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Introduction
The information in part 2 is intended for amateurs having some experience with 80m and 160m
antennas who want to move down to the 630m band. I also assume some experience with NEC
modeling or are at least a willingness to download and use one of the free versions[1] available on-line
because every QTH is different and will likely require a unique solution. I give a range of examples:
cage verticals, "T", inverted-L, capacitive loading which includes horizontal and sloping umbrellas and
umbrellas with combined horizontal and sloping parts, etc. The idea is to show what might work
when the primary goal is maximum efficiency. I do not expect you'll want to exactly replicate any of
the examples but they should give you a good feeling for what might work in your particular situation.
Part 1 of this series made it clear that for higher efficiency we need to reduce the capacitive
reactance at the feedpoint (Xc) which reduces the size of the loading inductor and its associated loss
resistance (RL) which can dominate the total losses. Initially we'll focus on improving efficiency by
minimizing Xc to reduce RL without considering other losses. Once we've reduced RL as much as
possible we'll deal with other losses. While RL is important it should be kept in mind that increasing
Rr also improves efficiency as equation (1) (below↓) shows. Ideally we want to make RL small and
Rr large. The reason for this comment is that there are schemes which reduce Xc and RL but also
reduce Rr and at some point the efficiency may actually start to fall even though we continue to
reduce Xc. This happens in top-loading schemes with sloping wires that have current components
opposing the current in the main vertical conductor. In most cases I have assumed loading inductor
Q (QL) of 400 unless stated otherwise.
What can we do to reduce Xc?
•
•
•
•

increase the diameter of the vertical conductor
add capacitive top-loading
move the inductor from the base up into the vertical
some combination of all of these

We'll examine these options one at a time.
There are several ways we could illustrate the effect of reductions in RL: a graph like figure 1 showing
Xc, Rr and Qa=Xc/Rr or just a graph of efficiency (η).
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Figure 1 - Example of the feedpoint impedance (Zin = Rr + j Xc) with no losses for values of H
between 20 and 100'.
Typically professional papers on short antennas focus on Qa because that can be compared directly
to theoretical limitations. The game being to see how close to the theoretical minimum value for Qa a
particular design can be. We could also use Qa but I think most amateurs will be more comfortable
thinking in terms of efficiency which after all is the primary problem. On most of the graphs I state
efficiency as a decimal: i.e. 10% = 0.10. Initially, η will be in terms of Rr and RL:

𝜼=

𝑹𝒓

𝑹𝒓 +𝑹𝑳

=

𝟏

𝑹
𝟏+ 𝑳

(1)

𝑹𝒓

At some places I'll bring in Rg and Rc but that will be pointed out. Keep in mind that the efficiency
determined from only RL and Rr is an upper bound, i.e. the best we can do. Real antennas will have
additional losses which reduce the efficiency furthers.
To set the tone for part 2 I'd like to repeat Woodrow Smith's advice[2]:
"the main object in the design of low frequency transmitting antenna systems can be
summarized briefly by saying that the general idea is to get as much wire as possible as high
in the air as possible and to use excellent insulation and an extensive ground system.”
As we'll see in the following analysis, there is much truth in that advice.
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The effect of increasing conductor diameter
In this section we'll look at what happens to efficiency as the vertical conductor diameter is increased
from a 0.08" (#12) wire. In the modeling I increased the conductor diameter from 0.08" to 2" and
then to 6" but to simulate larger diameters and to reflect how larger diameters are actually achieved in
practice I've used the model shown in figure 2.

