
























































































































 

































































































































































 































Table 1 

The helical antenna - dilrensions and performance. Courtesy of RS:;B. 

Dimension§ 
B:lnd D B f a d 
General 0.32 A 0. 8 A 0.22 A 0.12 A 

432 8-3/4" 22" 6" 3" 1/4" 
1250 3" 7" 2" 1-1/8" 1/4 to 1/8" 

Turns 6 8 10 12 20 
Gain 12 dB 14 dB 15 dB 16 dB 17 dB 
BeaJTMidth 47° 410 36° 31° 24° 
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Baluns: What They Do 
And How They Do It 
By Roy W. Lewallen,* W7EL 

*5470 SW 152nd Ave., Beaverton, OR 97007 

I've always been a bit bothered by baluns, 
since I was never sure what they are supposed to do, 
let alone how they might go about doing it. The 
majority of articles deal with various ways of 
building and testing baluns, or the advantages of 
one type over another, but almost never a word about 
when or why a balun is necessary, if at all. Like 
most amateurs, there have been few occasions when I 
have been able to tell if a balun has any effect on 
an antenna system, and when it has, the effect 
hasn't always been good! The turning point came when 
I was trying to measure the resonant frequency of a 
folded dipole through a one-wavelength coaxial line. 
The bridge null varied a great deal as I moved my 
hand around the coaxial cable, or if the line or 
bridge was moved, A hastily constructed balun in­
stalled at the center of the dipole eliminated the 
problem. But why? 

I found a brief, but clear explanation of one 
phenomenon involved in a paper by Maxwell, W 2DU. \l 
However, many questions remained. This led me to an 
investigation of just how baluns are supposed to 
work, and what problems they are supposed to cure. 
One surprising conclusion I found from my research 
is that one popular type of balun, when properly 
designed and used in an antenna system, may not 
solve the problems that baluns are expected to 
solve. Other results indicated that the type of feed 
line (balanced or unbalanced) has little to do with 
how well a system is balanced. In order to verify, 
or refute, the theoretical results, several 
experiments were carefully set up and run, and the 
data analyzed. The result is a much clearer view of 
the operation of baluns in antenna systems, and some 
definite "dos" and "don'ts" regarding their use. 

What Problems are Baluns SUpposed to Solve? 

Baluns usually solve problems caused by an 
imbalance. An imbalance of what? To answer this 
question, we need to look at current flow in 
transmission lines. 

In a coaxial cable, the currents on the inner 
conductor and the inside of the shield are equal and 
opposite. This is because the fields from the two 
currents are confined to the same space.\2. With the 
presence of skin effect, a different current flows 
on the outside of the shield than on the inside. \a 
The current on the outside, if significant, causes 
the feed line to act like an antenna, radiating a 
field that is proportional to this current. 

A twin-lead feed line has similar properties, 
despite its different physical nature . Since it is 
physically symmetrical, if the currents flowing 
through the conductors are equal and opposite, the 
radiation from the line is minimal (assuming that 
the conductor spacing is very small relative to a 
wavelength). However, several factors may cause the 

currents in the two conductors to be imbalanced, 
that is, other than equal and opposite. If this 
happens, the balanced feed line will radiate like a 
coaxial cable that has current on the outside of the 
shield. This occurs because the components of the 
currents on the two conductors that are equal and 
opposite create fields which cancel . But the field 
from any remaining component on either conductor 
(called a common-mode, secondary-mode, or antenna 
current) will cause radiation.~ In this ar­
ticle, the current on the outside of the coaxial 
shield, or the antenna current on the twin lead, 
will be called the imbalance current: They are 
caused by the same things and produce the same 
effects. 

Imbalance current, on either kind of line, is 
the cause of a number of undesirable effects: 
o pattern distortion (caused by the feed-line 

radiation adding to the antenna-radiated field, 
or by unequal currents in the antenna halves) 

o TYi (radiation from a feed line coupling into 
nearby television sets, house wiring, and so 
on) 

o RF in the shack (caused by a "hot" radiator -
the feed line - residing in the shack) 

If you have read other articles on baluns, you'll 
recognize these as the problems baluns are supposed 
to solve. What isn't usually too clear is that they 
are all caused by current imbalance, on either 
coaxial or twin-lead feed line. Of course, if the 
imbalance current is sufficiently small to begin 
with, a balun is not necessary at all. Or it can be 
said that a properly designed balun will not solve 
the problem being experienced. 

What Causes System Imbalance? 

The first cause of imbalance currents was 
explained by Maxwell. It will be repeated here for 
completeness. When a balanced antenna is fed with 
coaxial cable (Fig. 1), the outside of the shield 
appears as an extra, separate conductor connected to 
the right side of the antenna at the feed point. The 
current in the cable's center conductor flows into 
the left half of the dipole. The equal and opposite 
current on the inside of the shield flows partly 
into the right half of the dipole, and partly along 
the outside of the shield. The proportion of current 
which flows each way is determined by the relative 
impedances of the two paths. The current on the 
outside is the greatest when the total effective 
length of the path along the outside of the coaxial 
cable from the antenna to ground is an integral 
number of half wavelengths, since this makes the 
impedance presented by the undesirable path 
relatively low. If the rig is effectively an odd 
number of quarter wavelengths from actual ground, it 
is at a voltage maximum and can be hot. On the other 
hand, there are other combinations of lengths for 
which the imbalance current will be negligible -
cases where a balun does not make any noticeable 
difference. 

The obvious solution to this problem is to feed 

157 



Current to 
right half 

,;-of dipole 
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current = current 
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outer surface 
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Equal and 
opposite 
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Fig. l - In'balance caused by another path to 
ground from only one side of the dipole . 

the balanced antenna with a balanced feed line -
twin lead. This solves the problem neatly, until you 
encounter the problem which most of us have today, 
illustrated in Fig. 2. Suppose that we went ahead 
and connected the line as shown schematically in 
Fig. 3. If the rig could be totally isolated from 
ground, the feed-line conductor currents would be 
equal and opposite, just as they would be if coaxial 
cable were used; the imbalance current would be 
zero, and the feed line would not radiate. \1 
However, when we connect the rig to ground, as shown 
by the broken line, we've again provided a third 
conductor in parallel with the right side of the 
feed line, and the same problem occurs as with the 
coaxial cable (see Fig. 4). So either type of line 
is unbalanced if a direct path to ground is provided 
from one side, and both can be a balanced, non­
radiating line if the imbalance current is eli m­
inated. 

I mbalance current can be caused also by 
situations where the two sides of the antenna are 
not precisely symmetrical: Coupling to nearby ob­
jects, the tilt relative to ground, or slight dif­
ferences in lengths of the two antenna halves.\a 
Another cause of imbalance currents is induction. If 
the feed line is not exactly placed at a right angle 
to the antenna, a net current is induced into it by 
the antenna field . This current appears as an im­
balance current. At UHF, where the diameter of 
coaxial cable is a substantial fraction of the 
length of the antenna elements, coaxial line is more 
difficult to place symmetrically relative to the 
antenna than twin lead is (this is sometimes given 
as the only reason for using a balun!). The problem 
is negligible at VHF (except perhaps with very large 
diameter coaxial cable) or below. 

What Baluos Do 

Let's recall what we want a balun to do: cause 
the currents in the feed-line conductors to be equal 
in magnitude and opposite in phase, resulting in a 
zero imbalance current. How well do the popular 
balun types do this? 

One type of balun is known as a transformer­
type balun or balun with a tertiary winding (Fig. 
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5).\.l!. This type is commonly used for providing 
single-ended to differential conversion for driving 
balanced mixers, push-pull amplifiers, and so on. It 
seems to be suitable for our purpose. An analysis of 
its operation (see Appendix 1) shows that it does 
indeed perform an unbalanced-to-balanced con­
version. The voltages at the balanced port are 
caused to be equal, and opposite, in phase relative 
to the cold side of the unbalanced port. Thus, the 
use of this sort of balun will eliminate the problem 
of current flow on the outside of a line only if the 
antenna is perfectly balanced. There is nothing 
gained by forcing the voltages of the two antenna 
halves, whether balanced or not, to be equal and 
opposite relative to the cold side of the balun 
input (usually connected to the shield of a coaxial 
feed line), since the antenna field is proportional 
to the currents in the elements, not the voltages at 
the feed point. I will call this type of balun a 
voltage balun to emphasize that it balances the 
output voltages regardless of load impedances. 

Fig. 2 - One solution to the i.nt>alance problem 
is to feed the balanced antenna with a balanced 
feed line - twin lead. 



RIG-
I 
I 
I 
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I 

rh 
Fig. 3 -- If the rig were isolated from ground , 
the feed-line conductor currents would be equal 
and opposite , the irrbalance current would be zero 
and the feed line would not radiate . 

