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7.8/360 λ. For purposes of these calculations, taking a
97.5% velocity factor into account, the wavelength in
inches is 11,508/f (MHz). If the antenna is to be used on
14 MHz, the required hairpin length is 7.8/360 × 11,508/
14.0 = 17.8 inches. The length of the hairpin affects pri-
marily the resistive component of the terminating imped-
ance, as seen by the feed line. Greater resistances are
obtained with longer hairpin sections—meaning a larger
value of shunt inductor—and smaller resistances with
shorter sections. Reactance at the feed-point terminals is
tuned out by adjusting the length of the driven element, as
necessary. If a fixed-length hairpin section is in use, a small
range of adjustment may be made in the effective value of
the inductance by spreading or squeezing together the con-
ductors of the hairpin. Spreading the conductors apart will
have the same effect as lengthening the hairpin, while plac-
ing them closer together will effectively shorten it.

Instead of using a hairpin of stiff wire or tubing, this
same matching technique may be used with a lumped-
constant inductor connected across the antenna terminals.
Such a method of matching has been dubbed, tongue
firmly in cheek, as the “helical hairpin.” The inductor, of
course, must exhibit the same reactance at the operating

Fig 14—For the Yagi antenna shown at A, the driven
element is shorter than its resonant length. The input
impedance at resonance is represented at B. By adding
an inductor, as shown at C, a low value of RA is made to
appear as a higher impedance at terminals XY. At D, the
diagram of C is redrawn in the usual L-network
configuration.

Fig 15—Reactance required for a hairpin to match
various antenna resistances to common line or balun
impedance.

frequency as the hairpin it replaces. A cursory examina-
tion with computer calculations indicates that a helical
hairpin may offer a very slightly improved SWR band-
width over a true hairpin.

Matching Stubs

As explained in Chapter 24, Transmission Lines, a
mismatch-terminated transmission line less than λ/4 long
has an input impedance that is both resistive and reac-
tive. The equivalent circuit of the line input impedance at
any one frequency can be formed either of resistance and
reactance in series, or resistance and reactance in paral-
lel. Depending on the line length, the series resistance
component, RS, can have any value between the termi-
nating resistance ZR (when the line has zero length) and
Z0

2/ZR (when the line is exactly λ/4 long).The same thing
is true of RP, the parallel-resistance component.

RS and RP do not have the same values at the same
line length, however, other than zero and λ/4. With either
equivalent there is some line length that will give a value
of RS or RP equal to the characteristic impedance of the
line. However, there will be reactance along with the
resistance. But if provision is made for canceling or tun-
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ing out this reactive part of the input impedance, only the
resistance will remain. Since this resistance is equal to
the Z0 of the transmission line, the section from the reac-
tance-cancellation point back to the generator will be
properly matched.

Tuning out the reactance in the equivalent series cir-
cuit requires that a reactance of the same value as XS
(but of opposite kind) be inserted in series with the line.
Tuning out the reactance in the equivalent parallel circuit
requires that a reactance of the same value as XP (but of
opposite kind) be connected across the line. In practice it
is more convenient to use the parallel-equivalent circuit.
The transmission line is simply connected to the load
(which of course is usually a resonant antenna) and then
a reactance of the proper value is connected across the
line at the proper distance from the load. From this point
back to the transmitter there are no standing waves on
the line.

A convenient type of reactance to use is a section of
transmission line less than λ/4 long, terminated with
either an open circuit or a short circuit, depending on
whether capacitive reactance or inductive reactance is
called for. Reactances formed from sections of transmis-
sion line are called matching stubs, and are designated as

open or closed depending on whether the free end is open
or short circuited. The two types of matching stubs are
shown in the sketches in Fig 17.

The distance from the load to the stub (dimension A
in Fig 17) and the length of the stub, B, depend on the
characteristic impedances of the line and stub and on the
ratio of ZR to Z0. Since the ratio of ZR to Z0 is also the
standing-wave ratio in the absence of matching (and with
a resonant antenna), the dimensions are a function of the
SWR. If the line and stub have the same Z0, dimensions A
and B are dependent on the SWR only. Consequently, if
the SWR can be measured before the stub is installed, the
stub can be properly located and its length determined even
though the actual value of load impedance is not known.

Typical applications of matching stubs are shown in
Fig 18, where open-wire line is being used. From inspec-
tion of these drawings it will be recognized that when an
antenna is fed at a current loop, as in Fig 18A, ZR is less
than Z0 (in the average case) and therefore an open stub
is called for, installed within the first λ/4 of line mea-
sured from the antenna. Voltage feed, as at B, corresponds
to ZR greater than Z0 and therefore requires a closed stub.

The Smith Chart may be used to determine the length
of the stub and its distance from the load (see Chapter
28, Smith Chart Calculations) or the ARRL program TLW
on the CD-ROM in the back of this book may be used. If
the load is a pure resistance and the characteristic imped-
ances of the line and stub are identical, the lengths may
be determined by equations. For the closed stub when ZR
is greater than Z0, they are

SWRarctanA =                                              (Eq 12)

1SWR

SWR
arctanB

−
=                                           (Eq 13)

Fig 16—Inductive reactance (normalized to Z0 of
matching section), scale at bottom, versus required
hairpin matching section length, scale at left. To
determine the length in wavelengths divide the number
of electrical degrees by 360. For open-wire line, a
velocity factor of 97.5% should be taken into account
when determining the electrical length.

