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This document describes and characterizes a winding pattern for an autotransformer suitable for an
end-fed half-wave antenna. These transformers must match loads of 2000-4000 ohms which is a
challenging for a transformer to achieve properly. Both the leakage inductance and the winding
capacitance of the transformer must be low for an end-fed half-wave antenna to be matched. However,
leakage inductance causes losses in the ferrite core because ferrite material is lossy in the HF band,
especially those with a permeability high enough to be effective for matching a high impedance load.
Winding capacitance causes a reactive mismatch that may prevent power from being effectively
delivered to the antenna, but as the dielectrics are generally far less lossy than ferrites, winding
capacitance does not result in significant dissipated power in the transformer. If the winding
capacitance can be compensated by an inductive reactance in the antenna, the winding capacitance does
not prevent the antenna from being matched. A half-wave antenna may be made inductive by cutting is
slightly shorter than a half-wave. However, if the antenna is cut too short, the impedance of the
antenna drops and can no longer be matched by a transformer intended to match high impedances. If
there is too much winding capacitance, the antenna would have to be cut too short to be an effective
high impedance load and therefore can not be effectively matched.

A method of winding a transformer is presented here to reduce the leakage inductance and winding
capacitance to low enough levels so that the transformer may be effectively used to match an end-fed
half-wave antenna. To reduce the leakage inductance, the primary and secondary windings should be
as close as possible. However, closer windings increase the winding capacitance so that there is a trade
between the two parasitic effects. Winding a standard autotransformer with a high turns ratio only
overlaps the primary and secondary windings for a small length of the entire coil, so that the side of the
coil distant from the primary windings has less coupled flux. Because the windings are also typically
spread out to reduce winding capacitance, this results in significant leakage inductance.

Instead of this approach, the winding shown here is a 3 primary:24 secondary windings, with the
primary and secondary sharing three windings. The three primary windings are located 120° apart on
the toroid. The secondary windings consist of three seven-turn coils placed between the three primary
windings also 120° apart. This way each of the seven-turn secondary coils is between two primary
windings. The three primary windings and the three seven-turn coil secondary windings are wired in
series. Because the primary windings are in between the secondary windings, when the secondary
winding coils are soldered together, the wires must be bridged over the primary windings. Because of
the high voltages expected to be present in these high impedance ratio RF autotransformers, significant
space between the wires should be left, at least a millimeter or two. It is best to use stiff magnetic wire
that holds it shape so that it may be bent into shape in a pattern that keeps the windings from
approaching each other.

The winding pattern of the transformer is shown in the following figure. The windings are separated
for clarity, but they should be spaced more equally around the toroid, except for the ground and the Hi
Z tap wire, which should be separated by a centimeter or more.



Winding pattern of the 3:24 turn end-fed half-wave transformer.

The red wire is the primary coil, and is wound three times around the core in an equilateral triangle
pattern as shown. The three seven-turn secondary coils are blue, green, and magenta, and are located in
between the windings of the red primary coil turns. The black wires show the connections between the
four coils. The end of the primary coil is the Lo-Z 1:1 tap and is connected to the beginning of the first
coil (blue). The end of the first coil is connected to the beginning of the second coil (green), jumping
the wire over the primary coil wire so it does not come into contact. The end of the second coil is
connected to the beginning of the third coil (magenta), again jumping it over the primary wire without
touching the primary wire. Finally, the Hi Z tap is the end of the third coil.

The following photographs show the progress of winding the coil. The toroid used is a FT240-43
toroid.



Wrap on first coil of 7 winds Wrap on second coil of 7 winds

Wrap on third coil of seven winds Wrap a fourth wire between the three coils
in the same direction

Twist end of fourth wire on the beginning of the first coil, looping over the toroid. Twist the end of the
first coil on the beginning of the second coil, looping over the fourth wire. Finally, twist the end of the
second coil onto the third coil, looping over the fourth wire again. The four wires together make 24
loops over the core. When you are done, solder the twisted wires together. Keep the wires spaced
apart, make sure they do not touch!



A test of the transformer with its secondary winding shorted to ground and an open circuit test was
performed. The shorted to ground test allows one to determine the leakage inductance. For a
frequency much lower than the self-resonant frequency of the primary winding, the reactance X is
measured in ohms at a frequency f Then the leakage inductance may be calculated as:

L= X/(@2rf)

Secondly, the open circuit test may be used to determine the secondary winding capacitance. A series
resonance occurs between the secondary winding capacitance and the primary and secondary windings
in series (as referenced to the primary side). If f is the frequency of the series resonance, and N, and
N are the number of primary and secondary windings, respectively, the secondary winding
capacitance can be estimated in the limit of small leakage inductance:

Cy =N} /(8n*NZL;f?)

Finally, if a capacitor Cp is placed at the Lo Z tap and ground, the new series resonance frequency is
given by

f=[87% (CsN2/N2+Cp) Li]™"°

And the new effective secondary winding capacitance is given by

C,=C,N}/N? + C,

The expected parallel resonance frequency with a shorted secondary is given by
f=1/@ry/Ii0y)

The measurements of the leakage inductance and winding capacitance are given below.

As the permeability changes with frequency, the leakage inductance also changes with frequency as

well, so these formulas are approximate throughout a limited frequency range. Generally the
permeability and therefore the inductance decreases with increasing frequency.
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Short circuit reactance of the transformer. To calculate the leakage inductance, at a frequency well
below the self-resonance frequency, such f = 10 MHz, observe the reactance, which in this case is
approximately X = 20 €2. Then the leakage inductance L; = X /(27 f) or approximately 0.3 pH.

