ground yields about 7
ohms.

The ground-loss resistance in the
mobile setup is less than that found in an
antenna of a full λ/4 in physical height
with no radials, because the radius of the
circle where the minimum space-displace-
ment currents return to the ground is
shorter with the shorter antenna.  There-
fore, the return currents travel a shorter
distance through lossy earth (see Fig 5-
1). The current-flow pattern in the mo-
bile system is also described by Belrose.

Consequently, from all of this we can
see that the total terminal resistance of
the mobile antenna is nowhere near the
1-ohm radiation resistance alone (which

would produce an SWR of 50:1), but it also
includes the ground-loss resistance and
the coil-loss resistance, all three appear-
ing in series. The absolute minimum re-
sistance is 1 + 5 + 8 = 14 ohms, for an
SWR of 3.5:1 at resonance when using the
low-loss loading coils over good ground.
The resistance can be as high as 1 + 12 +
31 = 44 ohms for an SWR of 1.1:1 when
the higher ground loss and higher coil loss
occur simultaneously. Hence, the actual
resistance appearing at the antenna ter-
minals lies in the range from 14 to 44
ohms, with corresponding SWR values of
3.5:1 and 1.1:1.

Thus, as strange as it may seem, the
higher the minimum SWR attainable at
resonance, the greater the power will be
radiated for the same amount of power
delivered to the feed line by the transmit-
ter. It does not seem so strange, however,
when we consider that the low radiation
resistance of around 1 ohm is the only
portion of the total terminal resistance
that contributes to radiation.  And this 1
ohm is constant, fixed by the radiator
length. So by making the loss resistance
lower through the use of a higher Q load-
ing coil, less power is dissipated as heat
in the coil, leaving more to be radiated.
Conversely, if the lower Q coil is used sim-
ply to achieve a lower SWR, less power is
radiated because more power is now be-
ing spent in heating the coil.

Many amateurs unknowingly select
loading coils of low Q because “they pro-
duce a lower SWR than coils having a
higher Q.” Some lower Q coils, such as
the Hustler manufactured by Newtronics,
are advertised as producing a lower SWR
and greater bandwidth.  They do, indeed,
produce a lower SWR and greater band-
width because of their higher loss resis-
tance, which results in a substantial loss
of power. However, when using the higher
Q, lower loss loading coil, even though its
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lower loss resistance results in a larger
load mismatch and higher feed-line SWR,
the resulting increase in radiated power
with the higher Q coil is still proportional
to the decrease in total resistance. Any
additional loss from the higher SWR is so
small that it can be neglected, because line
attenuation in the short feed lines used
in mobiles is extremely low. Remember,
line attenuation is the only cause of power
loss in the feed line, regardless of the SWR
level.

I don’t know whether it is through
unawareness or by intent in the design

that Hustler loading coils have close-
wound turns (no space between turns).
Close-wound turns result in higher dis-
tributed capacitance, which contributes to
the high loss resistance that provides the
low SWR and greater bandwidth of these
coils. Let me digress here for a moment
to examine the nature of coil resistance
so that we may understand why some
loading coils have high Q and low loss,
while others have low Q and high loss,
depending on their design.

The AC resistance loss in inductors
is comprised of two separate resistance

Fig 6-3 — Universal curves giving the resistance and reactance components of the
impedance of a high-Q parallel-resonant circuit as a function of frequency. After Terman
(Ref 126, p 145)
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components, resistance from skin effect,
related to wire size, and resistance from
distributed capacitance, related to the
spacing between turns. For a coil of given
length, diameter and number of turns,
there is an optimum wire size that yields
minimum coil resistance and maximum
Q.  On one hand, the largest wire that will
fit the given length (no space between
turns) yields minimum resistance from
skin effect. On the other hand, when the
turns are close spaced, the resistance from
distributed capacitance is maximum.
Spacing the turns apart (by using smaller
wire for the same number of turns over
the same length) reduces the resistance
from distributed capacitance. Hence, the
optimum wire size is a trade-off between
a large wire that minimizes the resistance
from skin effect and a small wire that
minimizes the resistance from distributed
capacitance because of the increased spac-
ing between the turns.

The decrease in skin-effect resistance
from increasing the wire size is obvious.
However, the decrease in resistance from
lower distributed capacitance with the
smaller wire size is not obvious, so I’ll now
explain why this is true.  It is well known
that there is distributed capacitance be-
tween turns of an inductor. The closer the
spacing between the turns, the greater the
distributed capacitance, with maximum
capacitance appearing when there is no
spacing (except for insulation). The dis-
tributed capacitance appears inherently
in parallel with the inductance of the coil.
Consequently, there is a frequency (above
the operating frequency of the coil) where
the reactance of the distributed capaci-
tance is equal to the inductive reactance
of the coil, and the coil becomes self reso-
nant.

At the self-resonant frequency of the
coil, the impedance appearing at its ter-
minals is a very high, pure resistance

(which we don’t want in a loading coil),
and the natural inductive reactance dis-
appears. At this frequency, the coil no
longer supplies any inductive reactance
to cancel the capacitive reactance of the
antenna.  Instead, the coil simply intro-
duces its high resistance in series with the
antenna terminals, and the dipole portion
extending above the coil effectively dis-
appears.

The curves of Fig 6-3 show the rela-
tive impedance, resistance and reactance
components of the impedance versus fre-
quency in parallel-resonant circuits, such
as we have in the self-resonant inductor.
For a given frequency, the resistance curve
shows the amount of coil resistance rela-
tive to the maximum resistance that ap-
pears at the self-resonant frequency. We
know that in a resonant circuit and with
a given inductance, the smaller the capaci-
tance, the higher the resonant frequency.
Hence, in the loading coil, the lower the
distributed capacitance (from increased
turn spacing), the higher the self-resonant
frequency and the lower the loss resis-
tance for a given operating frequency.
Certainly the design goal for obtaining
minimum loss resistance in an inductor
is to make its self-resonant frequency as
high as possible relative to the operating
frequency by optimizing the turn spacing.
Because turn spacing (for a fixed wind-
ing length and number of turns) has no
substantial effect on the amount of induc-
tance in the coil, there is an optimum
spacing versus wire diameter that yields
the lowest resistance, and hence the high-
est Q.

It is interesting to note that of the
commercially available 80-meter mobile
loading coils I have measured, the Hus-
tler coils having the loss resistance of 31
ohms at 4.0 MHz were self-resonant at 6.0
MHz.  The better Webster KW-80 coils
having 8 ohms of resistance at 4.0 MHz
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were self-resonant at 14.0 MHz. The wind-
ings in the Hustler coils are close spaced,
while the spacing between turns in the
Webster coils is approximately equal to
the wire diameter. Need I say more?

Before leaving the subject of mobile
loading-coil loss relative to distributed
capacitance, here is some important in-
formation and a warning concerning the
use of top-hat capacitance loading. When
using an adjustable loading coil, the in-
creased capacitance to ground afforded by
top loading can reduce the coil loss, and
thus improve the efficiency of the loading
coil substantially. This is because the ex-
tra capacitance in the top loading reduces
the amount of coil inductance required to
obtain resonance, and hence reduces coil
loss. However, to obtain the maximum
improvement in efficiency, the top hat
must be placed at the top of the radiator,
not part way down. If the hat is large
enough to be effective, any portion of the
radiator protruding above the hat is inef-
fective.