Fig 17—Use of open or closed stubs for canceling the
parallel reactive component of input impedance.
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For the open stub when ZR is less than Z0

SWR

1
arctanA =

    
                                         (Eq 14)

SWR

1SWR
arctanB

−
=                                           (Eq 15)

In these equations the lengths A and B are the dis-
tance from the stub to the load and the length of the stub,
respectively, as shown in Fig 18. These lengths are
expressed in electrical degrees, equal to 360 times the
lengths in wavelengths.

In using the above equations it must be remembered
that the wavelength along the line is not the same as in
free space. If an open-wire line is used the velocity factor
of 0.975 will apply. When solid-dielectric line is used, the
free-space wavelength as determined above must be mul-
tiplied by the appropriate velocity factor to obtain the
actual lengths of A and B (see Chapter 24.)

Although the equations above do not apply when the
characteristic impedances of the line and stub are not the
same, this does not mean that the line cannot be matched
under such conditions. The stub can have any desired char-
acteristic impedance if its length is chosen so that it has

the proper value of reactance. By using the Smith Chart,
the correct lengths can be determined without difficulty
for dissimilar types of line.

In using matching stubs it should be noted that the
length and location of the stub should be based on the SWR
at the load. If the line is long and has fairly high losses,
measuring the SWR at the input end will not give the true
value at the load. This point is discussed in Chapter 24 in
the section on attenuation.

Reactive Loads

In this discussion of matching stubs it has been
assumed that the load is a pure resistance. This is the most
desirable condition, since the antenna that represents the load
preferably should be tuned to resonance before any attempt
is made to match the line. Nevertheless, matching stubs can
be used even when the load is considerably reactive. A
reactive load simply means that the loops and nodes of the
standing waves of voltage and current along the line do not
occur at integral multiples of λ/4 from the load. If the reac-
tance at the load is known, the Smith Chart or TLW may be
used to determine the correct dimensions for a stub match.

Stubs on Coaxial Lines

The principles outlined in the preceding section
apply also to coaxial lines. The coaxial cases correspond-
ing to the open-wire cases shown in Fig 18 are given in
Fig 19. The equations given earlier may be used to deter-
mine dimensions A and B. In a practical installation the
junction of the transmission line and stub would be a T
connector.

Fig 18—Application of matching stubs to common
types of antennas. Fig 19—Open and closed stubs on coaxial lines.
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A special case is the use of a coaxial matching stub,
in which the stub is associated with the transmission line
in such a way as to form a balun. This is described in
detail later on in this chapter. The antenna is shortened to
introduce just enough reactance at its feed point to per-
mit the matching stub to be connected there, rather than
at some other point along the transmission line as in the
general cases discussed here. To use this method the
antenna resistance must be lower than the Z0 of the main
transmission line, since the resistance is transformed to a
higher value. In beam antennas such as Yagis, this will
nearly always be the case.

Matching Sections

If the two antenna systems in Fig 18 are redrawn in
somewhat different fashion, as shown in Fig 20, a system
results that differs in no consequential way from the match-
ing stubs described previously, but in which the stub formed
by A and B together is called a quarter-wave matching
section. The justification for this is that a λ/4 section of

line is similar to a resonant circuit, as described earlier in
this chapter. It is therefore possible to use the λ/4 section
to transform impedances by tapping at the appropriate point
along the line.

Earlier equations give design data for matching sec-
tions, A being the distance from the antenna to the point
at which the line is connected, and A + B being the total
length of the matching section. The equations apply only
in the case where the characteristic impedance of the
matching section and transmission line are the same.
Equations are available for the case where the matching
section has a different Z0 than the line, but are somewhat
complicated. A graphic solution for different line imped-
ances may be obtained with the Smith Chart (Chapter 28).

Adjustment

In the experimental adjustment of any type of matched
line it is necessary to measure the SWR with fair accuracy
in order to tell when the adjustments are being made in the
proper direction. In the case of matching stubs, experience
has shown that experimental adjustment is unnecessary,
from a practical standpoint, if the SWR is first measured
with the stub not connected to the transmission line, and
the stub is then installed according to the design data.

Broadband Matching Transformers

Broadband transformers have been used widely
because of their inherent bandwidth ratios (as high as
20,000:1) from a few tens of kilohertz to over a thousand
megahertz. This is possible because of the transmission-
line nature of the windings. The interwinding capacitance
is a component of the characteristic impedance and there-
fore, unlike a conventional transformer, forms no reso-
nances that seriously limit the bandwidth.

At low frequencies, where interwinding capacitances
can be neglected, these transformers are similar in opera-
tion to a conventional transformer. The main difference
(and a very important one from a power standpoint) is that
the windings tend to cancel out the induced flux in the core.
Thus, high permeability ferrite cores, which are not only
highly nonlinear but also suffer serious damage even at
flux levels as low as 200 to 500 gauss, can be used. This
greatly extends the low frequency range of performance.
Since higher permeability also permits fewer turns at the
lower frequencies, HF performance is also improved since
the upper cutoff is determined mainly from transmission
line considerations. At the high frequency cutoff, the
effect of the core is negligible.

Bifilar matching transformers lend themselves to
unbalanced operation. That is, both input and output ter-
minals can have a common ground connection. This elimi-
nates the third magnetizing winding required in balanced
to unbalanced (voltage balun) operation. By adding third
and fourth windings, as well as by tapping windings at
appropriate points, various combinations of broadband
matching can be obtained. Fig 21 shows a 4:1 unbalanced

Fig 20—Application of matching sections to common
antenna types.
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