R\ Er 

+ I01balance 
Curreni: 

- --
Equal and 
opposite 
currents 

Current to 
Ground 

Fig . 4 - When the rig is connected to ground, 
a third conductor in parallel with the right s ide 
of the feed line is introduced. This causes an 
imbalance in both coaxial cable and twin lead 
feed lines . 

Another type of balun that appears in the 
literature has been called a choke-type balun (Fig. 
6}.\lfr It resembles the voltage balun, except that 
the tertiary winding is missing. The analysis of 
both types of balun in Appendix 1 shows that the 
effect of a tertiary winding is not a minor one. The 
two types of baluns produce fundamentally different 
results. The voltage balun causes equal and opposite 
voltages to appear at the balanced port regardless 
of load impedances, but the second type of balun 
causes equal and opposite currents on the conductors 
at both ports for any load impedances. For this 
reason, I will call this type of balun a current 
balun. Intuitively, the current balun produces the 
sort of effect we would expect. When wound with 
twisted pair or twin lead , it is nothing but a 
bifilar RF choke that impedes any net current which 
tries to flow through it. When wound with coaxial 

cable, it can be visualized as an RF choke acting 
only on the outside of the coaxial-cable shield , 
reducing the current to a very small value. This is 
the exact function a balun needs to accomplish when 
used in an antenna system. 

A current balun can be constructed by winding 
coaxial feed line into a coil, winding either type 
of feed line onto a core, or by stringing ferrite 
cores along either type of li ne. \ll Even if the 
balun is mediocre, there will be no effect on the 
desired properties of the line itself (impedance , 
electrical length, S WR, and so on} . A l ess­
than-perfect voltage balun can have a profound 
effect on the impedance seen at its input because of 
the tertiary winding . Impedance-transforming (4:1) 
baluns are discussed in Appendix 3. 

Unbalonce-d Port -:. 

!-,~ 
•Cold" Side • ~ 

Balanced Port 

Fig. 5 - Voltage balun (see text). The bottom 
winding is sometimes referred to as a tertiary 
winding. All windings are closely coupled. 

IN 
OUT 

• 
Fig. 6 - a.irrent balun (see text) . Both 
windings are closely coupled . 

B~ments 

A series of experiments was designed to test 
the validity of the result s of t he theoretical 
investigation. A IO-meter dipole was set about 12 
feet above the ground, and about five feet above the 
edge of an elevated wooden deck (Fig. 7). One-half 
wavelength from the center of the dipole, a 4-foot 
rod was driven into the ground, which was completely 
saturated with water at the time the experiments 
were run (during November, in Oregon}. To further 
lower ground-system impedance, six radials were 
placed on the ground around the ground rod. Two feed 

·lines were cut to a half wavelength: one of RG-59/U 
coaxial cable, and one of 72-ohm transmitting twin 
lead. The velocity factors of the cables were not 
taken into account, since t he intent was to have the 
outside of the coaxial cable, or the two parallel 
conductors of the twin lead, be an electrical half­
wavelength long. A low-power 10-meter transmitter 
located at, and connected to, the ground system was 
used as a signal source. 

Current probes and baluns were built as de­
scribed in Appendix 2. Two of the current probes 
were permanently wired into each side of the dipole 
near the feed point, and a third was used for all 
feed-line measurements. A single detector was used 
for all measurements, and it was calibrated over the 
range of encountered output levels by using a signal 
source and precision attenuator. The results of the 
experiment have been corrected to account for the 
measured nonlinearity of the detector. 
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No attempt was made to keep the power level or 
impedance match constant from one test to another. 
When running an experiment with no balun, a current 
balun, and a voltage balun, the only variation in 
the system was to change the balun. Initially, the 
intent was to use the antenna current probe readings 
as a measure of current balance in the antenna 
halves. However, a case was encountered in which the 
antenna halves showed equal currents, but a large 
imbalance current was measured in the feed line at 
the antenna feed point - a seemingly impossible 
combination! (The equal antenna currents were even 
more suspicious because no balun was being used, and 
the antenna had intentionally been made nonsym­
metrical for that test.) A bit of thought provided 
the answer. The imbalance current is measured by 
placing the feed line through the current-probe 
toroid . In conjunction with the detector, it 
measures the magnitude of the vector sum of all 
currents flowing through the toroid. Each antenna 
current probe, with the detector, measures the 
magnitude of the current in each half of the an­
tenna, at the feed point. What must be happening is 
that the currents in the dipole halves are equal in 
magnitude, but not 180 degrees out of phase. A check 
of the current-probe outputs with a good-quality 
dual-channel oscilloscope confirmed the hypothesis: 
The currents were 230 degrees, rather than 180 
degrees, apart, although equal in magnitude. What an 
interesting pattern that dipole would have! But this 
illustrates how misleading the magnitudes of element 
currents can be when judging balance. Measuring the 
imbalance current in the feed line at the feed point 
does, however, provide a good indication of the 
balance of the currents in the antenna halves. If 
the imbalance current is very small, the currents in 
the sides of the antenna must be nearly equal in 
magnitude and opposite in phase. A significant im­
balance current, on the other hand, indicates that 
one or both conditions have not been met. 

Measurement of the imbalance current on the 
feed line also indicates how much the feed line will 
radiate. The imbalance current at the rig provides a 
measure of RF in the shack. In the following tests, 
the magnitude of the current was measured in each 
conductor, then the magnitude of the imbalance 
current was measured by placing the complete feed 
line through the current-probe toroid. A single 
figure of merit, balance, was calculated as: 

balance (dB) = 20 log ~
average of magnitudes 
of currents in each 

magnitude of irrbal-
ance current) • 

Experiments 1 through 4 were done using a 
nominally symmetrical dipole, although results 
indicate that some asymmetry was present. For ex­
periments 5 through 7, the dipole was intentionally 
made nonsym metrical by lengthening one side by five 
inches, and shortening the other side by the same 
amount. 

Experiments 1 and 5: 

See Fig. 8. The dipole was symmetrical for 
experiment 1, nonsymmetrical for experiment 5. 

160 

?cv:- Fcot. 
C!"'O"..:.."'\C ilod 
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Fig . 8 - Setup and results of experiments 1 
and 5. Nurrbers are measured balance in dB. 

Discussion 

If the dipole balance (symmetry) were indeed 
perfect for experiment 1, we would expect the 
currents in the sides of the dipole to be unbal­
anced, resulting in imbalance current on the feed 
line. This is because the outside of the coaxial 
shield appears as a conductor in parallel with half 
of the dipole. Also, either a current or voltage 
balun should reduce the imbalance current to zero. 
Since the feed line is placed symmetrically relative 
to the antenna, no additional current should be 
induced into the feed line, so the imbalance should 
also be quite small at the rig end of the line when 
either type of balun is used. 

With the nonsymmetrical dipole (experiment 5), 
we would expect the voltage balun to do worse than 
in experiment 1. We would also expect the current 
balun to do about the same, and the no-balun case to 
be considerably worse. 

Results 

In experiment 1, the voltage balun did not 
perform as well as the current balun, indicating 
some asymmetry in the dipole. At the frequency 
chosen, the small differences in connections and a 
slight tilt of the antenna could easily account for 
what happened. When no balun is used, a curious 
result is the much better balance at the rig end 
than at the antenna end of the feed line. This may 
be because the feed lines weren't exactly an ef­
fective half wavelength long, because there was a 



wire of about six inches in length connecting the 
rig to the ground system, or because the feed line 
was doubled back on itself for a short distance near 
the rig to provide strain relief. P er.haps the 
doubling back generated enough inductance to cause a 
current balun, or RF choking effect. The better 
balance at the rig end can be seen in the results of 
all experiments. 

The no-balun result was worse with the non­
sy mm etrical dipole than the symmetrical one, as 
expected, and the current balun did about the same 
in both cases. The voltage balun, although slightly 
worse with the nonsym metrical antenna, was better 
than expected, but still definitely inferior to the 
current balun. 

Experiments 2 and 6: 

See Fig. 9. The dipole was symmetrical for 
experiment 2, nonsymmetrical for experiment 6. 

Discussion 

The results of these experiments should dupli­
cate those of the previous pair, since the feed line 
is placed symmetrically relative to the antenna to 
avoid induced current. The only difference is that 
the balun is placed farther down in a symmetrical or 
nonsymmetrical system. 

Results 

The trend is clearly the same as in experiments 
1 and 5; the current balun provides the best bal­
ance, the voltage balun is second best, and a feed 
line with no balun is the worst case. The balance 
with no balun was b e tter in this experiment, 
however, (except at the rig end with the non­
sym metrical antenna, which was about the same), and 
the balance at the rig end was substantially better 
when using the current balun. Time did not permit me 
to run additional experiments to explain these dif­
ferences , but the ability of the current balun to 
achieve superior balance was again illustrated. 
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32 . 6 

Fig. 9 - Setup and results of experiments 2 
and 6. Nt.mt>ers are measured balanced in dB. 

