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I’m doing well in the DX contest, picking 
up multipliers in Oceania on the low bands 
around the time of my sunrise. It’s time 
for the higher bands to open up. I quickly 
switch to the five-element 10 meter Yagi, 
find a clear frequency, and push F1 to call 
“CQ Test.” 

I’m horrified to see that my transmitter is 
still on 40 meters, and so is the kilowatt 
amplifier. The SWR meter shows a high 
reading; it is almost pegged, in fact. I stop 
transmitting immediately, but it’s too late 
— the balun on the 10 meter Yagi is fried. 

In this article, I will examine the stresses 
placed on various components in your 
antenna system so you can avoid turning 
your antenna into a crispy critter [and get 
improved antenna performance for Field 
Day. — Ed].

Don’t Blow Up Your Balun
Use these insights to improve your ARRL Field Day antennas.

Differential-Mode vs 
Common-Mode Currents
Figure 1 shows a simple half-wave dipole 
fed with a balanced two-wire transmission 
line. There are two kinds of RF currents 
in such an antenna system: differential-
mode current and common-mode current. 
Differential-mode current flows in one 
direction on one conductor of the transmis-
sion line and in the opposite direction on the 
other conductor of that transmission line. 
Differential-mode current is what we want 
in an antenna system because it transports 

power from the transmitter and antenna 
tuner down in the shack up to the antenna, 
where it is radiated.

The undesired RF current in Figure 1 is 
common-mode current, which flows in 
the same direction at any instant on both 
conductors of the transmission line. Com-
mon-mode current arises because of asym-
metries in the dipole antenna itself, such as 
different lengths for each side of the dipole, 
or slight differences in the terrain under 
each half of the dipole. Common-mode 
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Figure 3 — Back in the good old days, a flattop multi-wire dipole fed with homemade open-wire 
transmission line, using #12 AWG conductors separated by paraffin-coated insulators.

Figure 2 — Some common-mode current chokes. [Jim Brown, K9YC, photos]

Figure 1 — Common-Mode vs. Differential-
Mode currents. [Image source courtesy of Jim 
Brown, K9YC]



QST® – Devoted entirely to Amateur Radio     www.arrl.org     June 2015    31

current can also arise from asymmetries in 
the manner in which the transmission line is 
dressed away from the antenna down to the 
antenna tuner in the shack. 

When coaxial cable is used for the trans-
mission line feeding an antenna rather than 
balanced two-wire line, common-mode 
currents flow on the outside surface of the 
coax shield. The desired differential-mode 
currents inside the coax flow in opposite 
directions on the outer surface of the center 
conductor and on the inner surface of the 
coax shield.

Common-mode currents can give rise to 
stray noise during receive, and a degrada-
tion of directional patterns on both receive 
and transmit. How do we get rid of such 
undesired common-mode currents on 
either coax or balanced two-wire trans-
mission line? We insert a high-impedance 
common-mode current choke in series with 
the transmission line. This choke attenu-
ates undesired common-mode currents, but 
doesn’t affect the desired differential-mode 
currents. Radio amateurs often call such a 
current-choking device a “balun” (stand-
ing for “balanced to unbalanced”), but it is 
more instructive to think of these devices as 
common-mode chokes. 

Figure 2 shows three common-mode 
chokes made of RG-213 or RG-8X coax 
wound through high-permeability ferrite 
cores. The choke on the right was made 
using bifilar #14 AWG enameled wires. 
The chokes using RG-213 coax are capable 
of handling 1.5 kW at a maximum SWR 
of about 10:1. All the chokes exhibit an 
impedance in excess of 5000 W resistive 
over a three octave frequency range. Thus, 
the common-mode choke impedance is 
high enough to “choke off” common-mode 
currents. 

In the analyses that follow, I assume that 
common-mode current is reduced to in-
consequential levels by the common-mode 
choke — the stress on antenna components 
just gets worse if the choke impedance is 
insufficient to suppress common-mode 
currents.

What about differential-mode stresses, 
especially under conditions of high SWR? 
The length of coax used for the larger 
chokes in Figure 2 is about 2 feet for each 
turn through the stack of toroidal cores. 
This gives a total length of about 10 feet for 
five turns of RG-213 coax threaded through 
the center of the ferrite toroids.