And now the warning. I have seen
many top-loading devices placed directly
above the loading-coil inductor, with the
entire top portion of the radiator extend-
ing above the top hat. This placement is
incorrect, an absolute no-no! This incor-
rect placement of the hat causes an unde-
sirable increase in the hat-to-coil capaci-
tance. That capacitance adds to the al-
ready undesirable distributed capacitance
of the coil, further reducing the Q and in-
creasing the coil resistance as described
earlier — just the opposite of the hat’s in-
tended purpose. Consequently, the coil
performance is degraded by the hat,
rather than enhanced. This incorrect
placement of the hat does reduce the reso-
nant SWR, as many have discovered, but
this reduction in SWR is for the same
wrong reason as explained earlier—it re-
sults from the increased resistance of the

coil. For further information on capacitive
loading, I refer you to a section I wrote
that appears in The ARRL Handbook on
“Top-Loading Capacitance.” It appears in
Chapter 33 of all editions from 1986
through 1994 (Ref 1).

In Fig 6-1, the loss curve  = 0.064 dB
represents the loss characteristics of a
typical mobile feed line — 20 feet of RG-8
at 4.0 MHz. The curve shows a matched-
line attenuation of 0.064 dB, plus an ad-
ditional loss of 0.056 dB resulting from
the 3.5:1 SWR, for a total loss of 0.12 dB.
When this condition is terminal resistance
and a transmitter power of 100 watts, the
difference in power radiated between
matching at the antenna terminals and
leaving the 3.5:1 SWR on the line and
matching at the line input amounts to less
than 0.1 watt!

It is also of interest to note that with
the lower loss resistance ratio (1 to 14
ohms) while using the high-Q coil, the
radiating efficiency is 7.14%, or 11.46 dB
below the transmitter power delivered
(excluding line loss). With the 1 to 44-ohm
resistance ratio (with the higher loss coil
and poor below the transmitter power. We
thus have a 5.07 dB loss in efficiency in
return for lowering the SWR from 3.5
down to 1:1 by using a “low-SWR” load-
ing coil.  Contrast these actual values of
efficiency with the 58% recited in the
Mobile Handbook (Ref 117).

So, contrary to statements found in
numerous articles which have been insist-
ing that we believe otherwise, no signifi-
cant improvement in efficiency can be
obtained on the lower frequency bands by
performing the matching function be-
tween the feed line and the mobile an-
tenna terminals when a low-loss loading
coil is already in use. The matching can
be performed equally well at the input of
the feed line, either by the transmitter
output tank itself, or by a separate match-
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ing network if the transmitter tank lacks
sufficient range, with the feed line con-
nected directly to the antenna terminals!
See Refs 4, 24 and  61. Thus, as empha-
sized in the opening paragraphs of Chap-
ter 5, the important point here, again, is
that a flexible, open choice is available in
our system design.

Whether the matching which is re-
quired to transfer maximum the load end
of the feed line is a choice which should
be determined according to personal pref-
erence of the operator. It should be based
on convenience and accessibility to adjust-
ment, and not on an arbitrary, low SWR
dictated for the wrong reason by a decree
of an SWR King who doesn’t understand
his Subject! But wherever the matching
is performed during operation, the an-
tenna that will radiate the strongest sig-
nal is the one with the loading coil that is
capable of producing the highest SWR at
resonance with no matching at the an-
tenna terminals, for the reasons explained
above.

Now I’ll again explain why loading
coils of low Q have a high resistance that
reduces the SWR, but also reduces the
radiated power. A principal contributor to
low Q in loading-coil inductors is the care-
less (or intentional?) lack of attention to
coil design, particularly in relation to the
spacing between turns. As is well known,
there is distributed capacitance between
every turn. The total distributed capaci-
tance resonates with the coil inductance
at some frequency, and at this frequency
the coil becomes a self-resonant L-C tank
circuit. As is also well known, the series
AC resistance in a resonant tank circuit
is very high. Insufficient spacing between
turns results in a large distributed capaci-
tance, which lowers the self-resonant fre-
quency. Hence, the effective RF resistance
of the coil will be high unless the operat-
ing frequency is substantially lower than

the self-resonating frequency. On 80-
meter coils, where I measured 31 ohms of
series resistance at 4.0 MHz, the resonant
frequency of the coils was around 6 MHz.
On the higher Q coils that measured 8
ohms, the resonant frequency was around
14 MHz — a considerable difference!

Finally, here is a suggestion that may
be helpful in tuning a mobile antenna. The
use of a dip oscillator or a noise bridge in
an attempt to determine the resonant fre-
quency of the coil and radiator combina-
tion can rarely give the correct answer
when you measure at the input terminals
of the feed line. The reason is that when
using these measuring devices in such a
way, they are measuring the resonant fre-
quency of the entire system, including the
length of the feed line. As the length of
the feed line is changed, the resonant fre-
quency of the antenna system will also
change. However, and SWR indicator con-
nected directly a the input of the feed line
provides an accurate indication of an-
tenna resonance at the frequency of low-
est SWR, providing the instrument is re-
liable and accurately calibrated for the
impedance of the line (Ref 59). This is be-
cause the minimum SWR for a given ter-
minating load of the type we’re discuss-
ing occurs at the resonant frequency of
the load, regardless of the length of the
feed line.

Sec 6.5  Low SWR for the Right
Reasons

It is of interest to know that in TV
broadcasting, where a long feed line is
required to reach the antenna on a high
tower, low SWR is an absolute necessity.
However, the requirement here is prima-
rily to avoid multiple, displaced, ghost
images from appearing in the received
picture images which would result from
reflections on the feed line caused by a
mismatch. Similarly, low SWR on the feed
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line is a necessity in FM stereo broadcast-
ing to avoid cross contamination between
the two audio modulation channels. How-
ever, in Amateur Radio we do not have
the problems encountered in TV and FM
broadcasting. To summarize the discus-
sions of SWR and reflections as they per-
tain to Amateur Radio operations, we
have seen that we do not need a low SWR
on the antenna feed line

1) to prevent reflected power from
dissipating in the transmitter, because
none dissipates in the properly coupled
transmitter anyway, whatever the SWR;

2) to prevent feed-line radiation or
TVI, because a mismatched load on the
feed line doesn’t cause feed-line radiation
or TVI;

3) to attain proper coupling to the
transmitter, because we can couple to or
match the impedance at the input termi-
nals of the line, whatever the SWR.

From examining Figs 6-1 and 6-2, it
is evident that we do not need an SWR
lower than 2:1 on any feed line to avoid
any significant loss in efficiency, or with
SWR values considerably higher than 2:1
when using feed lines having low attenu-
ation. It seems that there aren’t many
reasons for needing a low SWR on ama-
teur feed lines at HF, if an antenna tuner
is used when required to obtain a satis-
factory impedance match for the transmit-
ter. (In fact, now would be an appropriate
time to review Statements 11 through 17
in Chapter 2.) So let’s see how we can
briefly develop realistic SWR limits in
relation to the attenuation values found
in practical feed lines. Here are a few
time-tested rules of thumb to use as guide-
lines.

1) When operation is near the dipole-
resonant frequency, either 50- or 75-ohm
feed line may be used equally well. De-
pending on the height above ground, the
antenna terminal resistance at resonance

will fall somewhere between 40 and 80
ohms, so the resulting mismatch with ei-
ther line impedance is so small as to be
inconsequential, despite arguments to the
contrary from those who are still afflicted
with low-viswarmania. However, to obtain
accurate readings with an SWR indica-
tor, the impedance of the indicator must
be compatible with the impedance of the
line on which it’s being used.