Experiments 3 and 7: 

See Fig. 10. The dipole was symmetrical for 
experiment 3, nonsy mm etrical for experiment 7. The 
voltage balun was connected with the balanced port 
toward the antenna. 

Discussion: 

These experiments, and experiment 4, were 
conducted to test the idea that coaxial cable and 
twin-lead feed lines would behave in the same 
fashion, as theorized earlier. If so, the results of 

Eo ba l un 
.... ~------1voltaf;e balun 

.:-urre:"tt b.l l un 

~
• o b11lun 

~•-----lvolt3ge balun 
CYrrant ba l.un 
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~~;~:~~ ::~~~ 

~~ 
4.8 0 .3 
3. 7 

19 . 3 14 .s 

13.4 10. 4 
12 .s 
41. l 32 . J 
13.• 10. • 
lS.3 
42.0 33 . 7 

Fig. 10 - Setup and results of ex.i;:eriments 3 
and 7. Nt.mt>ers are measured balance in dB. 

these experiments should be similar to those of the 
previous pair. 

Results: 

With no balun, the results were those of ex­
periments 1 and 5 (the test with no balun was not 
rerun). With the current balun, the results were 
similar to those of experiments 2 and 6, indicating 
that coaxial cable can be used as a balanced feed 
line (in the sense discussed earlier) with a bal­
anced or somewhat-unbalanced load. This data also 
points to the possibility that a current balun could 
be added to an existing antenna system at the rig 
end of the line, with results similar to those 
obtained by placing it at the antenna, in some cases 
at least. This would certainly be worth a try in 
systems where the symptoms indicate the need for a 
balun, but the antenna itself is difficult to get 
to. With the symmetrical antenna, the voltage balun 
made balance worse at both ends of the feed line 
than no balun at all. The balanced port of the 
voltage balun sees two unequal impedances to ground: 
the coaxial center conductor, ending in one dipole 
half, and the coaxial shield terminating in the 
other. The shield is capable of radiating but the 
inner conductor isn't, and the two are of different 
diameters, accounting for the different impedances. 
The voltage balun predictably generates unequal 
currents in the different impedances, causing 
additional current imbalance. A voltage balun was 
not evaluated in this application with a non­
symmetrical dipole, having shown distinctly inferior 
results even with a symmetrical one. 

Experiment 4: 

See Fig. 11. The dipole was symmetrical. The 
voltage balun was connected with the balanced port 
toward the antenna. 

Discussion: 

Like experiments 3 and 7, this was intended to 
test the similarity between performance of the two 
kinds of feed line, provided that all other con­
ditions and connections are the same. If the two 
feed lines act the same, the results should dupli­
cate those of experiment 1. 

Results: 

The current balun again causes the predicted 
results, except it shows improved performance at 
the rig over experiment 1. In contrast, the voltage 
balun gave strikingly poorer balance at the antenna, 
and markedly poorer performance at the antenna end 
of the feed line, compared to no balun at all. If 
the antenna were completely symmetrical, there 
should be no current imbalance at the input end of 
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Fig. 11 - Setup and results of experilrent 4. 
Nurrbers are measured balance in dB. 

the voltage balun, but with the moderate (unin­
tentional) imbalance presented by the actual an­
tenna, the current balance on the feed line was 
seriously degraded. This configuration isn't likely 
to be used in actual practice, but helps illustrate 
the operation of the baluns and feed lines. 

Conclusions 

Although some aspects of the experimental 
results remain to be explained (as they always will 
be unless performed under extremely controlled 
conditions), they certainly support the theoretical 
analysis. The current balun gave superior balance at 
every measured point in each experiment. The voltage 
balun improved balance in most cases, explaining its 
acceptance in spite of the theoretically and exper­
i men tally demonstrated superiority of the current 
balun to cure the problems we have discussed. 

As always, finding the answers to questions 
generates yet more questions. Lack of time did not 
permit experiments with the feed line placed non­
sym metrically with respect to the antenna, to induce 
imbalance current into the feed line. The results of 
such an experiment should be interesting and en­
lightening. 

Is there an optimum point in the feed line to 
place a balun? Suppose the effective distance along 
the feed line/ground wire from the antenna to ground 
is an integral number of half wavelengths, and the 
balun is placed a quarter wavelength below the an­
tenna, as sometimes recommended. Wouldn't the im­
balance current be conducted as before? Would in­
duced current, if present, be reduced? What's the 
effect of poor coaxial shield coverage? 

More work needs to be done in evaluating the 
various s t yles of current baluns (such as coaxial 
cable wound into a choke, coaxial cable wound on a 
ferrite or powdered iron core, insertion of the feed 
line through one or more ferrite cores, and so on) 
for their primary characteristic: causing currents 
to be equal in magnitude and out of phase. The 
method I've used is briefly described in Appendix 2, 
but how good is good enough? 

The basic investigation reported here does 
answer some of the major questions regarding baluns. 
I now know what symptoms I can expect a balun to 
cure, why it will (or won't!) cure them, how to 
predict and measure t he balun's success in doing so, 
and what type of balun to use. I hope you do, too! 

Appendix 1: A Brief Analysis of Balun Operation 

Analysis of both balun types assumes "ideal" 
operation: All flux is linked to all windings 
(coefficient of coupling is one), and each winding 
has sufficient self-impedance to make the mag­
netizing current negligible. 
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Because of transformer action, Vl - V3 = V2 -
VfJ = VfJ - Vl. The third term comes about because 
of the "tertiary" winding shown at the botto m. 
Rearranging the last two terms, V2 VfJ = -(Vl -
V(J). So relative to VfJ (the voltage at the cold 
side of the unbalanced port), the voltages at the 
balanced port are equal and opposite. 

The current It flowing in the tertiary winding 
is , by inspection, -(Ii + IfJ - 12) and also (le -
11), so -(Ii + It! - 12) = (le - 11). Because of the 
property of coaxial cable discussed in the body of 
the article, Ii = -le, so le - 10 + 12 = le - 11; 
thus 10 = 11 + 12. So for the current on the out­
side of the shield, IfJ, to be zero, load currents 
11 and 12 must be equal and opposite. Since Vl and 
V2 are forced to be equal and opposite relative to 
V0, the only way for 11 and 12 to fulfill this 
requirement is for the impedances from each side of 
the balanced port to the cold side of the unbalanced 
port to be equal. Thus, only a perfectly balanced 
load will cause no current on the outside of the 
coaxial cable. Ironically, if this does occur , 
current It = 0, and the tertiary winding accom­
plishes no function. 

The CUrrent Balun 

In an ideal transformer of two windings having 
an equal number of turns, the currents in the 
windings are forced to be equal and opposite. So le 
= -(Ii + lo). Again, Ii = -le, so le = le - Io, 
resulting in lo = fJ. This result is independent of 
the load impedances. And, since the load currents 
are the winding currents, they are also equal in 
magnitude and opposite in phase. 

If the balun is constructed by winding coaxial 
cable on a core or into an air-core coil, or by 
stringing ferrite beads on the outside, the oper­
ation can be understood by observing that the inside 
of the coaxial cable "can't tell" what's going on 
outside. The currents on the inside - equal and 
opposite - happen regardless of the outside en­
vironment, but the construction causes a high 
im pedance to current flow on the outside, acting 
like a choke to the imbalance current (hence the 
appropriate name choke balun). When constructed of 
twisted-pair line, the effect on imbalance current 
is the same and for the same reasons, but operation 
is more difficult to visualize. 

The current balun 



Appendix 2: Construction and Test of Baluns, 
Current Probes and Detector 

Voltage Balun 

The voltage balun was constructed using the 
method described in Ref. 8. A piece of no. 26 wire 
was laid along a length of RG-178/U cable (small­
dia meter Teflon- insulated coaxial cable), and 
heat-shrinkable tubing was applied over the assem­
bly. The modified cable was wound on an FT82- 61 core 
using ten turns. This construction method was 
decided on after trying to wind a balun with two 
pieces of coaxial cable in bifilar fashion, the 
shield of the second being connected as the tertiary 
winding. The latter construction method was much 
poorer in providing good voltage balance. 

Voltage balance was evaluat ed by connecting the 
cold side of the unbalanced port to a ground plane 
and the balanced port to two resistors of unequal 
value, the other ends of which were connected to the 
same point on the ground plane. Using resistors of 
27 and 54 ohms, the ratios of voltages appearing at 
the two resistors were measured as about 3/4 and 
1-1/2 dB, depending on which resistor was connected 
to which lead of the balanced output. 