Table 1
Feed-point impedances for  
a 66-foot long, center-fed 
inverted V dipole, apex 50 feet 
high over ground with dielectric 
constant of 13, conductivity  
of 0.005 S/m. 
Frequency	 Feed-Point Impedance

1.83 MHz	 1.6 − j 2257 Ω 
3.8 MHz	 10.3 − j 879 W
7.1 MHz	 64.8 − j 40.6 Ω 
10.1 MHz	 21.6 + j 648 Ω 
14.1 MHz	 5287 − j 1310 W
18.1 MHz	 198 − j 820 Ω 
21.1 MHz	 103 − j 181 Ω 
24.9 MHz	 269 + j 570 Ω 
28.4 MHz	 3089 + j 774 Ω 
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Feed-point Impedances for  
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Figure 4 — A 
Johnson Match-
box balanced-line 
antenna tuner 
from the 1950s. 
[Hank Garretson, 
W6SX, photo]

However, the size and shape of the K9YC 
larger common-mode chokes do not lend 
themselves well to baluns built inside typi-
cal antenna tuners, so I decided to model 
a more compact sort of choke balun that 
employs RG-303 coax made using high-
temperature Teflon® insulation. RG-303 
can be wound more tightly on a toroid than 
RG-213, whose center conductor is insu-
lated with relatively soft polyethylene plas-
tic that melts when overheated. This causes 
the center conductor to short out to the braid 
at high insulation temperatures when there 
is a tight bend radius. For my stress analy-
ses in this article, I assumed a total length 
of 6 feet of RG-303 for a choke balun with 
five turns through a stack of three Type 31 
ferrite cores, 2.4 inches in outside diameter.

The Quest for a Simple  
Multiband Antenna
Many hams want to get on all the HF bands 
with a simple multiband antenna that won’t 
draw undue attention from their neighbors. 
A dipole fed with low-loss transmission 
line, such as open-wire balanced line or 

low-loss coax, seems very attractive, at least 
at first glance. The problem with a simple 
dipole is that the feed-point impedance 
varies all over the place as the frequency is 
changed. 

Table 1 shows the variation with frequency 
of the feed-point impedance for a typical 
66-foot-long 40-meter dipole installed as 
an inverted V, 50 feet high at the apex. The 
ground parameters are for average ground, 
with a dielectric constant of 13 and a con-
ductivity of 5 mS/m. Note how the antenna 
is close to resonance at 7.1 MHz, just as 
you’d expect for a 66-foot-long dipole. 
At the second and third harmonics of the 
fundamental frequency, namely 14.1 and 
28.4 MHz, the feed-point impedance rises 
to impressively high values. The imped-
ance at the “half-harmonic” frequency on 
80 meters is also very challenging, as will 
be shown later.

Example 1: Back in the  
Good Old Days…
Figure 3 shows a multi-wire flat top dipole, 
fed with a homemade balanced #12 AWG 
open-wire feeder. This was a common 
antenna configuration back in the 1930s. 
A balanced link-fed antenna tuner is con-
nected to the feeder down in the shack. 
Figure 4 shows a typical commercial link-
fed tuner. This is the famous E.F. Johnson 
Matchbox, much beloved by several gen-
erations of hams after World War II. The 
beauty of this balanced design was that 
there was no lossy balun inside the spacious 
cabinet and the tuning components were 
beefy and low loss. The drawback to this 
design is the limited range of impedances 
that it could match, compared to modern 
high-pass T tuner topologies. Still, the John-
son Matchbox could match an impressive 
range of impedances fed to it.
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Figure 5 — TLW main window showing 100 feet of open-wire #12 AWG 
line feeding a 40 meter inverted V dipole at 14.1 MHz. The SWR at the 
antenna feed point is 9.36:1 and the impedance at the input of the trans-
mission line is 435.83 – j 1328.70 W. The total line loss is 0.305 dB. 