2) An impedance-matching device
placed anywhere on the feed line between
a mismatched load and the transmitter
compensates for the mismatch at the load,
with the resulting effect that a match now
exists everywhere on the line (Ref 17, p
243). In other words, if a mismatched load
impedance, ZL = R + jX, is conjugately
matched anywhere on the line, the reflec-
tion generated by the complementary
mismatch at the matching point causes
the impedance looking into the termina-
tion end of the line to change from ZC to Z
= R – jX. (See Chapter 4.)

3) Now let’s take advantage of the
increased useable bandwidth immediately
available to us simply, using our knowl-
edge that nothing magical or miraculous
happens in “bringing the SWR down” to
1.0.  When we use coaxial line to center-
feed a dipole, the operation is usually for
one amateur band only. One exception is
that satisfactory operation may be ob-
tained on 15 meters with a 40-meter di-
pole. However, we now have the freedom
to operate anywhere within the entire
band, letting the SWR climb to whatever
value it should as the antenna terminal
impedance changes with frequency (but
still staying within limits that are defined
presently). To minimize the increase in
mismatch and SWR resulting from the
frequency excursion to either end of the
band, the dipole should be cut to resonate
near the center of the band. On the 75-80
meter band, where the percentage of fre-
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quency excursion is the greatest, the mis-
match at the ends of the band will be
somewhat less severe with a 75-ohm feed
line than with a 50-ohm line. Of the
smaller sized coax, RG-59 is preferred
over RG-58, because the combination of
the somewhat lower maximum SWR and
lower matched-line attenuation with the
RG-59 permits either a greater frequency
excursion away from the self-resonant fre-
quency of the dipole, or a longer line for
the same amount of loss. Of the larger size
cable, either RG-8 or RG-11 gives nearly
equal results, because the matched-line
attenuation of the RG-11 is a little greater
than with RG-8, thus offsetting the gain
resulting from its lower maximum SWR.
However, the lower attenuation of the
larger cables permits either a greater fre-
quency excursion, or a longer line for the
same loss than with the smaller cables,
irrespective of their relative power-han-
dling capabilities.

4) The smallest reduction in power
that can just barely be detected as a
change in level at the receiving station
with the AGC disabled is 1 dB. So, to find
the SWR that reduces the radiated power
by 1 dB, we first use Fig 6-2 to find the
attenuation per hundred feet of the cor-
rect feed-line type at the desired operat-
ing frequency. Then apply the correction
for the length of the actual feed line to be
used to determine the attenuation, , of the
line. Now go to Fig 6-1 and find the -loss
curve which most nearly corresponds to
the value of the feed-line attenuation.
Starting where that loss curve crosses the
SWR = 1.0 line, follow the curve to the
right until 1.0 dB additional loss is indi-
cated on the dB scale on the right side of
the graph. Read the SWR at this point
from the scale on the bottom. This is the
SWR which will reduce the radiated
power by the “just barely noticeable”
amount at the receiving station, compared

with the signal that would be received if
the line had been perfectly matched at the
load. More exact data is presented later,
but Table 6-1 shows SWR values to be
expected for a dipole at the ends of the
bands when the dipole is cut for resonance
at the center of the band. Applying these
data to Fig 6-1 readily shows that it re-
quires feed lines of lengths substantially
longer than the average to lose enough
additional power from SWR ever to be
noticed at the receiving station. In other
words, a full 1 dB of additional loss will
seldom be encountered, and therefore, no
“pileup punch” will be sacrificed in obtain-
ing the increased operating-bandwidth
flexibility.

5) At an SWR of around 4:1, the ad-
ditional loss because of SWR just equals
the perfectly matched line attenuation for
any line. Thus, in effect, a 4:1 SWR mul-
tiplies the matched line loss by a factor of
two. As an example, this statement means
that the power lost in 350 feet of RG-8, or
in 174 feet of RG-59, at 4.0 MHz with an
SWR of 4:1, will have a “just barely no-
ticeable” difference compared to a line
having no attenuation loss whatever! This
is because these lines each have a
matched-line attenuation of 1.0 dB. How-
ever, also note that this “just barely no-
ticeable” difference could not be noticed
when the signal is well up on the S meter,
because on many receivers it takes a 6 dB
change in signal level for a change of one
S unit.

6) The SWR on the feed line may be
monitored to determine that the SWR is
within the limit based on the line attenu-
ation, by placing the SWR indicator be-
tween the line-matching network and the
feed-line input terminals. But remember,
the SWR remains on the line even after
the matching network has been properly
adjusted. The match between the trans-
mitter and the matching network may be
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Frequency, MHz Max. SWR Value
  3.5 to 4.0 5:1 or 6:1 (50-ohm line)
  3.5 to 4.0 4:1 or 4.5:1 (75-ohm line)
  7.0 to 7.3 2.5:1
14.0 to 14.35 2.0:1
21.0 to 21.45 2.0:1
28.0 to 30.0 3.0:1

Table 6-1 —  Approximate SWR Values at Bands Edges for Wire Dipoles Cut to Resonate
at Band Center

monitored with the SWR indicator placed
between the transmitter and the network.
The network is properly adjusted when
the forward power is maximum and the
power reflected from the network is zero.
If the forward power readings are the
same as those obtained with a dummy
load, and the reflected power reading is
zero in both cases, the input impedance
of the network is the same as the imped-
ance of the dummy load. If the SWR indi-
cator shows some power being reflected
from the matching network and the trans-
mitter still loads properly, obtaining fur-
ther reduction of the reflected power is
probably unimportant. This indication of
reflected power is not showing an “SWR,”
but only the degree of impedance mis-
match remaining between the transmit-
ter and the input of the network. If insuf-
ficient TVI rejection is obtained with the
line-matching network alone, a conven-
tional TVI filter may be used between the
transmitter and the matching network
with the same degree of effectiveness as
when used in a line that is matched at
the load.

As I have now shown, any required
matching can be performed at the input
to the feed line, instead of at the termi-
nating load such as an antenna. There-
fore, no SWR bandwidth limit for ama-
teur use (such as the commonly used, low
arbitrary value of 2:1) is realistic unless
it is based on the attenuation of the speci-
fied feed-line installation and the amount
of total attenuation allowed. The arbitrary

2:1 SWR limit came into existence because
the matching range of most amateur
transmitters was thought to be limited to
2:1 by design, with economics being con-
sidered more important than operational
flexibility. But simple line-matching net-
works as described in the bibliography
references can extend the inherent match-
ing range of the transmitters to accom-
modate values of load impedance far be-
yond the limits defined by a 2:1 SWR. If
it were not for the cost and space factors,
line-matching networks could be built into
modern transmitters, giving us amateurs
back the matching range we were accus-
tomed to having with the old swinging-
link method of coupling. We weren’t as
conscious of SWR before the pi-net cou-
pling replaced the swinging link. Match-
ing at the line input in those days involved
basically a simple adjustment of the ad-
justable link position to achieve the proper
degree of coupling to match the resistive
component of the load, and retuning the
plate-tank capacitor to cancel the reflected
reactance. Using this technique, we often
loaded our transmitters into lines with
high SWR values without even knowing
about the SWR. But with the appearance
of the SWR indicators after the departure
of the link, we “discovered” SWR and then
learned how to misinterpret the meaning
of the SWR readings.

In conclusion, if the feed-line loss is
within your acceptable limits at a given
SWR level, determined from consulting
Figs 6-1 and 6-2, and if the transmitter
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can be adjusted to load and tune properly
(either with or without an additional line-
matching network), operate, and don’t
worry about çthe SWR, because you are
now using realistic SWR for the right rea-
sons!