CUrrent Balun 

The current balun consisted of 15 turns of 
RG-178/U coaxial cable on an FT82-61 core. Per­
formance was evaluated by connecting the output end 
to 27- and 54-ohm resistors to ground, and measuring 
the voltages across them. A properly working current 
balun should generate twice the voltage across the 
54-ohm resistor than across the 27-ohm resistor, 
regardless of which lead is connec ted to each 
resistor. The results were within 0.2 dB of theo­
retical, with either lead connected to either 
resistor. 

Current Probe 

The current probes were constructed as shown in 
Fig. 12. The output voltage equals ten times the 
current, in amperes, being measured. Insertion 
resistance is one ohm. 

Det ector 

The detector is shown in Fig. 13 . It was 
calibrated using a signal source and pr ecision 
attenuators, at the operating frequency. Calibration 
using a de source was found to be inaccurate. 

,,.---- FT82- ti) f e r n te cor e 

'------ current- carrying co:lductor 
t o be c.easc=ec1 

+-- - --S bifil&r turns on F'T31- 72 {er r iu: cor e 

INC f e.cale to det ector 

Fig . 12 - Current probe. 

SSC o.a le to current probe 

~ l Ce=an1w:i d iod e • I . OO~)'c;o DVll (10 Megohn input r esistance ) 

Fig. 13 - Detector. · 

Appendix 3: Impedance-Transforming (4:1) Baluns 

The common 4:1 balun, shown schematically in 
Fig. A3- 1, is a voltage balun. If used w·ith a cur­
rent balun as in Fig. A3-2, the combination acts 
like a 4:1 current balun. Or it can be converted to 
a 4:1 transforming current balun by adding a third 
winding, as shown in Fig. A3-3. A 1:1 voltage balun 
could be converted to a 4:1 current balun by re­
connecting the existing windings. The difficulty 
with using this configuration is that, like the 1:1 
voltage balun, all windings must be closely coupled, 
and rather severe impedance changes can occur be­
cause of transformer imperfections. 

A better approach is shown in Fig. A3-4. Old­
timers will recognize this as the configuration used 
by the balun coils commonly used some years ago. 
This balun does force equal and opposite currents at 
the input and output, so it is a true current balun, 
and it performs a 4:1 impedance transformation. Al­
though it does require two cores which must not be 
coupled,* it has several advantages: It's much 
easier to tightly couple two conductors than three, 
it 's much more forgiving than the other config­
urations, and it lends itself to easy construction. 
One method is simply to wind coaxial cable on two 
cores, with the center conductors being the con­
ductors shown on the outsides in the figure. This 
balun can also be used in au-coaxial-cable systems. 
Besides effecting a 4:1 impedance transformation, it 
will greatly reduce any current flowing on the out­
sides of the lines. 

* If ferrite rods or air- core coils are used, 
don't place them end to end. Place them side by side 
and spaced a fair distance, or, better yet, at right 
angles. Less care needs to be taken with toroidal 
coils. 

Low-z 
Unbalanced 

~ 
T1 

High-Z 
Unbalanced 

Fig. A3- l - The 4:1 voltage balun. 

T1 

High- Z 

Low-Z 

Fig. A3- 2 - The 4:1 voltage balun used with a 
1:1 current balun. 

M~~ Lo_} eJC-z 
~ No other connections 

t o this point . 

Fig . A3-3 - A 4:1 current balun. 
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T1 

Low-Z High-Z 

T2 
• 

Fig. A3-4 - A superior 4:1 current balun. 
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Avai lable Power, SWR 
and Loading 
By David T. Geiser ,* WA2ANU 

*RR 2, Box 787, Snowden Hill Rd., New Hartford, 
NY 13413 

The Power Transfer Circuit 

Simple reasoning and easy arithmetic eliminate 
much of the mystery from SWR and loading. This ap­
proach can spark new thoughts in the novice and 
old-timer alike. 

Any RF power-transfer circuit can be repre­
sented by a series connection made up of a gener­
ator, internal generator resistance, load resistance 
and reactance (Fig. 1). Remembering that the source 
may include an RF transmission line from a trans­
mitter, the internal generator resistance may re­
present generator or source losses. 

The power actually delivered through the output 
terminals goes to the load resistance. Notice that 
while power is delivered to the load, some of it is 
also dissipated to the source. 

Any circuit that is not intentionally tuned has 
an overwhelming chance of showing inductive or ca­
pacitive reactance. This reactance (X) can be shown 
in series with the generator internal resistance 
(Ro) and the load resistance (RL). 

Power actually delivered to RL is: 

p = 
L (Eq. 1) 

If we assume for the moment that we tune out 
the reactance (X = 0), delivered power PL is: 

PL= (11, + Ro)2 
(Eq. 2) 

We can work out an example to see what happens 
to the delivered power as we change the load, RL. 
Table I gives the values for E = 100 volts rms and 
Ro = 50 ohms. When we plot the results on semi-log 
graph paper (Fig. 2), we see a symmetrical curve 
with the power maximum at RL = 50 ohms. The power 
delivered is always a maximum when the generator and 
load resistances are equal and there is no net 
reactance. This amount of power is called available 
power. It would seem that this is an ideal condi­
tion; however, two other cases exist and are dis­
cussed in Appendix A. 

Circuit Reactance 

We must consider reactance because it is dif­
ficult to adjust X, shown in Fig. 1, to exactly 
zero.\l Though a few ohms of reactance (compared to 
50 ohms) do not cause much apparent difference, 
highly selective loads may display considerable 
reactance. 

Let us plot resistance and reactance on a 
common graph, such that: 

Ro ~ ~ --=-= -
11. Ro 11. 

= SWR (Eq. 3) 

Taking a tip from Table I, let us choose Rl and 
R2 with values of 25 and 100 ohms, respectively, and 
Ro equal to 50 ohms. Taking 25 and 100 as the end­
points of a diamete.r (R2 - Rl) of a circle (Appendix 
B), we can plot that circle (Fig. 3). 

If we check several values of RL and X that lie 
on the circle's circumference, we find that the cir­
cle is a plot of all possible values of RL and X for 
a constant delivered power, calculated with Eq. 1. 
(Some check values to try for an SWR equal to 2 are: 
RL = Ro and X = 0.707Ro, or RL = 2Ro and X = 
0). SWR is the relation that links the portion of 
the available power that can be delivered to an 
unmodified load to the relation between the actual 
and ideal loads. 

XCVR LOAD 

Fig. 1 - Ideal RF generator with a partially 
reactive load. 

Maximum Reactance 

The impedance chart in Fig. 3 shows that for a 
specified SWR there is a maximum limit on capacitive 
and inductive reactance, 37 .5 ohms for the SW R = 2 
example. This inspires the thought that the reac­
tance can be reduced to zero by series insertion of 
equal reactance of the opposite type. In the SWR = 2 
example, reactance cancellation at X = 37 .5 would 
reduce the SWR from 2 to 1.25. 

If we find the SWR of a load with an SWR 
bridge, we can calculate the maximum possible 
reactance (Appendix B). The actual reactance type 
and magnitude will not be known, but a compensating 
circuit can be made (point A in Fig. 4). The values 
given are one of the many choices that would satisfy 
the SWR = 2 example. 
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WATTS 

TO 

3Qtr-~~-1-~~f--~-+-~~~ 

0 
10 2.5 100 '2.50 50 

(Ro) 
RL (LOAD RES/STAN CE) 

Fig. 2 - Power delivered from a SO-ohm source 
to various pure resistances. 

Use of a series circuit near resonance makes 
tl'\e choice of a low-loss inductor (XL) desirable . 
Even then, an increase in circuit resistance (from 
inductor losses) may result in less power being 
delivered to the actual load. 

A mobile Amateur Radio operator can minimize 
his narrow-band antenna problems by loading the body 
of the antenna so it is slightly capacitive at the 
high-frequency band edge. A manual or motor-driven 
variable inductor at the feed point allows the 
antenna to resonate anywhere in the band. 

While the mobile ham sees the resonated antenna 
as a low resistance, the base-station ham has many 
choices that allow the opportunity for minimizing 
the complexity of an antenna-matching circuit 
(Transmatch). When we look at the characteristics of 
a vertical antenna, we observe that the resistance 
at slightly more than a quarter wave (90 degrees) is 
close to 50 ohms, with different inductive reac-

i 
+jX 

5WR=2 (CIRCLE) 

O+-~-+-~~-+--+=-~~~-+-~R 

Fig, 3 -- Irrq;ledance circle for all SVR = 2 in a 
SO-ohm system. (See text and Appendix B. ) 
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A 
r ------ - -, 
1 Xe XL 1 

I 

x 
E 

Fig. 4 - Simple series corrg;:>ensator for SVR = 2 
in a SO-ohm system. There is no improvement for 
RL of 2S or 100 orrns . 

tances (Table II).U Let's assume we chose a 95-
degree length for 3.5 MHz - this gives us about 110 
degrees at 4.05 MHz. Series capacitance compensation 
reduces the SWR to 1.3 or less across the whole 
band. 