Figure 6 — Low-pass L network, modeled using TLW, simulates a John-
son Matchbox matching the 435.83 – j 1328.70 W impedance to  
50 W. The loss in the tuner network is 0.23 dB, which is 78 W for 1500 W 
input to the tuner. The loss in the tuner’s inductor is 69 W for an inductor 
unloaded Q of 200.

QS1506-Straw0740 Meter Half-Wave Dipole

Balanced Tuner

100' #12 Open-Wire Line

RG-213 Coax

Transceiver/
Amplifier

−0.305 dB
97 W loss

−0.23 dB
78 W loss

1325 W into antenna for
1500 W into tuner

1325 W to antenna at 14.1 MHz

QS1506-Straw0840 Meter Half-Wave Dipole

100' #12 Open-Wire Line

RG-213 Coax

−0.305 dB
97 W loss

−0.27 dB
90 W loss – balun at input of unbalanced tuner

1314 W into antenna for
1500 W into tuner

1314 W to antenna at 14.1 MHz

B
al

un

Transceiver/
Amplifier

 
Figure 8 — Power losses when an unbal-
anced antenna tuner network is isolated from 
ground using a common-mode choke balun 
at its input. The efficiency of the input balun 
is high because it is being operated into the 
50 W for which it is designed. The net power 
reaching the antenna is 1314 W, compared to 
the 1325 W for the Johnson Matchbox used in 
Figure 7.

Figure 7 — Power losses in the antenna setup of Figure 5. The antenna receives 1325 W for  
1500 W input to the balanced antenna tuner, such as a Johnson Matchbox.

The loss analyses that follow were gener-
ated using the TLW (Transmission Line for 
Windows) program that is on the CD-ROM 
bundled with late editions of The ARRL 
Antenna Book.1 TLW has been called the 
“Swiss Army Knife” of transmission line 
and tuner programs. Figure 5 shows a 
screenshot from TLW for 100 feet of #12 
AWG open-wire transmission line feeding 
our 66-foot inverted V dipole at 14.1 MHz. 
Throughout this article, I’ll use a length of 
100 feet for the feed line. The characteristic 
impedance for this open-wire line is 600 W 
and the matched-line loss is 0.069 dB per 
100 feet, very low indeed. 

However, in Figure 5 the feed line is not 
being used with a 600 W matched load; it is 
seeing the antenna feed-point impedance of 
5287 – j 1310 W at 14.1 MHz. The SWR at 
the antenna is 9.36:1, which raises the total 
loss in the transmission line to 0.305 dB 
because of the additional loss due to SWR. 
The impedance seen at the bottom of the 
100-foot feed line is 435.8 –j 328.7 W. 

To gauge the approximate loss in the tuner, 
we’ll use a simple L network model in TLW. 
Figure 6 shows an L network that matches 
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the 435.8 –j 328.7 W impedance to 50 W, 
losing an estimated 78 W in the tuner com-
ponents. This is 0.23 dB loss: 69 W in the 
coil and 9 W in the capacitor. You might 
find it a little surprising that power is lost 
in a capacitor, but this is pretty typical for 
variable capacitors using mechanical wip-
ing contacts. 

Figure 7 shows the losses and impedance 
levels in the complete system. There is  
97 W lost in the transmission line. For  
1500 W of RF applied to the antenna tuner, 
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window ladder line, which uses #18 AWG copper-clad wire.

1325 W makes it all the way to the antenna 
feed point to be radiated.

Example 2: An Unbalanced  
Tuner with Balun at Input
Figure 8 shows the setup for a #12 AWG 
open-wire line, 100 feet long, connected 
to an unbalanced high-pass network tuner 
with a 50 Ω common-mode choke at the 
input of the tuner. (Note: this is different 
from most tuner designs, which place the 
common-mode choke balun at the output 
of the tuner, where the impedance level that 

the choke sees can vary dramatically, de-
pending on the antenna itself, on the length 
of transmission line, and the frequency in 
use.) 

Figure 9 shows the schematic for the ARRL 
high-power antenna tuner that has been 
in The ARRL Antenna Book for about 15 
years.1 The common-mode current choke/
balun is B1 in the left-hand side of the 
schematic. The use of an unbalanced tuning 
network isolated from chassis ground with 
the choke balun makes the mechanical con-
struction more complex than a tuner design 
having the choke balun at the output side of 
the tuner. But keeping the common-mode 
choke B1 working into the impedance  
(50 Ω) for which it was designed is a wor-
thy thing to do.