When the series of articles, “Another
Look at Reflections,” originally appeared
in QST, reader response was excellent.
But some readers told the author, “Your
story is interesting, but you’ll never con-
vince me that I won’t get out better with
a perfect 1.0 SWR.” Now I remind any
reader who still entertains any skepticism
of these entire proceedings concerning
SWR that the information presented here
is not simply a recitation of my own ideas
or opinions, but has been taken directly
from the professional scientific and engi-
neering literature (note the extensive bib-
liography in Chapter 24), and para-
phrased specifically for the radio amateur
with great care not to change the mean-
ing. Moreover, in striking contrast to the
many differing opinions heard on the sub-
ject during amateur discussions, there are

no such differing opinions among the pro-
fessional sources, because among the pro-
fessionals (including textbook authors)
the principles involved are completely
understood and are based on true, proven
scientific facts which are not subject to
divergent opinions such as we find in poli-
tics and religion.

Apparently many have forgotten that
this story was told for the amateur in QST
no less than twice prior to the initial ap-
pearance of this series, by two well-known
experts in this subject area. They are the
late George Grammer, W1DF, former en-
gineer and Technical Editor of QST, and
Dr. Yardley Beers, W0JF, formerly a pro-
fessor of physics, Chief of the Radio Stan-
dards Physics Division, National Bureau
of Standards (now the NTIA), and Senior
Scientist, Quantum Electronics Division
of the National Bureau of Standards.
Their illuminating contributions, listed as
Refs 3 through 6, 16, and 22 of the bibli-
ography should be reviewed, even if it
means a trip to the library — the trip will
be very rewarding.
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(Adapted from QST, August 1976)

Sec 7.1  Introduction

C hapter 4 discusses conjugate
matching and introduces the
concept of wave interference
as the basis for the mechanics

of the matching. I used the transmission-
line stub form of matching for the example
because of the ease in describing the gen-
eration of the waves and the wave actions
involved in the matching process. Chap-
ters 5 and 6 discuss some of the reasons
why many have been plagued with myths
concerning mismatch and SWR, myths
that have prevented an enlightened use
of impedance matching in our daily oper-
ating procedures concerning antennas
and transmission lines. In those chapters
I also explained power loss caused by line
attenuation, and presented both graphic
and mathematical means for determining
the additional loss resulting from SWR on
the feed line. An additional detailed dis-
cussion of the conjugate match may be
found in Chapter 19. This chapter focuses
on the use of line-matching networks
formed with adjustable capacitors and
inductors instead of stubs made from sec-
tions of transmission line.  Here I show
that the wave actions in both of these
forms of matching are identical. I will also
explain in detail how transmitters are
matched to mismatched feed lines with
an external matching network as shown
in Fig 7-1, or by using the pi-network tank

in the transmitter shown in Fig 7-2. But
first let’s examine one last reason why so
many have been reluctant to operate with
an SWR greater than 1:1.

The principle that maximum effi-
ciency is obtained when a feed line is per-
fectly matched to an antenna — no reflec-
tions on the feed line, and a 1:1 SWR — is
so well known it hardly needs repeating.
Even so, it is recited in practically every
good textbook on the subject. So it is im-
portant to appreciate that this book makes
no statement which violates that prin-
ciple, nor suggests any disagreement with
it. The misconceptions to be clarified con-
cerning lost reflected power stem simply
from overuse, or misuse, of the perfect-
match principle in its practical applica-
tions.

Ironically, textbooks may be a bit re-
sponsible for this misuse. While extolling
the virtues of the perfect match, many
authors fail to explain how much (or how
little) one loses when the load is mis-
matched to the line, if compensated with
a conjugate match at the line input. Those
authors generally present the case for the
ideal impedance match of the load in
terms of single-frequency operation, and
practically ignore the unique, multi-fre-
quency operations of the radio amateur.
We have frequency bands, not single, spe-
cific frequencies — and we want to oper-
ate anywhere within those bands.

Because the antenna impedance
changes as we change frequency, relax-

Chapter 7

My Antenna Tuner Really Does
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ation of any feed-line-to-antenna match-
ing restriction is necessary if we are to
enjoy such operating freedom. Although
many engineering textbooks discuss loss
versus load mismatch, few texts discuss
multi-frequency antenna-matching situ-
ations where line-input matching usually
exists. Consequently, an overly rigorous
application of the perfect-load matching
principle has unwittingly been thrust
upon us by dozens of misleading state-
ments appearing in various amateur jour-
nals. Add to this a prevalent misconcep-
tion of pi-network loading principles. Re-
sult? The “lost reflected power” syndrome
and the mania for low SWR. Thus, pro-
viding guidance for the amateur concern-
ing match quality and efficiency in his
multi frequency operation is the primary
purpose of this writing.

For example, Fig 6-1 is a graph that
plots transmission loss in dB versus SWR
for various values of line attenuation. The
graph shows that maximum efficiency is
indeed obtained with a perfect match. On
the other hand, it also provides dramatic
evidence that when using low-loss feed
line that is matched at the line input, the
difference between having either a per-
fect load match or a moderately high SWR
is insignificant in terms of power trans-
ferred to the antenna. In other words,
through the use of line-input matching,
the antenna accepts the maximum avail-
able power from the transmitter, even
when the feed line and antenna are mis-
matched, and with the antenna off reso-

nance.  Matching at the input terminals
of the feed line allows us to tolerate this
load mismatch because the reflection loss
caused by the mismatch is compensated
by the reflection gain provided by the in-
put match. Consequently, the transmit-
ter is properly coupled to its desired load
impedance and the reflected power is con-
served. It is system resonance that under-
lies these intrinsic characteristics of in-
put matching involving the principles of
the conjugate match.  And system reso-
nance compensates for the effect of the off-
resonant condition of the antenna as we
move around within a given frequency
band.

For the myth believer who is still
unconvinced of the wondrous compensat-
ing powers of conjugate line-input match-
ing, let me quote Everitt on the Maximum
Power-Transfer Theorem from classical
network theory (Ref 17, p 49; Ref 69). The
application to feed-line antenna matching
is indicated in parentheses: “The maxi-
mum power will be absorbed by one net-
work (the antenna) from another (the feed
line) joined to it at two terminals, when
the impedance of the receiving network
(the antenna) is varied, if the impedances
of the two networks at the junction are
conjugates of each other.” Everitt then
presents the proof of the theorem.