The experienced ham usually reminds me that you 
can also use parallel compensation for reactance, 
but the equivalent parallel resistance is not the 
same as series resistance (Appendix C). The lowest 
SWR would probably call for a length of 82 degrees 
at 3.5 MHz. In this case, the SWR is not as low as 
in the series example, but would be 2 or less 
between 3.5 and 4 MHz. The parallel choice also 
requires both inductive and capacitive reactance to 
cover the range. 

Exact and Approximat e Matching 

The ham who wants to make an exact match will 
have to use a Transmatch (Appendix C), remembering 
that the L network is the most efficient. Unfor­
tunately, when high ratios of RP/RS are encoun­
tered, the bandwidth of the L network can become 
very small. This is the reason the pi-L network is 
useful. I believe the broadest bandwidth is found 
when the Qs of each of its two L networks are equal, 
or, paraphrased, the ratio of Rp to the intermediate 
resistance is equal to the ratio of the inter mediate 
resistance to RS. 

An approximate match may be all that is neces­
sary. Most transmitters behave well if the load SWR 
is 1.5 or less, seen at the t ransm it ter ant enna 
terminals. Three one-eighth-wavelength sections of 
coaxial cable and four T connectors are very useful 
tools.\.1 Insert ion of each of these sections between 
the load and the measuring point moves the measuring 
point on the impedance circle; four of them returns 
you to the starting point on the circle. Alone, they 
do not change. the SWR significantly. 

The p~ocedure I follow is to cascade the sec­
tions (Fig. 5A). I start by connecting a variable 



capacitor to (1) and adjust it to lower the SWR. If 
the SWR changes, I leave it there and try a variable 
capacitor on (2), (3) and (4), respectively. If the 
capacitor at (1) did not reduce the SWR, I try it at 
the other locations. One position will reduce the 
SWR. Sometimes a second capacitor only increases the 
SWR. This means an inductance is necessary. A 
quarter-wave stub (Fig. 5B) will make a variable 
capacitor at (2) look like a variable inductor at 
(3), and losses are much less than in the conven­
tional inductor. Once the SW R is reduced to an 
acceptable value (it is surprising how often it can 
be reduced to the ideal value of 1.0) any excess 
cable between the last used tap and the SWR bridge 
can be removed. 

There is nothing unique about this form of 
compensation. Ideally, any load may be matched with 
two reactances spaced 1/8 wavelength on a trans­
mission line. This method only minimizes precision 
measurements and cable-cutting. 

SWR 

BRIDGE 

SWR 
BRIDGE 

(B) 

~ 
(2) 

LOAD 

Fig. 5 - Using 1/8-wave sections for impedance 
transformation (A) shows a cascade arrangerrent of 
shunt-capacitor taps. At B is a transforming 
shunt capacitance to a low- loss shunt induc­
tance. (See text.) 
Appendix A - Intentionally Mismatched Loads 

Efficiency and low distortion are two co mmon 
reasons that a user may not want to feed a source 
into a matched load. Refreshing our memory of Fig. 1 
and Table I, we note that the generator and load 
resistances were equal. The same current flowed 
through each, so each must, in the example, dis­
sipate 50 watts. This is 50% efficiency. 

Consider a generator of 60 V rms and an in­
ternal resistance of 10 ohms and zero reactance. A 
SO-Oh m load still receives 50 watts, but the gen­
erator dissipates only 10 watts. This is an ef­
ficiency of 83%. Only 60 watts (instead of 100) has 
to be generated, and a smaller generator proves 
satisfactory. 

Similarly, many generators deliver a better­
q uality (less distortion, harmonies , or noise) 
signal to a chosen mismatched load. The previous 
example choices (10-ohm source and a 50-ohm load) 
are not particularly unusual . Because third- and 
fifth-order distortion hurts SSB intelligibility and 
harmonics cause interference, a designed mism atch at 
t he t rans mitter is often made. Similarly, the best 
noise-figur e adjustment at the receiver input is 
often a power mismatch. 

A mis match at the load will usually appear 
different at the source if there is any distance 
between the two. Imagine the mismatch (in the 10-ohm 
example) changed to a "matched" 10 ohms. Now 90 
watts are dissipated in the source and the source 
has to generate 180 watts instead of 60. Parts will 
often burn out . Yet this was a "matched" load. This 
sort of reaction (distortion, harmonies, noise, and 
damage) is dangerous when a high SW R is present. 

We will call the 50 oh ms the design load (not a 
matched load) and do our best to keep it at the 
resistive 50 ohms, or other design load value. 

Appendix B - Rectangular Impedance Chart 

The center of the circle, R , is located at: 

The radius, r, of the circle is: 

r = 

Note that this is also the 
reactance. 

(Eq. 4) 

(Eq. 5) 

maximum possible 

This is not the only kind of SWR circle that 
relates design loads to actual loads. The most 
common and useful is the Smith Chart, based on a 
logarithmic distribution of impedances. The Smith 
Chart places the design load at the center of the 
SWR circle (hinted at by the symmetry of Fig. 2) 
with phase angles proportional to angular rotation 
along the circle . It is more useful than the 
rectangular chart of this note, but harder to 
explain. 

Appendix C - Series-Parallel Equivalence and 
Matching 

At any single frequency, any two-term in al 
combinations of resistance and reactance may be 
expressed as either a series circuit or a parallel 
circuit. (Fig. 6.) We can make the circuit look 
purely resistive by series or parallel reactance of 
the opposite type. Then only the equivalent series 
or parallel resistance will be seen at that fre­
quency (Fig. 7). 

Here, there has b een no change in the 
resistance. If, however, we use parallel co mpen­
sa t ion on the series circuit (Fig. 8) we see 
resistance RP instead of RS. Series compensation of 
the parallel circuit gives us RS instead of RP. 

The reactances, XP, XS, -XP, and -XS, can be, 
but do not have to be, part of an antenna. They can 
be ideal inductors and capacitors. 

Thus, with one capacitor and one inductor, we 
can transform any high resistance RP into a lower 
resistance RS. We first define a number, Q: 
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From this simplification, 

~ = RS(Q2 + 1) 

>p = xs~ +~) 

Fig. 6 - Series-parallel equivalence 
syrrbols. 

<A) 

(B) 

(Eq. 6) 

(Eq. 7) 

(Eq. 8) 

(Eq. 9) 

(Eq. 10) 

Fig. 7 - Compensation. At A, series with 
series equivalence. At B, parallel with parallel 
equivalence. There is no change in equivalent 
resistance as seen looking into the circuit 
terminals. 

If, for example, we wanted to transform 200 
ohms (RP) to 50 ohms (RS), 

Q = (200 - 50) (0.5) = (150) (0.5) 
so so 

= (3) (0.5) = 1.732 
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XS = 1.732(50) = 86.6 ohms, 

XP = -1.QQ_ = 115.5 otins, 
1.732 

The resulting circuit is called an L network, as 
shown in Fig. 9. It is called this because of the 
usual relative positions of the reactances in a 
circuit diagram. 

Pairs of L networks may be used for multiple 
impedance transformations; familiar types are the 
pi, T and pi-L. Relative impedances are indicated, 
and the usual harmonic-reducing configurations are 
shown in Fig. 10. 

(A) 

Rp 

(B) 
Fig. 8 - Compensation. At A, parallel with 
series equivalence. RS transforms to RP. At B, 
series with parallel equivalence. RP transforms 
to RS. 

8(,.(, ..n. 

son-?:::+ J 200~ 
(A) 

( B) 
Fig. 9 - Examples of L networks that transform 
200 ohms to 50 ohms. At A, the series- inductance 
version attenuates higher frequencies irore. The 
series-capacitance version at B attenuates lower 
frequencies m::>re. 
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\l Exact adjustment of reactance to zero {or 
another exact compensating value) may re­
duce distortion or harmonics a dozen or so dB. 
I have seen reductions up to 40 dB. 

~ The numbers in Table II apply to only one 
antenna, visually estimated from the graphs 
on page 2-24 of The ARRL Antenna Book. 

\,1 Remember that a wavelength of 50-ohm solid­
polyethylene coaxial cable is only about 66% 
of a free-space wavelength. Other cables may 
have different velocity factors. 