The common-mode input choke has an es-
timated loss of 15 W, for a total loss in the 
tuner and input choke of 90 W. This is only 
slightly worse than the Johnson Matchbox 
in Example 1, which has 75 W of estimated 
loss. The net power into the antenna for the 
tuner with input choke balun is 1314 W for 
1500 W into the tuner input. 

Conceptually, a common-mode choke used 
in conjunction with an antenna tuner can 
be envisioned as though it were a giant 
ferrite toroid that is large enough to slide 
sideways left-to-right over the antenna 
tuner. When the giant toroid is slid all the 
way to the right, the common-mode choke 
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Figure 11 — Setup for feeding a 40 meter inverted V dipole at 14.1 MHz, with an automatically 
tuned antenna tuner located up at the antenna feed point.
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Figure 12 — Setup for “N6BV’s Train Wreck,” where common-mode current choke is placed at antenna 
feed point. The choke is made up of 6 feet of RG-303 Teflon-insulated coax threaded through ferrite 
toroids. The loss in the 100 feet of RG-213 feed line is 9.41 dB, very high indeed.

Figure 13 — A popular method for feeding a multiband dipole, where the common-mode choke balun is 
placed at a rear window in the shack and a jumper of RG-213 coax connects the choke to an antenna 
tuner located at the operating position. I assumed in this example that the jumper coax is 20 feet long.

is positioned at the tuner’s output terminals. 
When the giant toroid is slid all the way to 
the left, the common-mode choke is at the 
input terminals of the tuner. In both cases 
the choke works as it should by choking 
off the undesired common-mode currents, 
but the impedances it must work with are 
stabilized at 50 W when the choke is at the 
input of the tuner.

Example 3: A Balanced Tuner 
“Window-Line” Feeder
In Example 3, I assume that the 40 meter 
inverted V is now fed with 100 feet of open-
wire “window ladder line” at 14.1 MHz. 
The window line is selected in TLW as 
Wireman #551, which uses copper cladding 
over steel wire for each #18 AWG conduc-
tor. The total line loss at 14.1 MHz is 1.456 
dB, which is 475 W, compared to 0.305 dB 
matched-line loss for the balanced open-
wire line constructed of #12 AWG copper 
cladding over steel wire in Example 1. 

In Example 3, we’ll again use a Johnson 
Matchbox, which has a loss of 0.19 dB, or 
66 W of power loss. Figure 10 shows that 
the total RF power delivered to the antenna 
is 1027 W for 1500 W supplied to the an-
tenna tuner. This is less than in Example 1, 
but is still quite efficient.

Example 4: An Autotuner  
at the Antenna Feed Point
Figure 11 shows the 40 meter inverted V 
dipole used at 14.1 MHz, but now with an 
automatic tuner up at the feed point, fed 
with the usual 100 feet of RG-213. The 
system delivers 1160 W of RF power to 
the antenna, with a matched-line loss in 
the 100 feet of RG-213 of 248 W. This is 
an efficient system, although there aren’t 
many commercial 1.5 kW tuners that can 
be placed outside in the wind, snow, rain, 
and sun.

Example 5: A Common-Mode Current 
Choke at the Antenna Feed Point
Figure 12 shows what Jim Brown,  
K9YC, has dubbed “N6BV’s Train-Wreck 
Scenario.” It again uses the 40 meter in-
verted V dipole on its second harmonic at 
14.1 MHz. The balun consists of 6 feet of 
Teflon-insulated RG-303 50 W coax, which 
in turn is fed with 100 feet of RG-213 feed 
line to the antenna tuner in the shack. TLW 
computes 1.436 dB of loss in the common-
mode choke, with an SWR of 111.67:1 and 
an input impedance of 1.26 – j 50.66 W.