The expressions in Eqs 6-1 and 6-2,
which are plotted in Fig 6-1, illustrate this
theorem for the case where a feed line is
the sending network. These expressions
show that when the networks are conju-

Fig 7-1 — Impedance matching with a matching network external to the transmitter. TheFig 7-1 — Impedance matching with a matching network external to the transmitter. TheFig 7-1 — Impedance matching with a matching network external to the transmitter. TheFig 7-1 — Impedance matching with a matching network external to the transmitter. TheFig 7-1 — Impedance matching with a matching network external to the transmitter. The
impedance of the feed line, Zimpedance of the feed line, Zimpedance of the feed line, Zimpedance of the feed line, Zimpedance of the feed line, ZCCCCC, is usually 50 or 75 ohms in most amateur applications, but, is usually 50 or 75 ohms in most amateur applications, but, is usually 50 or 75 ohms in most amateur applications, but, is usually 50 or 75 ohms in most amateur applications, but, is usually 50 or 75 ohms in most amateur applications, but
the impedance of the transformer line, Z'the impedance of the transformer line, Z'the impedance of the transformer line, Z'the impedance of the transformer line, Z'the impedance of the transformer line, Z'CCCCC, may be any value, and may be of open-wire or, may be any value, and may be of open-wire or, may be any value, and may be of open-wire or, may be any value, and may be of open-wire or, may be any value, and may be of open-wire or
coaxial type. The matching network at A is a simple “T” network, Lew McCoy’s Ultimatecoaxial type. The matching network at A is a simple “T” network, Lew McCoy’s Ultimatecoaxial type. The matching network at A is a simple “T” network, Lew McCoy’s Ultimatecoaxial type. The matching network at A is a simple “T” network, Lew McCoy’s Ultimatecoaxial type. The matching network at A is a simple “T” network, Lew McCoy’s Ultimate
Transmatch less the shunt capacitor Transmatch less the shunt capacitor Transmatch less the shunt capacitor Transmatch less the shunt capacitor Transmatch less the shunt capacitor (Ref 41)(Ref 41)(Ref 41)(Ref 41)(Ref 41), as shown at B. NOTE: In the redrawn, as shown at B. NOTE: In the redrawn, as shown at B. NOTE: In the redrawn, as shown at B. NOTE: In the redrawn, as shown at B. NOTE: In the redrawn
circuit at B (center) the shunt input capacitor is not needed to obtain a match, and thecircuit at B (center) the shunt input capacitor is not needed to obtain a match, and thecircuit at B (center) the shunt input capacitor is not needed to obtain a match, and thecircuit at B (center) the shunt input capacitor is not needed to obtain a match, and thecircuit at B (center) the shunt input capacitor is not needed to obtain a match, and the
capacitor range may be increased by reconnecting as shown at the right. The story ofcapacitor range may be increased by reconnecting as shown at the right. The story ofcapacitor range may be increased by reconnecting as shown at the right. The story ofcapacitor range may be increased by reconnecting as shown at the right. The story ofcapacitor range may be increased by reconnecting as shown at the right. The story of
how this change came about and why commercial present-day antenna tuners now usehow this change came about and why commercial present-day antenna tuners now usehow this change came about and why commercial present-day antenna tuners now usehow this change came about and why commercial present-day antenna tuners now usehow this change came about and why commercial present-day antenna tuners now use
the simple “T” network, is told in Chapter 14, Sec 14.4.the simple “T” network, is told in Chapter 14, Sec 14.4.the simple “T” network, is told in Chapter 14, Sec 14.4.the simple “T” network, is told in Chapter 14, Sec 14.4.the simple “T” network, is told in Chapter 14, Sec 14.4.
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gately matched, meaning when the trans-
mitter is tuned to the line, (1) there is no
loss at the terminals joining the networks,
(2) there is no loss in the sending network,
the feed line, when that network attenu-
ation is zero, and (3) if the sending net-
work has attenuation other than zero, the
transmission loss results only from the
line attenuation. For further discussion
on the theorem, I invite you to review
Chapters 2, 4, 5, and 19.

The way that conjugate matching and
reflection gain are achieved is illustrated
in Chapter 4, using the stub form of
matching to develop the understanding of
the wave action. The stub form was used
for the illustration because it is easy to
visualize. But since it’s not a practical
form to use where we make frequent
changes in frequency, let’s see how conju-
gate matching is performed using devices,
which are easily adjusted to perform at
any desired frequency. Such devices are
the transmatch, a T network, L, pi, and
other types of networks. I will show that
these devices can perform the matching
function at the input of a feed line, and
that the feed line can be of any length in-
stead of requiring it to be λ/2. I will also
show how, in some instances, the trans-
mitter tank circuit itself performs match-
ing at the input of the feed line.

because, as we deviate from the resonant
frequency of the antenna, the resulting
increase in the impedance mismatch be-
tween the feed line and the antenna is
transferred back to the input of the feed
line as an increased mismatch between
the transmitter and the feed line. As a
result, the load impedance seen by the
transmitter varies beyond acceptable lim-
its; the transmitter fails to load properly,
and it can be damaged by overloading or
by arc-overs caused by underloading.

These phenomena (plus an unaware-
ness of the remarkable performance ca-
pabilities of line-input matching) are
largely responsible for the traditional low-
SWR mania. On the other hand, simple
impedance matching at the input of the
feed line provides stupendous improve-
ment in operating flexibility; the match-
ing network compensates for the imped-
ance changes at the line input terminals,
and provides the correct load impedance
for the transmitter at whatever frequency
we select within an entire band. The cor-
rect load impedance for the transmitter
is obtained by simply adjusting the net-
work, conveniently located at the operat-
ing position.

So the next question is, “Why not
broadband the antenna and avoid having
to retune a matching device when chang-
ing frequency?” The answer is that we can,
but only to a limited degree. This is be-
cause, for example, broad-banding tech-
niques which would permit coupling the
average amateur transmitter directly into
the feed line over the entire 80-meter band
(with no adjustments other than retun-
ing the transmitter) are not practical in
the average amateur situation. This in-
cludes the coaxial dipole (sometimes
called a Double-Bazooka) which, contrary
to prevalent opinion, fails to deliver a rea-
sonable improvement in bandwidth over
that of a simple dipole when it is fed with

At this point you may ask, “Why
match at the input of the feed line?” The
answer is that without matching at the
input, we have very little operating flex-
ibility relative to changing frequency
within a band. In the absence of a line-
matching network we are restricted to
operating in a narrow portion of a band
(especially on 80 meters) unless effective
measures for broad-banding the antenna
itself have been taken. We are restricted

Sec 7.2  Matching at the Line
Input
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the usual 50-ohm feed line1.  While the
above statement may appear a bit incred-
ible, I wrote a revealing analysis of that
antenna and published it in Ham Radio
Magazine (Ref 62). (A condensed version
of that analysis appears here as Chapter
18.) However, there is a recent develop-
ment worthy of your attention. In my
analysis I presented information concern-
ing the use of a feed line having an im-
pedance ZC higher than the usual 50 or
75 ohms (such as 144 ohms) for increas-
ing the bandwidth with stubs in the co-
axial dipole.  Using my analysis, Frank
Witt, AI1H, engineered a novel transmis-
sion-line impedance transformer that
achieves the required effect of increasing
the feed-line impedance. With Witt’s
transformer, the 2:1 SWR bandwidth of
an 80-meter coaxial-stub dipole extends
well beyond the range of 3.5 to 4.0 MHz
(Refs 122, 123 and 124). Witt has pre-
sented a practical way of broad-banding
the dipole that deserves serious attention.

An explanation of how either a final
tank network or an external line-match-
ing network performs conjugate match-
ing from the viewpoint of reflections is
really a continuation of Chapter 4. How-
ever, to dramatize both the availability
and the advantages of matching at the
input of the feed line, we digressed in
Chapters 5 and 6 to highlight some of the
wrong and right reasons for using low
SWR. These reasons show that, in the
mania for obtaining low SWR on the feed
line, we have often put misplaced empha-
sis on matching at the wrong end of the
line. As stated earlier, the principles of
wave reflection found in stub matching
are the same as in other matching
schemes, such as series λ/4 transformers,
L, T, pi networks, etc. As some of the con-
cepts I discuss here were presented in
detail in Chapter 4, you may wish to re-
fer to them again.