Table I- Power Delivered vs. Load Resistance 

Iffi RL 
50 
40 
33.3 
25 
16.67 
10 

HIGH RL 
50 
62. 5 
75 

100 
150 
250 

PL (WATI'S) 
50 
49.4 
48 
44.4 
37.5 
27. 8 

S'lR 
1.00 
1.25 
1.50 
2.00 
3.00 
5.00 

HIGH LOW HIGH 

~ 
(A) ol L1 o Lz Io 

L 1 AND L2 MAY BE COMBINED 

LOW HIGH LOW 

~ 
(B) 0 c 1IJc2. 0 

C1 AND Cz fv1AY BE COMBINED 

VERY LOW LOW HIGH 

(C)~ 
o To L 

Fig. 10 - Transmatches. Pairs of L networks 
are collt:>ined to make a pi or n network {A) , a T 
network {B) , and a pi-L network {C). The "highs" 
at the two ends of the network at A are not 
required to be equal , and may differ by a ratio 
of 100:1 or rrore. The same applies to the "lows" 
at B. 

Table II-Reactance Compensation of Vertical Antenna 

Length Series Series S'lR Series 
{Degrees) Resistance Reactance Compensated 

{RS) {XS) S'lR 

82 27 - 35 2. 96 1.85 
85 30 -15 1.89 1.67 
90 36 +17 1.67 1.39 
95 40 +50 2. 96 1.25 
100 47 +80 4.51 1.06 
105 56 +115 6. 58 1.12 
110 66 +150 8. 78 1.32 

Length Parallel Parallel Parallel 
{Degrees) Resistance Reactance Compensated 

{RP) {XP) S'lR 

82 72.73 -55 .8 1.45 
85 37.5 - 75 1.33 
90 44 . 0 +93.2 1.14 
95 102.5 +82 2.05 
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Mr. Smith's ''Other'' 
Chart and Broadband 
Rigs 

By Roger K. Ghormley,* Wt)KK 

*2115 South 24th St., Lincoln, NE 68502 

Have you heard about the Smith Chart that is 
not the Smith Chart we know of today? This "other" 
chart actually came before the well-known one, and 
can play an important role in the ham shack. The 
following paragraphs show how this lesser known 
chart can assist today's amateur. 

Mr. Smith 

During the early 1940s, Phillip H. Smith was 
involved in the Radio Development Department of the 
Bell Telephone Laboratories, Inc. His chart (Fig. 1) 
was published as part of an article in the January 
1944 issue of Electrooics.\l The other chart, actu­
ally a series of charts, was published in the March 
1942 Electronics article, "L-Type Impedance Trans­
forming Circuits." It covered eight variations, but 
we will look at only two of them .\2. 

With the increasing use of no-tune or broadband 
rigs, Amateur Radio operators are faced with the 
need for an "impedance transforming circuit." To 
illustrate the factors involved, we'll take a look 
at John Q. Ham. He is active in RACES (Radio Amateur 
Civil Emergency Service) and wants to be able to 
function on RACES frequencies in the 80- and 75-
meter band - 3500 to 3550 kHz and 3984 to 4000 
kHz.\a Until now, there's been no problem. The tune 
and load controls of John's rig have been able to 
transform the impedance at the shack end of the 
transmission line to something that "satisfies" the 
final amplifier of his rig. But with broadband rigs, 
a problem develops. 

The Problem 

John Q.'s new modern broadband rig does not 
have a tune or load control. Why is this a problem? 
His rig was designed to "see" a resistance of 50 
ohms and wants it fairly "pure" (not much reac­
tance). If it does not see this, it will auto­
matically cut back on output or blow the circuit 
breaker by going into oscillation! What's more, the 
shack end of John's transmission line (even though 
it is a 50-ohm RG-8 coaxial cable) shows an imped­
ance that varies widely from 50 ohms, depending on 
the frequency. In fact, it is never a pure 50 
ohms! 

Fig. 1 includes a plot of how the impedance of 
John's dipole (125 ft 6 in of no. 14 wire) varies 
with frequency.\i Two additional plots show the 
input impedance at the shack end of 40-ft and 75-ft 
lengths of RG-8 coax if terminated in John's dipole. 
(For now, ignore the "backward S" divider; it is 
discussed later .) All notes are included in the 
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Fig, 1 ~ Plots of the input inq;ledance of a 
dipole antenna (125.5 feet of no. 14 gauge wire) 
and of the input inq;ledance for a 40-foot and a 

75-foot RG-8 coaxial line terminated in the dipole 
over a frequency range of 3.5 to 4.0 MHz. In · 
addition, the backward "S" shows the inq;ledance 
ranges matched by the two types of L networks 
discussed in the text. 

appendix. 
Look at the "horseshoe" for John's 75-ft trans­

mission line. The input impedance at 3.5 MHz is 1.91 
+ j2.42 ohms, normalized.~ This is a pure resis­
tance of 96 ohms in series with an inductive reac­
tance of 121 ohms. That represents an SWR of 5.31:1 
- a bit above the manufacturer's suggested limit of 
2:1!~ 

At a frequency of 3.75 MHz, the input impedance 
is 54 + jl 7. Not bad. The SWR reading is 1.4:1. That 
should satisfy the rig. But at 4.0 MHz, the SWR is 
back up to 5.2:1. It is clear that John has to do 
something if the new rig is to work near the band 
edges. 

The lrN et Answer 

Having eliminated the tune and load knobs, John 
wonders what is the simplest workable solution to 
the problem - without adding more panel knobs. Mr. 
Smith's "L-Type Impedance Transforming Circuit," the 
L network, now enters the scene. 

The L net consists of two elements; a series 
and a shunt arm. This is about as simple as you can 
get! It transforms any complex impedance (resistance 
plus reactance) into a pure resistance of any de-



sired value. As shown later, its tuning is quite 
broad, so it provides a workable match over a fairly 
good frequency range. Sound good? Let's see how John 
goes about making up such a net. 

We can now look at Mr . Smith's "other" chart, 
which we will call the Smith L Chart (Figs. 2 and 
3). Fig. 2 applies to an L net when the shunt arm is 
next to the load. I have divided this figure into A 
and B for clarity. Fig. 3 applies when the shunt arm 
is next to the transmitter. Which figure we should 
use is covered in a later section. 

Fig. 2A - Shunt reactance Xe required (with Xr, 
Fig. 2B) to transform load ircq;ledance 1\ 
± jX1 to a pure resistance ~ + j~ ohms. 

Using the Smith L Chart 

Locate the point on Fig. 2 or 3 that corre­
sponds to the normalized load impedance. Read the 
reactance (in normalized ohms) directly from the 
chart for the shunt and series arms of the L net. 
For example, a few paragraphs earlier we learned the 
input impedance to John's 75-ft line at 3.5 MHz was 
1.91 + j2.42 ohms. Find that spot on Fig. 2A (there 
is one there for your convenience), and read the 
required shunt arm reactance of 1.5 capacitive ohms. 
The same procedure on Fig. 2B gives a series arm 
reactance of 2.0 inductive ohms.\1 

Convert these normalized values to -75 ohms for 
the shunt capacitance and 100 ohms for the series 
inductance. Multiply by 50 to satisfy John's rig. 
Now convert these ohms into component values for the 
capacitor and the inductor, either by using the 
formulas: 

c = _ _.l....._ 
2 ir fX 

c 

and L=~ 
2 1T f 

or your favorite reactance chart in The ARRL 
Handbook for 3.5 MHz. 

The results at 3.5 MHz are summarized in Fig. 
4. Note that the complex impedance 96 + j121 ohms 
appears as a pure resistance of 50 ohms at the input 
to the L net. John's rig would like that! 

Fig. 2B - Series reactance Xr, required (with Xe 
Fig. 2A) to transform load impedance 1\ 
± jx1 to a pure resistance ~ + j~ ohms. 

The Backward S 

An inspection of the Smith L Chart of Figs. 2 
and 3 shows that Fig. 2 is used for all loads having 
a normalized resistive component greater than 1. For 
loads having a resistive component less than 1, the 
sign and size of the reactive component dictate 
whether Fig. 2 or 3 is used. 

The same information in a different form is 
shown by the "backward S" of Fig. 1. The area in the 
right half is served by Fig. 2, and the area in the 
left half by Fig. 3. Had John's transmission line 
been 40 ft long instead of 75 ft, we would have used 
Fig. 3 to determine the L net. In fact, let's use 
Fig. 3 and assume the transmission line is 40 ft 
long. Try to find a way to satisfy John's rig over 
the entire 80- and 75-meter band with a minimum of 
knob twisting. 

John's "Broadband" Dipole 

Fig. 5 shows a plot of SWR vs. frequency at the 
shack end of 40 ft of RG-8 that terminates in John's 
dipole. The SWR at the band edges is now up to 
5.7:1. This is because the 40-ft line has less 
attenuation than the 75-ft line (0.16 dB vs. 0.30 
dB). Since John's rig works reasonably well with an 
SWR at about 2:1, he needs no matching network over 
the frequency range of 3.66 to 3.81 MHz. 

Let's now see if we can find an L network to 
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Fig. 3 - Series reactance Xr, and shunt reactance 
Xe required to transform load impedance Ri 
± jx1 to a pure resistance ~ + j~ ohm.s. 