Figure 12 also shows the impedances and 
the power losses at each junction in this sys-
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Table 2
Six configurations of a 40 m inverted V dipole used at 14.1 MHz, ranked by power to antenna.
					     Power 
Example					     delivered 
see text)	 Setup	 Power lost in tuner	 Power lost in balun	 Power lost in feed line	 to antenna

1	 Classic 100' long	 78 W, Johnson Matchbox	 97 W, in #12 OWL	 1325 W 
	 #12 AWG open-wire line

2	 Classic 100' long 	 90 W, balun at unbalanced	 12 W balun in tuner	 97 W, in #12 OWL	 1314 W 
	 #12 AWG open-wire line	 tuner input

4	 Balanced tuner at	 92 W, in autotuner	 248 W, in 100' RG-213	 1160 W 
	 dipole feed point; 100’ RG-213

3	 #551 100' window-line	 66 W, Johnson Matchbox	 475 W, in 100' #551	 1027 W 
			   window line

6	 Balun in shack; 100’ #551	 94 W	 156 W in balun; 696 W	 157 W, in 100' #551	 397 W 
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Table 2
Six configurations of a 40 m Inverted V Dipole Used at 14.1 MHz, Ranked by Power to Antenna
					     Power 
Example					     Delivered 
(see text)	 Setup	 Power Lost in Tuner	 Power Lost in Balun	 Power Lost in Feed Line	 to Antenna

      1	 Classic 100' long	 78 W, Johnson Matchbox		  97 W, in #12 open-wire line	 1325 W 
	 #12 AWG open-wire line

      2	 Classic 100' long 	 90 W, balun at unbalanced	 12 W balun in tuner	 97 W, in #12 open-wire line	 1314 W 
	 #12 AWG open-wire line	 tuner input

      4	 Balanced tuner at	 92 W, in autotuner		  248 W, in 100' RG-213	 1160 W 
	 dipole feed point; 100' RG-213

      3	 #551 100' window line	 66 W, Johnson Matchbox		  475 W, in 100' #551	 1027 W 
				    window line

      6	 Balun in shack; 100' #551	 94 W	 156 W in balun; 696 W	 157 W, in 100' #551	 397 W 
			   in 20' RG-213 jumper	 window line
 
      5	 Choke balun at	 6 W	 48 W	 1322 W in 100' RG-213	 122 W 
	 feed point; 100' RG-213
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Figure 14 — Power loss in watts for system with choke balun placed at a rear window in the 
shack. A staggering 696 W is lost in the 20-foot-long jumper between the antenna tuner and the 
choke! The choke balun dissipates 156 W and it will probably become a “crispy critter” if the key is 
held down for long.
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Figure 15 — Setup for a 40 meter inverted V 
dipole fed on 80 meters, showing impedances 
and losses at each juncture. The antenna tuner 
is high efficiency, like a Johnson Matchbox. The 
window ladder line has a loss of 7.062 dB in this 
stressful condition. 

tem. The loss in the 100 feet of RG-213 is 
quite high, at 9.41 dB. Figure 12 also shows 
that 1322 W is burned up in the feed line 
when an efficient tuner is used with 0.02 dB 
(6 W) of loss. Thus, 171 W is presented to 
the input of the common-mode choke, and 
only 122 W makes it to the antenna. The net 
power dissipated by the differential-mode 
current inside the common-mode choke is 
48 W, amounting to 8 W per foot of RG-
303. This level of power shouldn’t destroy 
the choke balun, provided that air can circu-
late to cool the choke balun.

I should note that the high loss in the 100 
feet of RG-213 actually protects the choke 
balun from too much power at its input 
when operating into a high SWR. But what 
a waste of expensive RF this is: a train 
wreck indeed. Now please don’t ask what 
kind of dimwit would actually try to feed a 
40 meter dipole on 14.1 MHz. 

Example 6: Open-Wire Feed line, with 
Common-Mode Choke in the Shack
This is probably the most common configu-
ration that hams use — open-wire line with 
a common-mode choke balun. In a typical 
installation (Figure 13), 100 feet of ladder 
line goes from the antenna feed point to a 
choke balun placed at a back window in 
the shack. A typical jumper of 20 feet of 
RG-213 goes from the choke through the 
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window frame to the antenna tuner located 
at the operating position. 