Figure 2 - example of a cage vertical.
This is an example of a "cage" vertical. In this example I've used eight wires but more can and have
been used. For diameters up to a few feet, eight wires are almost as effective as using many more
but for very large diameters, say 10' or more, adding more wires to the cage may be worth doing. In
any case using more wires will reduce the conductor loss (Rc).
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Figure 3 - Effect of conductor diameter (d) on efficiency. QL=400.
As shown in figure 3, increasing d (especially going to a large cage vertical) greatly improves
efficiency even without taking into account reductions in Rc. For example, for H=20', going from
d=0.08" to 20', increases the efficiency from 0.2% to 3.6%, a factor of 18! For H=60', the efficiency
goes from 4.4% to 27%. In addition to reducing RL loss, larger conductors reduce Rc due to the
greatly increased surface area. In addition, with larger diameters the E and H-field intensities close
the base will be lower, reducing Rg somewhat.
Figure 3 represents uniform diameter cylindrical verticals. There are other possibilities many of which
have been seen in practice. For example, we could keep the top diameter constant but move the
bottom wires out to form a truncated cone. Or we could make the bottom diameter small and have a
large top diameter, i.e. a cone with the apex at the bottom. It's also possible to increase the diameter
at some intermediate point producing a diamond shape. The possibilities are endless but I haven't
pursued all the possible variations because, while increased diameter is useful, the real workhorse is
capacitive top loading.
Verticals with capacitive top-loading
Capacitive top-loading has long been recognized as an effective tool for reducing Xc and increasing
Rr. Figure 4 (taken from the Moyer & Wostrel[3]) shows a variety of possibilities, including inverted
L's, T's, fans and umbrellas.

4

Figure 4 - Some examples of capacitive top-loading from [3].
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T and inverted-L antennas
Some of the simplest top-loaded antennas are the "inverted-L" and the "T" which can be as simple as
a single wire suspended between two supports with a wire (the "downlead" or "lead-in") down to
ground as shown in figures 5 and 6.

figure 5 - Example of an inverted L antenna. From Ghirardi[4].
B

H

Figure 6 - Idealized "T" vertical.
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Starting with the single wire T vertical, we can plot a graph of efficiency as a function of H for different
lengths of top-wire (B= distance from center to far end) as shown in figure 7.