Sec 7.3  The Intermediate Role
of the λ/4 Transformer

How many amateurs remember the
Johnson Q Match? And how many have
used a λ/4 section of 70-ohm transmission
line to match a 100-ohm resistive load to
a 50-ohm  feed line? Both are examples of
series λ/4 line transformers. In addition
to requiring an electrical length of 90°,
impedance matching is accomplished in
these transmission-line transformers be-
cause of a specific relationship between
their characteristic impedance ZC, their
input impedance ZI, and their output load
impedance ZL.  To perform the matching,
the ratio of ZC to ZI must be the inverse of
the ratio ZC to ZL, that is

(Eq 7-1)

In other words, the impedance re-
quired of the transformer is the geomet-
ric mean value of the two impedances be-
ing matched, stated simply by the well-
known expression

Zc = √ZI × ZL (Eq 7-2)

Both the impedance and the length
of the λ/4 line transformer play important
roles in clarifying the principles underly-
ing all forms of line-matching networks.
Since these roles are not generally well
understood, let’s examine them.

Chapter 4 shows that reflections play
a necessary role in impedance-matching
operations. We saw that impedance
matching is obtained by canceling the re-
flections from a load mismatch by wave
interference. The interference is set up by
new, separate reflections generated by a
separate mismatch introduced at a de-
sired matching point. The mismatch in-
troduced at the matching point is tailored
to complement the load mismatch, so that

ZC

ZI = ZC

ZL
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the new reflection has the same magni-
tude and opposite phase (at the matching
point) as the reflection generated by the
load mismatch. The reflection generated
by this complementary mismatch is called
either a complementary, or a canceling re-
flection.  In stub matching, the comple-
mentary mismatch is introduced by the
stub. While investigating complementary
reflections generated by stubs, we ob-
served the wave action through which the
λ/4 transformer performs the matching
(see Table 4-1 and Fig 4-2D).

In Chapter 4 we analyzed the effects
of using various stub and transformer
lengths to match a resistive load to vari-
ous feed lines having different values of
impedance.  We found that when the feed-
line impedance is equal to ZI (relative to
transformer impedance ZC and load im-
pedance ZL in Eqs 7-1 and 7-2), the trans-
former length became 90°, and the stub
length became zero. In this case the
complementary reflection is generated by
the mismatch appearing at the junction
of the feed line and the input of the trans-
former. This mismatch results from the
abrupt change in impedance (ZI to ZC)
encountered by the forward wave as it
propagates out of the feed line (ZI) and into
the transformer (ZC). This mismatch is
complementary to the resistive load mis-
match in magnitude because the ratio
between the feed line and transformer
impedances (ZI/ZC) is the inverse of that
appearing between the transformer and
the load impedances (ZC/ZL), as in Eq 7-1.
Thus, the reflections generated by both
the load mismatch and the transformer-
input mismatch are equal in magnitude
(as required to obtain perfect cancella-
tion), because both mismatches are equal
in magnitude.

Because the input and output mis-
matches are physically separated by 90°
(the electrical length of the transformer),

they are also complementary in relation
to the phase of the reflections appearing
at the matching point (also required for
cancellation). This is because the wave
reflected by the input mismatch has zero
distance to travel relative to the match-
ing point, but the 90° length of the trans-
former results in a travel of 180° for the
wave reflected by the load mismatch —
90° from the input to the load, plus the
90° return trip. Thus, the load-reflected
wave arrives at the matching point with
a 180° phase difference relative to the in-
put-reflected wave. We now have two
complementary reflected waves — equal
in magnitude but opposite in phase at the
matching point. Consequently the two
waves mutually cancel, resulting in total
re-reflection of both waves into the trans-
former to propagate in the forward direc-
tion, as explained in the final paragraphs
of Chapter 4. The voltage and current
components of both re-reflected waves are
in phase with their corresponding compo-
nents of the source wave. Hence, an im-
pedance match appears at the input ter-
minals of the transformer, all of the power
reflected from the load mismatch which
reaches the input of the transformer is
again on its way to the load, and no re-
flected wave appears on the feed line2.

This λ/4 line-transformer matching
action deserves serious study. Why? Be-
cause it provides an intermediate step in
understanding how matching can be
achieved at the input of a line transformer
of any random length, and which may
have any impedance for its terminating
load, such as the complex impedance ZA =
RA + jXA of a mismatched, off-resonance
antenna. And this line transformer is none
other than the feed line so many strive to
operate with no reflections by simply re-
stricting its load to a matched, resonant
antenna!
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Sec 7.4  Input Line-Matching
Networks

Now let’s examine external line-
matching networks from the viewpoint of
matching impedances with reflections.
Referring to Fig 4-2D, we replace the 90°
transformer (T) with the combination of
an adjustable matching network and a
line of random length to connect the mis-
matched load (antenna) to the network.
This arrangement is shown in Fig 7-1A.
The line connecting the matching network
to the antenna will now be called the
transformer line. The line connecting the
transmitter to the matching network is
the feed line, as in Chapter 4. The match-
ing point is defined as the junction of the
feed line and the input of the network.

In a manner which is explained later,
the transformer line (which can have any
value of impedance Z'C) transforms the
complex antenna impedance ZA = RA + jXA,
to a second impedance Z2 = R2 + jX2 at the
input of the transformer line. The network
then transforms Z2 to a third impedance
Z3 = R3 + jX3 at the matching point (the
network input). When the network is cor-
rectly adjusted, Z3 is a pure resistance R3,
equal to the feed-line impedance ZC.  In
mathematical terms, Z3 = R3 + j0 = ZC.
Thus, the antenna impedance ZA is
matched to the feed-line impedance ZC,
which is a proper load for the transmitter
(Ref 17, p 243; Ref 69). Without the match-
ing network, the transmitter load would
be impedance Z2, which could deviate far
beyond the range of matching capability
for most transmitters. However, by add-
ing the network, we obtain the impedance
match by simply adjusting the network
to transform R2 to equal the feed-line im-
pedance ZC at the matching point, and to
cancel any reactance X2 appearing at the
input of the transformer-line to zero at the
matching point.

Let’s now examine more closely the
transformation of impedance Z2, that
which appears at the input of the trans-
former line. The variations of resistance
R2 and reactance X2 of impedance Z2 are
dependent on three different factors: the
antenna impedance ZA, and both the
length and the impedance Z’C of the trans-
former line.  From Chapter 4 we know
that, for given antenna and transformer-
line impedances, a length of line can be
found that will make R2 = ZC, but will also
yield reactance X2.  The reactance X2 re-
quires canceling to obtain a match, for
example with a stub, as shown in Fig 4-
2A or 4-2B. Another length of line can be
found that will make X2 become zero, but
now R2 will not equal ZC (still no match).
There is no line length that will yield Z2 =
R2 + j0 = ZC, unless ZA equals Z’C.

This situation illustrates the typical
endless cat-and-mouse game we play in
trying to load the transmitter by chang-
ing line lengths. An elegant solution to
this problem would be a line of variable
length, plus a device for dumping the un-
wanted reactance. So how can we possi-
bly solve the problem using a fixed, ran-
dom-length line? Because, as we now dis-
cover, the line-matching network is the
star performer! We know from elementary
transmission-line theory that a transmis-
sion line is made up of an infinite num-
ber of tiny, distributed, series inductances
and shunt capacitances. So it should not
be surprising that we can adjust the elec-
trical length of a line of a given physical
length by adding lumped inductances or
capacitances. Indeed, by a selection and
adjustment of reactances arranged in an
appropriate L, T, or pi configuration, we
can simulate a line having any desired
electrical length without specifying any
physical length whatever! (See Refs 8
through 13; 19, p 115; 21; 22; 24; 30; 31;
41; 61 and 63.)
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When a matching network is adjusted
to obtain a match between the antenna
and feed-line input impedances, it per-
forms the following two feats. First, it cre-
ates the effect of stretching the electrical
length of the transformer line to make it
reach the matching point, so that resis-
tance R2 at the input of the physical trans-
former line is transformed to R3 = ZC. And
second, it introduces reactance –X3 to can-
cel reactance +X3 of the stretched-trans-
former line appearing at the matching
point, in the same manner as a stub would
perform in stub matching.