R.LSWR Arenna : sfomerswind tansdormer short cicuit 100 pF PHG Legend : SWRIZ| RL Phase Rz 1¥sl [{RZ = Ohms) A
0dE 10 500
e e i el e e T Y=Y e e O oy
TR EAEREARIEA TN SR P PRSPPI | PRI | S S | R P e A
_________________________ R I T e P T ar cril
Bl sl v edi mralael e va g ERERF SO A et stimia e dniavs.
I TR p e R i e i e R e e e i i i i i e
_________________________ B i A et e e O B e Dot [ e 250
S E L e T e e St | eyt B At ferbeaaee = e e AR e e e ey
- e g g ) B S R S g S eSO ENGE R e I0) 2 e e e e e
e Lo e e e e e | e e e e T o e e et L el oo et
!
S| BRI LR ! SR P R G R OEAFRII I ST (AL SR, (N P TP AN FR SR | (IR AT i
5 o
—1 |
e ¢
- ST e /
L i
1 i 8
B
1 e ;. . i o
1.000khz 4 248Mhe 7.4384hz 10.68EMhz 12.934Mhz 17.124Mhz 20.372Mhz 236200he 26.810Mhz 30.000khz

Short circuit reactance of the transformer including a 100 pF capacitor across the primary.
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Open circuit reactance of the transformer. With L; = 0.3 pH leakage inductance, for series resonance
to occur at fr = 18 MHz, the secondary winding capacitance is C's ~ Ng /(872 NZ2L;f?) or 2 pF.
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Open circuit reactance of the transformer with C;, = 100 pF across the primary. The new resonant
frequency is f = [87r2 (C’SNSQ/NS + Cp) LI} ~%% or 13.6 MHz as predicted.



A transmitted through power test was performed with two identically wound transformers placed
secondary-sides connected with an inductor in between to act as the inductance of the antenna to
compensate the winding capacitance. If power is lost in the ferrite, it will be detected in the through
power measurement. The setup is shown below.

v

Variable tapped inductor

3 turns: 24 turns to compensate for 3 turns: 24 turns
on FT240-43 winding capacitance. on FT240-43
core winding as The antenna inductance core winding as
described would compensate the described

winding capacitance

when the transformer is
used with an antenna.

Input Port Output Port

100 pF 100 pF

I
I

As the inductance between the two transformers is increased, the winding capacitance is resonated at a
lower frequency. At the resonant frequency, the winding capacitance is an open circuit and therefore
does not degrade the impedance transformation.

In practice, at each frequency for which the end-fed half-wave antenna is a half-wave, at a slightly
higher frequency, the inductive reactance at that frequency resonates the winding capacitance. As long
the winding capacitance is not excessively large, the shift in resonance frequency is small enough so
that the impedance of the antenna is still high and can be effectively transformed. Even if the feedpoint
resistance of the half-wave antenna drops, as it tends to do at the higher multiple of half-waves, the
parallel resonance increases the effective resistance of the antenna so it can be efficiently fed.
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Back-to-back transformer test with 4.5 uH of inductance in series between the two secondaries of the
transformers. Resonance occurs at about 30 MHz with about 1.5 dB loss per transformer.

TL T ission | Awiind 100 pF 8.0 uH PNG Legend : SWR I1Z| AL Phase As |Xs] (MRZ = Ohme) Fh
0dB TY T 1 180
! I
3
3
10
20
.f:,
/
E
o
1.000Mhz 4.248Mhz 7.438Mhz 10.686Mhz 13.934Mhz 17.124Mhz 20.372Mhz 23620Mhz 26.810Mhz 30.000Mhz

Back-to-back transformer test with 8.0 uH of inductance in series between the two secondaries of the
transformers. Resonance occurs at about 22 MHz with about 1 dB loss per transformer.
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transformers. Resonance occurs at about 16 MHz with about 0.75 dB loss per transformer.
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Back-to-back transformer test with 33.3 uH of inductance in series between the two secondaries of the
transformers. Resonance occurs at about 10 MHz with about 0.5 dB loss per transformer.




This is an experiment showing the SWR and impedance of the transformer connected to a 40 m long
wire antenna and a 4 m counterpoise. There were two taps on the transformer. The following shows
the SWR for 64:1 impedance ratio (24:3 turns ratio) with a 100 pF capacitor across the primary:
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This is the SWR for a 32.1:1 or 17:3 turns ratio
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The SWR minimum is very narrow as the half-wave resonances. Between the resonances, the SWR
remains above 6:1-8:1 (400 Q2 to 600 Q antenna impedance). At the higher bands, the impedance of the
wire increases even in between the resonances, resulting in better matching at the half-wave resonances
and in between the resonances. However, there still is probably some decrease in the SWR due to loss

in the ferrite.

Using the antenna away from these resonances even using an antenna tuner would result in poorer
performance as the impedance of the antenna drops greatly and much more current would flow through
the counterpoise, reducing efficiency. For an antenna that can achieve a lower than 2:1 SWR on the 80
to 15 m bands, it is likely that a 49:1 impedance ratio would be a better choice than the 32:1 or 64:1

ratios.



Comparison with a standard autotransformer.

A standard autotransformer was also wound with a 3:24 transformation ratio

This uses a more conventional winding technique with 3 turns of primary and secondary that are
twisted together, and 21 more turns of separated secondary winding.
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The short circuit test indicates 57 Q) ohms of impedance at 10.68 MHz which corresponds to 0.85 uH
leakage inductance.
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The open circuit test indicates a series self resonance frequency of 13.6 MHz which corresponds to a
secondary winding capacitance of 1.26 pF.