+.~S r-H; . 
100 O~l't) 

S"O + j~ 1 ~ 9~ 0Hl1!> 
~ -7r 1~1 

OHM~ OHl<\S 

fDOl.of'f. 

Fig. 4 - The L network, which transforms a load 
of 96 + 121 ohms into 50 + j~ ohms. Component 
values are for 3.5 MHz. 

keep the SWR below 2:1 for the space below 3.66 MHz, 
and a second setting of the network for the space 
above 3.81 MHz. If so, then John can go from band 
edge to band edge with only two settings of the 
network, plus a "network out" position. Fig. 5 shows 
just that! 

The L network is set for 50 ohms input at 3.57 
MHz with an SWR of 1:1 in Fig. 5.\.a As the frequency 
goes down to 3.5 MHz, everything changes. The anten­
na resistive component goes down, the antenna reac­
tive component gets bigger, the transmission-line 
effective length goes down, the transmission-line 
loss goes down, the L network shunt arm reactance 
gets bigger, and the series arm reactance gets 
smaller. As the frequency moves up to 3.66 MHz, all 
of these items change accordingly. Even so, the end 
result gives an SWR of 1.9:1 or less over the bottom 
portion of the band. This is shown in Fig. 5. 

Similarly, an L network is fashioned for the 
top portion of the band. With the L network designed 
for a perfect match of 50 ohms at 3.905 MHz, the SWR 
is 1.82:1 at 3.8 MHz, and 1.95:1 at 4.0 MHz. With an 
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SWR of less than 2:1 across the entire 80- and 75-
meter band, John's rig has a nice broadband system. 
He does it with an ordinary dipole and a bit of 
matching. 

. 
0 

~ . 
;: 

- ··-- -· - --- , _,__ --

•n .<. 

·~~ -u.z 

Fig. 5 -- A plot of S'lR vs. frequency for a 
dipole (125.5 feet of no. 14 wire) via 40 feet 
of RG-8 cable, showing taminq of S'lR bv the 
use of two settings of an L network. Network 
values are in ohms for the frequency indicated. 
The input impedance of the line is shown as 
part of Fig. 1. 

"However," You Say -
Are you thinking that John must have had a good 

RF impedance bridge to measure all those input im­
pedances? How about those of us who have only an 
SWR meter of questionable accuracy? Good question. 
Here's what we'll do. 

If we knew the largest values of shunt capac­
itance and series inductance we might have to use, 
we could "breadboard" a test network with con­
fidence. We would then be prepared for whatever 
actual values are required during a trial-and-error 
procedure. 

Fig. 6 shows the possible extremes in series 
and shunt arm values for an L network when only the 
SW R is known.'& The extreme for the shunt arm is the 
lowest value of capacitive reactance; this requires 
a large-value capacitor. The extreme for the series 
arm is the highest value of inductive reactance; 
this requires a large coil. 

These extremes are only possibilities, and they 
do not occur at the same time. They are required 
only if the transmission line length is such that 
the resistive component of the input impedance to 
the transmission line is either a minimum (requiring 
a large shunt capacitor) or a maximum (requiring a 
large series coil). A longer or shorter line reduces 
component values. 

A Practical Case 

Some years ago I acquired my first no- tune rig, 
a Triton IV. Appreciable operating was (and still 
is) done in the 80- and 75-meter band. (The same 
problem was also present for a tri-band beam, but 
the 80- and 75-meter case is the only one presented 
here.) The average of three dubious-quality SWR 
meters gave the SWR vs.frequency at the shack end of 
RG-8 transmission line as shown in Fig. 7. The 
simplicity of the L network was appealing, but no 
impedance bridge was at hand to help out. However, 
it looked probable that we would be liable for the 
largest component values for the L network down 
around 3.555 MHz, dealing with an SWR of about 
4.5:1. 
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Fig. 6 - OJ.rves showing the minimum possible 
shl.ll'lt arm reactance, Xe, and maximum possible 
series arm reactance, Xr,' required for L 
networks terminated in lines of various 
s-ms. 
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Fig. 7 - The plot of SWR vs . frequency for the 
wiKK dipole (123 feet of no. 12 wire) via 80 feet 
of RG-8 cable, showing taming of the SWR by tre 
use of three settings of an L network. Network 
values are in ohms for the frequency indicated. 
Input impedance to the line is unknown. 

Entering Fig. 6 at an SWR of 4.5:1 yields a 
minimum liable X of 0.53 normalized ohm. That 
converts into a ca8acitance of 1690 pF at 3.55 MHz. 
Here was the first stumbling block. The largest 
transmitting-type capacitor at hand was 1000 pF. 
Perhaps luck was also at hand, and the maximum would 
be less than 1690. · 

From Fig. 6, the maximum liable XL at an SWR of 
4.5:1 is about 1.9 normalized ohm. That would be a 
maximum inductance of 4.3 uH at 3.55 MHz. No 
problem. 

An L network was breadboarded as diagram med in 
Fig. 8, using the capacitor at hand and some Minidux 
with taps. The network was placed between the SWR 
meter and the transmission line. With low power 
applied to the system, the network was adjusted by 
trial and error for a low SWR at all frequencies of 
interest for each antenna via the line. A record was 

made of coil taps, capacitor settings, and whether 
the shunt arm was next to the load or transmitter. 
The 1000-pF capacitor proved to be large enough, 
though I had already decided to add transmission 
line if necessary to keep below this value for the 
shunt arm. 

By using the ARRL Type A L/C/F Calculator 
[Discontinued - Ed.], the inductance values found 
for the breadboard coil were translated into a 
heavier-duty transmitting version, with some extra 
for error. The transmitting version of the completed 
network is a duplicate of the circuit in Fig. 8. 

A perfectionist might want a roller-type in­
ductor for the coil in order to get a "pure" match 
at all frequencies. The rest of us would be satis­
fied with the quick and easy convenience of about 
four coil taps plus "shorted" and "full-coil" 
positions. These fit nicely on the band switch taken 
from the network final of some defunct rig. 

The end result for my 80- and 75-meter dipole 
plus L network is seen in Fig. 7. The lower portion 
of the band is not quite covered with a single 
setting of the network, and a twist of only the 
capacitor is required. That's good enough for me. 
Some day I might add a few feet to the dipole, to 
make it look almost as good as John's. 

The Smith Chart is a powerful tool. Maybe all 
have described can help today's amateur benefit from 
Mr. Smith's "other" chart. It's one of the simplest, 
least expensive ways to get a broadband antenna 
system to match you broadband rig. Give it a try! 

I- x,_ 
~ ...-~~~-
0 

TO 
A.NT . 

Fig. 8 - The circuit of an L network is used for 
experimentally determining corrq;ionent size. The 
transmitting version is the same except for 
heavier-duty components. 

Appendix 

\l Phillip H. Smith retired from the Bell Labs iri 
1970 and presently operates the Analog Instruments 
Company of New Providence, NJ. One of the bes~ 
sources of information on the Smith Chart"' 
and its use is his book, Electronic Applications of the 
Smith Chart, 1969, Robert E. Krieger Publishing 
House, Melbourne, FL. The book contains a number of 
overlays for use with a Smith Chart, including one 
that provides a single-chart method of determining 
the series and shunt arms of an L network for any 
impedance location on the chart. 
\2. An L network may have either inductive or 
capacitive reactances in one or both arms. This 
results in eight possible configurations by moving 
the shunt arm next to the load or next to the power 
source. The series inductor/shunt capacitor styles 
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used here were chosen because they include all load 
impedances and attenuate the higher harmonics be­
tween them. 
\a. Palm, FCC Rule Book, 1983, ARRL Publication No. 

47, p. 6-11, Table 1, RACES Frequencies. 
\.i The impedances for Fig . 1 were obtained as 

follows: 

a. Input impedance of the dipole itself was cal­
culated from\l.Q_ 

zd = R + j[Y - 120 (ln 241/d - 1) cot m] (Eq. 1) 

R = m2•736/ 3048 (Eq. 2) 

Y = m2•234; 549.7 

m = 180 (fl/984 + 0.013) degrees 

L = antenna length in ft 

d = antenna diameter in inches 

f = frequency in MHz 

(Eq. 3) 

(Eq. 4) 

b. The input impedance of the transmission line 
terminated in the impedance Zd above was calculated 
from \ll 

zi (normalized) Zr cosh yx + sjnh vx 
cosh vx + Zr sinh vx 

Zr = ~ = Dipole iropedaoce 
z
0 

Trans. line z
0 

v = a + jB the propagation constant 

(Eq. 5) 

(Eq. 6) 

a = attenuation constant in nepers per unit 
length 

B = phase constant in radians per unit length 
(2 11 radians = 360 degrees) 

x = line length in units 

From The ARRL Antenna Book, 14th edition, p. 
3-20, Fig. 34, the formula to determine RG-8 ~able 
in dB per 100 ft 

IDss at 1 MHz= 0. 206 =a lx 
x 

U:>ss at 300 MHz = 3.9 = a 300 

300 x = 18.932 (by dividing the second equa­
tion by the first) x = 0.5156. 