Figure 7 - Efficiency of a T vertical.
The B=0' plot represents a simple vertical with no capacitive loading. We can see that adding a topwire only 40' long (2 X B=20') raises the efficiency dramatically. For example, with H= 20' and B=20',
the efficiency goes from 0.2% to 1.3%. Extending B to 50' increases efficiency to 3.2% (16 times the
unloaded value!) and doubling B to 100' doubles that efficiency to 6.4% which represents a 32 fold
improvement over the simple single vertical. This represents a 15 dB improvement in your signal (10
Log [32]= 15 dB)! There is also a dashed plot in figure 7 which represents the efficiency of a 40'
diameter single conductor like that shown in figure 2. A simple 100' (B=50') suspended wire is almost
as good as the much larger and more complex cage vertical. As we'll see later, larger diameter
conductors are useful but:
the real workhorse for improving efficiency is capacitive top-loading!
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Figure 8 - Effect on efficiency of a real ground system. B=50'.
At this point it might be helpful to inject a bit of reality by including some ground losses (Rg) as shown
in figure 8 which compares the efficiency between ideal and real grounds (σ = 0.005 S/m and εr = 13).
There are thirty two 100' radial wires in the ground system. Note that for the shorter values of H, Rg
doesn't affect efficiency very much. That's because RL is the dominant loss factor. As we increase
H, RL goes down and Rg becomes more important. We also can see that a 50' high single wire T
vertical with a 100' top-wire can have an efficiency of 14% (if we minimize Rc!) even with a real
ground system. This is encouraging but we can do better!
In most cases the spacing between the supports will be limited. For example let's say B=50'
maximum (we have only 100' between supports) and H=50', we can still improve things a bit by
adding drop-wires to the end of the top-wires as shown in figure 9 which also shows how the
efficiency changes as you vary the drop-wires length.
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Figure 9 - T vertical with end-loading wires. B=H=50'.
When the drop-wires are 25-30' long (roughly H/2) the efficiency peaks about 3.6% higher than
without the drop-wires. The current in the drop-wires is ≈180˚ out of phase with the current in the
vertical so there is some cancelation which reduces Rr while reducing RL. Initially, as we make the
drop wires longer Rr falls somewhat but Xc falls more rapidly until a peak in efficiency is reached.
Note however, that the length of the end-loading wires is not very critical. This trick can be used with
other capacitive top-loading hats to improve efficiency.
We're not limited to a single wire in the top-loading hat. We could add spreaders and use 2, 3 or
even more wires, as shown in figure 10. One note, the T and L models for this study show only a
single conductor down-lead. As indicated in figure 4, in the past when multiple top wires were used,
the down-lead usually had multiple wires for at least part of its length. This can make a small
improvement in efficiency by reducing Rc and evening out the current distribution between wires
somewhat.
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Figure 10 -Comparison of top-loaded verticals using a single wire or 2 horizontal wires with 10', 20' or
30' spreaders.
Going from a single wire to two wires with 10' spreaders, makes a huge difference. For example, with
100' top-wires and H=50', for one wire the efficiency is ≈17% but with two wires that jumps to ≈28%
and when we go to two wires with a 30' spreader the efficiency is ≈34%. As illustrated in part 3, there
are practical limits to spreader length. 10' is easy and 20' takes some fiddling but is practical but
longer than 20' becomes a challenge. So for the next example I limit the spreader length to 20'.
What do we gain by adding more than two wires to the top-hat? Figure 11 shows examples using 2,
3, 4 and 5 wires with a spreader length of 20' and an overall length of 100'.
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Figure 11 - Examples using more wires in the top-hat.
Clearly adding more wire to the hat reduces Xc and leads to higher efficiency but as can be seen in
figure 11, for a given spreader length the rate of improvement falls pretty quickly and in these
examples using more than five wires gains very little.
Adding more wire to the top-hat helps to reduce Xc but there's an important drawback to more wire up
in the air: if you live in a area with ice storms, the antenna becomes much more fragile. In part 3,
which is concerned with building actual antennas and mechanical issues, we'll discuss some
mechanical means for reducing this.
From a practical point of view we have to recognize that wires suspended between two supports will
sag in the middle where the downlead is connected if there is no center support. Adding spreaders
only makes things worse. Real T verticals will look more like the one shown in figure 12 which
illustrates the effect of center sag on efficiency with a 100' top-wire.
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Figure 12 - Efficiency of a T vertical with sag. D is the height of the supports at the far ends of the
top-wire and H is the height of the down-lead.
For example, a flat top-wire would be H=D=50' with B=50' but allowing 10' of sag (H=40') at the
midpoint reduces the efficiency by about 3%. Sag is a practical necessity but should be minimized.
In the case of a multi-wire top-hat it may be better to dispense with the spreader at the midpoint as
shown in figure 13. The efficiency falls by ≈2% compared to the flat top but the reduction in sag may
compensate for that and in any case we could simply make the spreaders at the outer ends longer to
compensate. One problem with the "bow-tie" arrangement, especially if the ends with the spreaders
are supported only by a single line, is the tendency to twist in the wind. With a spreader at the
midpoint and a fan for the downlead, twisting is much less of a problem. For the bow-tie configuration
you will have to add some restraining lines at the ends of the spreaders.
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Figure 13 - Suspended 3-wire top-hat with and without a midpoint spreader.
Is there any significant difference between T and inverted-L antennas? Figure 14 shows a
comparison between a T and an L with the same height and top-hat. The difference is quite small
(≈2%). At HF where an inverted-L is likely to be close to self-resonant, we usually see (for the same
length of top-wire) greater loading effect (i.e. shift in resonant frequency) in the inverted-L but that
effect is greatly reduced in very small antennas. At HF we also would expect the radiation pattern for
the inverted-L to have significant asymmetry and for the ground losses to be somewhat higher than a
T. However, the two antennas compared in figure 14 are nowhere near resonance: H and B are
≈0.025λo. Modeling the far-field pattern shows very little difference between the two antennas. This
indicates that for very small antennas we may be able place the downlead where convenient for the
particular installation without greatly affecting the performance.
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Figure 14 - Comparison between T and L antennas with the same H and top-loading.
A T or inverted-L vertical suspended between two supports can be a very practical antenna for 630m.
But every situation will be different so the examples given here are only a sample of what can be
done. It should be kept in mind that while it's nice if the supports allow the top-hat to be nearly
horizontal, that's not a required. If you have supports of two different heights, use them. You'll find
modeling to be very helpful for optimization in specific situations like that.
One more note, remember that if one of the supports is a tower or other conductive structure, use it
for the vertical. In the case where you are using an existing tower for the vertical but the support
points for a top hat are not in line a with the tower that's ok! If the top loading goes off at an angle,
use it. Again, modeling will help for the particular situation.
Umbrella capacitive top loading
We've seen that capacitive loading can be very helpful so now let's extend that idea to symmetric tophats which resemble umbrellas like the example shown in figure 15.
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Figure 15 - Example of an "umbrella" for capacitive top-loading.
There are many ways to construct an umbrella:
•