The introduction of reactance –X3 at
the matching point provides the comple-
mentary mismatch which generates the
canceling reflection having equal magni-
tude and opposite phase relative to the
reflected wave arriving at the matching
point from the mismatched antenna. The
matching network has thus provided the
proper overall transformer length to ob-
tain both the required transformation of
the resistance component from RA to R3,
and a canceling-phase relation between
the load-reflected wave and the canceling
reflected wave provided by the comple-
mentary mismatch of reactance –X3. Con-
sequently, the network has also trans-
formed a dream into reality by conjuring
up the elegant variable-length line and a
means for dumping the unwanted reac-
tance.

An ideal arrangement for observing
the action while performing the tuning
adjustments of the network includes an
RF ammeter in the transformer line to
indicate line current (a meter in each con-
ductor if using a balanced, two-wire line),
and a dual-meter reflectometer or watt-
meter to indicate forward and reflected
power simultaneously in the feed line. It
is important that the reflectometer be
adjusted initially to indicate zero reflected
power with the feed line terminated in a

pure resistance equal to the feed-line im-
pedance. The tuning adjustments are
complete when we obtain maximum cur-
rent in the transformer line simulta-
neously with maximum forward and zero
reflected power in the feed line. Of course,
because of standing waves on the trans-
former line, we will obtain different val-
ues of line current depending on where
along the line the ammeter is inserted.
However, our only interest is in seeing
changes in relative current to indicate
when maximum network output occurs
during the tuning adjustments. Hence,
neither the absolute line current, nor
where the meter is inserted, is important.

The simultaneous indication of maxi-
mum current in the transformer line and
zero reflected power in the feed line is
meaningful. This condition denotes four
significant factors for comparing the wave
actions involved in impedance matching
with a line-matching network versus
matching with the λ/4 line transformer
described earlier. First, proper network
adjustment establishes the complemen-
tary mismatch between the feed-line ter-
mination and the input of the network,
which produces the canceling reflection at
the matching point. Second, the cancel-
ing reflection at the matching point is
equal in magnitude and opposite in phase
relative to the load-mismatch reflection.
Third, the canceling reflection and the
load-mismatch reflection cancel each
other at the matching point. Conse-
quently, a purely resistive impedance
equal to the feed-line impedance ZC ap-
pears at the input terminals of the net-
work, while reflections and a standing
wave remain on the transformer line. And
fourth, observing the transformer-line
current rising to maximum while the re-
flected power in the feed line drops to zero
provides visual evidence that the power
reflected from the load mismatch is indeed
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re-reflected by the complementary mis-
match at the matching point.

Incidentally, it is a good practice to
have an ammeter permanently connected
in the transformer line. Here’s why. If your
matching network effectively comprises
more than one L section, you can gener-
ally obtain a match (zero reflected power
in the feed line) with several different
combinations of network L and C tuning.
However, minimum network loss (which
corresponds to highest maximum trans-
former-line current) usually occurs while
using the maximum C and minimum L
at which a match can be obtained. Moni-
toring the transformer-line current dur-
ing tune-up lets you select the L-C combi-
nation that yields the highest output line
current. To ensure quick resetability of the
network, and to minimize on-the-air tune-
up time, L and C settings for the best com-
bination should be logged whenever the
network is tuned to a new frequency. The
transmitter should be tuned initially into
a dummy load, then the network tuned
into the antenna using the lowest power
at which the reflectometer provides a sat-
isfactory indication.

Sec 7.5  Pi-Network Tank-
Circuit Line Matching

work is used alone, as shown in Fig 7-2,
impedance Z2 is transformed to directly
match the load impedance ZL of the final
amplifier of the transmitter.

Now a requirement for an amplifier
(tube or transistor) to deliver its maxi-
mum available power into a load (the
loaded tank circuit) is for it to see an im-
pedance which we call the optimum load
impedance, ZL. In practice, impedance ZL

is usually resistive, so that ZL = RL + j0.
Thus, the amplifier is properly loaded
when it sees impedance Z3 = RL + j0 (which
is R3 + j0) looking into the tank network.
The amplifier is underloaded with R3

greater than RL,overloaded with R3 less
than RL, and it will have higher than nor-
mal dissipation if Z3 contains any reac-
tance X3.

When using the tank network alone
to perform the matching, as in Fig 7-2,
the impedance value of Z3 is determined
by two factors: the impedance value of Z2

loading the network, and the impedance
transformation ratio of the network. The
transformation ratio is somewhat variable
(using the tuning and loading capacitors,
C1 and C2), thus providing a range of im-
pedance-matching capability. The match-
ing range allows impedance Z2 to be any
value which the network can transform
to the impedance Z3 = RL + j0 by adjust-
ing the tuning and loading controls. Ad-
ditional details on this point appear in
Chapter 13.

Now we can summarize the principal
operating conditions involving transfor-
mation of antenna impedances to the op-
timum load impedance for the output
amplifier.

Case 1
The antenna impedance ZA = RA + j0

(resonant) is matched to the transformer
line, and the tank network is used alone
— no external matcher, Fig 7-2. Here, an-

Let’s now examine the case where the
final amplifier tank circuit of Fig 7-2 per-
forms the line-matching function. To dif-
ferentiate from the external network, I
will call this network the tank network.
Comparing Figs 7-1 and 7-2, we see that,
in general, the transformations of imped-
ance from ZA to Z3 are identical whether
using the tank network or the external
network. The principal difference is the
range of the transformation that can be
performed by the two networks. With the
external network, impedance Z2 is trans-
formed to a value Z3, matching the feed-
line impedance ZC. When the tank net-



My Antenna Tuner Really Does Tune My Antenna 7-11

tenna impedance ZA equals the impedance
of the transformer line, Z’C, the SWR on
the line is 1:1, and impedance Z2 is equal
to the line impedance. If the transformer-
line impedance Z’C is the commonly used
50-ohm, then the tank network yields the
proper amplifier load RS+ j0 with the same
tank adjustment settings as obtained
when tuning up with a 50-ohm dummy
load.

Case 2
The antenna is operated somewhat

off resonance. Its impedance, ZA = R + jXA,
yields a mismatch to the transformer line
so as to transform ZA to an impedance Z2

that is within the matching range of the
tank network (for transformation to Z3 =
RL + j0). Again, the tank network is used
solo.

Case 3
The antenna is operated off reso-

nance, beyond the matching range of the
tank network. Here, the tank network is
used in conjunction with an external net-
work, as in Fig 7-1. An impedance Z3 = RL

+ j0 cannot be obtained with the tank net-
work alone, and the amplifier would be
either underloaded, overloaded, or reac-
tively loaded. We remedy this situation
by inserting an external line-matching
network, which transforms impedance Z2

to an impedance Z3 that is within the
range the tank network can transform to
RL + j0.