From which, 

Loss at f MHz = 0.206 f0•5156 dB per 
100 ft 

Attenuation constant a = 0.02372 f0•5156 

nepers per 100 ft (1 neper = 8.686 dB). (Eq. 7) 

From The Antenna Book, p. 2-1 
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w = ..2.8..L. ft 
fMHz 

(Eq. 8) 

From 1be Antenna Book, p. 3-19, Table 1 

W = 0.66 ~ ft for J:G-8 coax (Eq. 9) 
f 

From Skilling\ll Eq. 1-48 

w = .2.!. 
B 

Hence , 

B = 2 " f 0.9675 f radians per 
100 ft at f MHz (Eq. lO) 0.66 x 984 

~See Ref. 1. 
\§..The SWR for Figs. 1 and 6 was calculated from \lD. 

S'lR = ~ 
A-B 

where, 

A = VCR + Z
0

) 
2 + x2 

B = VCR - Z
0

) 
2 + x2 

Z
0 

= Characteristic impedance of system 

R = Resistive component of impedance 

X = Reactive component of impedance 

(Eq. 11) 

\1 The charts drawn in Fig. 2 include all im­
pedance combinations represented by SWR values up to 
7:1, and most of them to an SWR = 10:1. (Fig. 3 is 
readily extrapolated by inspection for values of 
X 1 off the chart.) For loads involving higher SWR 
v8lues, the L network values may be calculated 
directly. The equations are developed as outlined in 
Figs. 9 and 10 and as follows: 
a . In Fig . 9 (shunt arm next to the load as in 
Fig. 2), X is chosen to make R = 1. Then X is 
set equal cto the absolute val~Qof the resutting 

XEQ' 

Xe = x1 - Vxl + (11_ - 1) (11_ 2 + x/> 
11. - 1 

Xe is a negative number (Xe = -n) 

R1 = load resistive component • (R1 # 1) 

(Eq. 12) 

(Eq. 13) 

X1 = load reactive component (-n for capacitive 
alfd +n for inductive, where n is the numerical 
value) 



Xt.. 'A.• x Eq 

~<~JR•l 
x. ... :. I xl!9 l 

Rl.-:. R.e'I ~ I 

Fig. 9 ~ The developnent of the L network 
equations with the shunt arm next to the load. 
csee Af.pendix, note 7a). 

~~ 
Rz. ~Re9 

lx(.\= Xeq 

Rl. ~ Req :: I 

Fig. 10 ~ The develoQl'ellt of the L network 
equations with a shunt arm next to the source. 
csee AWezldix, note 7b). 

R1 and x1 are normalized values 

• If R1 is less than 1, x
1 

must be positive and 
equal to or greater than 

V11. c1 - 11.> 

For the special case where R1 = 1. 

XL = Xl 

For Xe 

If x1 is negative or zero, Xe = co 

If X is positive, use R = 1.00001 in Eq. 12 
to get a~ound trying to diV11Je by zero. Or, if you 
want Xe exactly, use Eq. 14. 

± Vbx 2 + 1) 2 - ax 2 ex 2 + 1) 
1 4X 1 1 

1 
(Eq. 14) 

In the numerator, use a negative radical for 
Xi. less than 1 and a positive radical for ~ 
greater man 1. (The radical is zero at x1 = 1). 

(This unlikely looking Eq. 14 is derived from Eq. 
13 by setting XL = X1 .) 

b. In Fig. 10 (shunt arm next to the transmitter 
as in Fig. 3), XL is chosen to make REQ = 1. Then 
Xe is set equal to the resulting XEQ. 

~ = - Xi + V11_ c1 - 11_> (Eq. 15) 

Xe= Rl 
VRI (1 - RI) 

(Xe depends only on !\) 

X c is a negative number ("X " = -n) c 

(Eq. 16) 

R = load resistive component and is less than 
1.1 

x1 = load reactive component and must be either 
negative, or if positive, must be equal to or less 
than 

V11. c1 - 11. > 
c. Note that the semi-circle boundary 
between Pigs. 2 and 3 is the locus of points 
where 1., = O and 

x1 = V11. c1 - 11.>· 

Figs. 9 and 10 hence become identical. 
\B. In Fig. 5, the frequencies at which to set the 
L network for a perfect match were found by trial 
and error to hold the SWR below 2:1 as the frequency 
was varied above and below the design frequency over 
the required range. The process makes heavy use of a 
programmable calculator! 
\a The reactance of the maximum-size components of 
Fig. 6 are given by the following: 

1 
XOOn = v'S'm - 1 ohms (Eq. 17) 

~ =l~l=v~ -1 ·ohms (Eq. 18) 

\10. J. Hall, "The Search for a Simple, Broadband 
80-Meter Dipole," QST, April, 1983. 

Eq. 1 and its terms are taken from the Appendix 
of Hall's article. Eq. 11 is also taken from the 
same article as is Eq. 6. 
\ll Skilling, Electric Transmission Lines (New 

York: McGraw-Hill Book Co.). Eq. 5-33, p. 88. 
\ll Ibid.' p. 15. 

175 




	Untitled-00
	Untitled-01
	Untitled-02
	Untitled-03
	Untitled-04
	Untitled-05
	Untitled-06
	Untitled-07
	Untitled-08
	Untitled-09
	Untitled-10
	Untitled-11
	Untitled-12
	Untitled-01
	Untitled-02
	Untitled-03
	Untitled-04
	Untitled-05
	Untitled-06
	Untitled-07
	Untitled-08
	Untitled-09
	Untitled-10
	Untitled-11
	Untitled-12
	Untitled-13
	Untitled-14
	Untitled-15
	Untitled-16
	Untitled-17
	Untitled-18
	Untitled-19
	Untitled-20
	Untitled-21
	Untitled-22
	Untitled-23
	Untitled-24
	Untitled-25
	Untitled-26
	Untitled-27
	Untitled-28
	Untitled-29
	Untitled-30
	Untitled-01
	Untitled-02
	Untitled-03
	Untitled-04
	Untitled-05
	Untitled-06
	Untitled-07
	Untitled-08
	Untitled-09
	Untitled-10
	Untitled-11
	Untitled-12
	Untitled-13
	Untitled-14
	Untitled-15
	Untitled-16
	Untitled-17
	Untitled-18
	Untitled-19
	Untitled-20
	Untitled-21
	Untitled-22
	Untitled-01
	Untitled-02
	Untitled-03
	Untitled-04
	Untitled-05
	Untitled-06
	Untitled-07
	Untitled-08
	Untitled-09
	Untitled-10
	Untitled-11
	Untitled-12
	Untitled-13
	Untitled-14
	Untitled-15
	Untitled-16
	Untitled-17
	Untitled-18
	Untitled-19
	Untitled-20
	Untitled-21
	Untitled-22
	Untitled-23
	Untitled-24
	Untitled-25
	Untitled-01
	Untitled-02
	Untitled-03
	Untitled-04
	Untitled-05
	Untitled-06
	Untitled-07
	Untitled-08
	Untitled-09
	Untitled-10
	Untitled-11
	Untitled-12
	Untitled-13
	Untitled-14
	Untitled-15
	Untitled-16
	Untitled-17
	Untitled-18
	Untitled-19
	Untitled-20
	Untitled-21
	Untitled-22
	Untitled-23
	Untitled-24
	Untitled-25
	Untitled-26
	Untitled-27
	Untitled-28
	Untitled-29
	Untitled-30
	Untitled-31
	Untitled-01
	Untitled-02
	Untitled-03
	Untitled-04
	Untitled-05
	Untitled-06
	Untitled-07
	Untitled-08
	Untitled-09
	Untitled-10
	Untitled-11
	Untitled-12
	Untitled-13
	Untitled-14
	Untitled-15
	Untitled-16
	Untitled-17
	Untitled-18
	Untitled-19
	Untitled-20
	Untitled-21
	Untitled-22
	Untitled-23
	Untitled-24
	Untitled-25
	Untitled-26
	Untitled-27
	Untitled-28
	Untitled-29
	Untitled-30
	Untitled-31
	Untitled-32
	Untitled-33
	Untitled-34
	Untitled-35
	Untitled-36
	Untitled-01
	Untitled-02
	Untitled-03
	Untitled-04
	Untitled-05
	Untitled-06
	Untitled-07
	Untitled-08
	Untitled-09
	Untitled-10
	Untitled-11
	Untitled-12
	Untitled-13
	Untitled-14
	Untitled-15
	Untitled-16
	Untitled-99