I’ve heard amateurs claim that this setup 
helps keep “RF out of the shack,” since any 
common-mode current is choked off at the 
window by the choke balun. This is true 
— after all, the common-mode choke is 
doing what it was designed to do: choke off 
common-mode currents. However, if the 
antenna itself is located close to the shack, 
the desired differential-mode current in the 
feed system will radiate RF 
directly into the shack. The 
antenna is doing exactly 
what it was designed to do: 
radiate RF.

You must carefully observe 
the losses in such a setup. 
Figure 14 shows the imped-
ances and losses at each 
point in the antenna feed 
system and translates the power loss from 
decibels to watts, given 1500 W input to 
the antenna tuner. What jumps out imme-
diately from the setup in Example 6 is the 
696 W lost in the 20-foot jumper between 
the choke balun at the rear window and the 
antenna tuner. This is 35 W per foot, a level 
that will probably melt the coax.

The power dissipated in the choke balun is 
156 W, a level which puts quite a stress on 
the choke, especially for high duty-cycle 
modes like RTTY. The choke balun will 
definitely need air circulation for cooling. 
The net power making it to the antenna to 
be radiated is 397 W.

What happens if the 20-foot jumper coax is 
purposely made shorter? While less power 
will be dissipated by the shorter length of 
jumper, more power will be available to 
heat up the choke balun. Table 2 summa-
rizes the six examples we’ve discussed. 

Example 7: Operation of a Dipole on 
Frequencies Lower Than Resonance?
Figure 15 shows the impedance levels and 
power losses for a 40 meter inverted V 
dipole operated on its “half-harmonic” on 
3.8 MHz. For 100 feet of window ladder 
line, fed with an efficient balanced antenna 
tuner such as a Johnson Matchbox, 267 W 
of RF makes it all the way to the antenna 
feed point. The voltages inside the tuner 
build up to some very impressive levels, 
close to 7000 V in this example. So the 
antenna tuner might arc over before its in-
ductors melt due to overheating. 

Another thing jumps out at you in Fig- 
ure 15 — the loss in a low-loss transmission 
line, like window ladder line, is a staggering 
1089 W out of the 1500 W applied to the 
antenna tuner.

What About an OCF Dipole?
Some hams are enthusiastic users of “Off-
Center-Fed” (OCF) dipoles, since OCF 
antennas often allow relatively convenient 
multiband operation. However, common-
mode currents are unavoidable due to the 

asymmetric feed, even with 
high values of common-
mode choke resistance.

For a typical 80 meter OCF 
fed 37.5% from one end, 
EZNEC calculates a choke-
balun loss of 326 W for a 
5000 W choke resistance 
at the OCF feed point, at 
7.1 MHz and 1500 W of 

input power to the antenna tuner. The 
common-mode choke balun is simply 
overwhelmed by common-mode cur-
rent, and it will heat up quickly at a  
1.5 kW power level. 

Beware, the common-mode current causes 
a power loss in the choke balun of 326 W. 
The total power loss would be greater than 
this because of the additional loss due to 
SWR acting on the differential-mode cur-
rent, as we’ve been discussing so far in this 
article. No wonder the OCF dipole has a 
reputation for blowing baluns under high-
power, high duty-cycle operation.

Summary
The old “Johnson Matchbox” tuners were 

inherently balanced and low loss. Modern 
designs, with choke baluns at the input of 
an unbalanced tuning network, can be al-
most as efficient and generally have wider 
impedance-matching capabilities.

There are a number of ways you can over-
stress components in your antenna system. 
You should “run the numbers” before firing 
up that kilowatt amplifier, especially with 
non-resonant antennas. 

1The ARRL Antenna Book, ARRL order no. 6948, 
available from your ARRL dealer, or from the 
ARRL Store, telephone toll-free in the US 888-
277-5289, or 860-594-0355, fax 860-594-0303; 
www.arrl.org/shop/; pubsales@arrl.org.

Radio amateurs 
often call the 

current-choking 
device a balun, but 

it is more instructive 
to think of these 

devices as common-
mode chokes.

Erico Grounding Products  
from DX Engineering
DX Engineering now carries accessories from Erico (www.erico.com) used to build 
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