Case 1 needs no comment, so let’s re-
fer to Fig 7-2 and examine the action in
the tank network as it performs the
matching function under the conditions
of Case 2. As described in Chapter 4, wave
interference establishes an open circuit to
reflected waves at the matching point.
This interference exists between the wave
reflected by the mismatched termination
on the line and the wave generated by the

complementary mismatch at the match-
ing point in the matching network. Re-
call that the open circuit so established
causes total re-reflection of the reflected
wave returning toward the generator.

In the tank network, the open circuit
to the reflected wave is established at the
tank-network input terminals, fed by the
plate of the amplifier tube. Consequently,
waves reflected from a mismatched an-
tenna, those causing impedance Z2 to de-
viate from Z’C, enter the tank network at
its output terminals and become totally
re-reflected on arrival at the open-cir-
cuited input of the tank2. When the net-
work is tuned to resonance, voltage and
current components of the reflected wave
are re-reflected in phase with the corre-
sponding source-wave components ema-
nating from the amplifier tube. Thus, the
amplifier sees a resistive load Z3 = R3 + j0
= ZL at the input to the tank circuit, and
the reflected power reaching the input
adds to the power from the amplifier. This
is why a directional wattmeter indicates
a higher forward power than the ampli-
fier is actually delivering when reflections
are present on the transformer line.

Optimum amplifier loading is ob-
tained by adjusting the capacitance of the
loading-control capacitor C2 to the value
that causes the network to transform R2

to R3 = RL.  When R2 changes, following a
change in antenna impedance ZA, C2 can
then be varied to modify the network
transformation ratio.  This transforms the
new value of R2 to R3 = RL. The plate tun-
ing capacitor, C1, is then readjusted to
return the network to resonance and we
again have optimum amplifier loading.
The range of R2 values which can be trans-
formed to R3 = RL by varying C2 is deter-
mined by the design parameters of the
network (Refs 4, 63 and 64).

Now, what happens when the line-
input impedance Z2 that loads the net-
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work contains reactance X2?  This reac-
tance shifts the available range of capaci-
tance provided by the loading-control ca-
pacitor, C2. This shift occurs because re-
actance X2 appears in parallel with the
reactance of the loading capacitor. Con-
sequently, for proper setting of the load-
ing capacitor where X2 = 0, a capacitive
X2 increases the effective capacitance C2

(decreasing loading), while an inductive
X2 decreases C2 (and increases loading).
Thus, to obtain a proper loading when X2

is present, the setting of the loading-con-
trol capacitor must be shifted from the X2

= 0 position to compensate for the addi-
tional line reactance X2. If R2 is within the
matching range of the tank network,
proper loading will be attainable.  This is
true as long as X2 doesn’t exceed the value
which the loading-control capacitor range
can accommodate to maintain the value
of C2 required to transform R2 to R3 = RL.

If the line reactance X2 is too large
for the loading capacitor to compensate,
we have the conditions described in Case
3. However, there are simple remedies for
this condition if R2 is within matching
range of the tank network, but X2 is not.
Here we can simply add a compensating
reactance in series with the RF output
(between points A and B in Fig 7-2).  The
added reactance may either cancel the line
reactance X2, or merely bring it within the
range the tank network can handle. On
the other hand, if the resistance compo-
nent R2P of the equivalent parallel circuit
of impedance Z2 is within the matching
range, the compensating reactance should
be added in parallel across the RF output
between points A and C.

Whether the compensating reactance
should be capacitive or inductive can be
determined experimentally by trying first
one kind or the other to see whether load-
ing is improved or worsened. The correct
kind and value of compensating reactance

has been found when proper loading can
be obtained with a convenient setting of
the loading-control capacitor. An excellent
discussion of this subject by Grammer
appears in Ref 4, Part 3. When using this
matching technique with the tank net-
work alone, an adjustment of the length
of the transformer line can be of great
assistance in obtaining values of imped-
ance Z2 which are most favorable to the
matching range of the network. This sub-
ject of impedance transformation versus
line length is discussed in Chapter 11.

When operating under the conditions
of Case 2 (Fig 7-2), tuning up into a
dummy load requires special care; it can
be troublesome since the actual load Z2 at
the input of the transformer line often
differs widely from that of the dummy
load. If the tank network is first tuned into
the dummy load and then switched to the
transformer line-input impedance Z2, the
tank network must be retuned to the new
impedance Z2! Failure to retune to the
actual operating impedance Z2 after tun-
ing up into the dummy load results in an
improper load impedance Z3 for the am-
plifier — it is no longer Z3 = RL + j0 be-
cause the loading of the tank network has
changed. Without retuning, the amplifier
is then either underloaded, overloaded or
reactively loaded.

In addition to the possibility of dam-
aging the amplifier if operated in this
mistuned condition, you also have less
power available! Because of this
mistuning, the amplifier delivers less
power by the amount of the reflection loss
resulting from the line mismatch.  This
power reduction is as shown in Fig 6-1,
on the curve labeled Reflection Loss With-
out Conjugate Match and at the appropri-
ate SWR ordinate. For example, if the line
SWR is 3:1, the amplifier output will drop
by 25% while it sees the improper load.
On the other hand, retuning the network
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to the actual operating impedance Z2 es-
tablishes a match to the line-input that
restores the proper amplifier load imped-
ance RL + j0 and the amplifier again de-
livers its maximum available power. For
additional discussion on this point refer
to Chapter 6, Sec 6.3, and Chapter 19.

“But,” you ask, “how do we determine
when proper loading is obtained, or that
impedance Z2 is within the matching
range of the network?” The answer is by
simply completing a normal tuning and
loading operation in which you obtain the
same plate current, plate-current dip, and
screen current readings that you do with
the dummy load. However, tuning- and
loading-control settings, and the relative
power (output voltage) will generally dif-
fer from those obtained with the dummy
load, depending on how much Z2 differs
from 50 ohms. If normal plate current
(and dip) cannot be obtained with any set-
ting of the loading capacitor, Z2 is outside
the matching range of the tank network,
and we have conditions as defined in Case
3. If proper loading cannot be obtained
with the simple series- or parallel-reac-
tance compensating technique described
earlier in this section, then an external
network is required. However, I want to
emphasize that any value of Z2 = R2 + jX2

can be transformed to a suitable value for
loading the tank network by selecting the
proper network configuration (Refs 19, p
115; 30 and 61).

The range of impedances Z2 that the
tank network will transform to the value
equal to the load impedance ZL = RL + j0
of the amplifier raises an interesting point

concerning the tuning procedure for the
external network. The usual practice is
to tune the tank network with the dummy
load, and then switch in the external net-
work and antenna and tune for zero re-
flected power in the feed line (not the
transformer line). This procedure should
be followed if there is a filter in the feed
line. However, in the absence of a filter, it
is necessary to adjust the external net-
work only for a line-input impedance Z3

which brings it within the matching range
of the tank network. This can be a time-
saving feature when changing frequencies
during contest operation! If both tank and
external networks are adjusted for opti-
mum match at midrange of the intended
frequency excursions, in most cases only
the tank network needs retuning with
changes in frequency.  This is true pro-
viding the frequency excursions are
within the range in which the external
network yields a load impedance that the
tank network can transform to RL + j0.

1 The broad-banding effect of the co-
axial dipole has been widely thought to
be accomplished by the shunting of the
short-circuited coaxial stubs across the
antenna terminals to cancel the off-reso-
nance dipole reactance that appears as the
frequency deviates from the resonant fre-
quency. However, a computer analysis
performed by Frank Witt, AI1H, has
shown that the broad-banding was actu-
ally obtained by the resistive conduction
loss in the dielectric of the coaxial line.
Also see Chapter 18. Footnote appears p3
line 6.