•

•
•
•

Use several rigid radial supports like a wagon wheel. For example, the supports can be
aluminum tubing or F/G poles or some combination of the two. The practical limit for this
approach is probably a radius (B) of 40' or so. Constructing a hat with a radius of 20' is
straight forward as shown in part 3.
Set up a circle of poles (3 to 8) at some distance from the base of the vertical to support the far
ends of the umbrella wires. The radial dimension of the umbrella could be quite large but the
length of the poles which establishes the height of the outer rim of the umbrella is a limiting
factor. Wood, F/G, metal, whatever you have on hand, can be used for this purpose.
Attach a number of wires to the top of the vertical, sloping them downward at an angle towards
anchor points located at some distance from the base of the vertical.
You can add sloping wires to the outer rim of a horizontal umbrella to increase the loading.
You do not have to connect the outer ends of the umbrella radial wires together with a "skirt"
wire but a skirt-wire significantly increases the loading effect of an umbrella of a given radius.
For the very small antennas we'll be using on 630m, skirt wires are very helpful.

For much of the following modeling I've used an 8-radial umbrella with a skirt wire. This represents a
compromise. As few as three wires (with a skirt!) can make a useful umbrella but the performance
improves substantially as you go from three to four and then eight wires. While the jump from four to
eight wires gives a useful improvement the law of diminishing returns starts to set in and sixteen wires
is about the useful limit. It's also possible to add more skirt wires inboard of the outer skirt wire.
The following discussion will look at several different umbrella configurations, from a simple flat
umbrella, to one with sloping wires from the top of the vertical to a combination of both. Figure 16 is a
general sketch for several possible umbrella configurations with the dimension designators.
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Figure 16 - Definition of antenna dimensions.
Where: H=vertical height, B=radius of a flat umbrella, C=height of a sloping umbrella, A=distance
from the base to an anchor point, J=height of the skirt above ground and K=radius at the skirt. When
the available space restricts the radius to the anchors (A), a post can be used to retain the slope
angle with a smaller value for A.
Horizontal or flat umbrellas
Figure 17 shows how Rr and Xc vary with H and B for a simple horizontal umbrella.
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Figure 17 - Rr & Xc as a function of H with B as a parameter.
In figure 17, B is varied from 0 (no umbrella) to 10' and then to 50'. We can see that even an
umbrella radius as small as 10' makes a marked improvement in both Rr and Xc at all values of H.
Taking the data from figure 17 and assuming QL=400 we get the efficiencies shown in figure 18.

Figure 18 - Efficiency as a function of H and B.
Clearly: the larger the umbrella, the better the efficiency!
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Figure 19 - Comparison between T and symmetric top-loading umbrellas.
Figure 19 compares T top-loading to symmetric top-loading. A circular umbrella with B=25' is almost
the same as a 3-wire T with 10' spreaders and 100' wires.

Figure 20 - Rr, RL and Rg as a function of H for B=20'.
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That's very interesting but it's again time for a reality check! Figure 20 shows the values for RL, Rr
and Rg when we add a real ground system. For H<50' RL pretty much dominates but above H=30'
RL is decreasing while Rr and Rg are rising. Note that even though we have kept the ground system
and soil characteristics constant as we varied H, Rg is not constant. There is a common
misconception that at a given frequency, with a given ground system design and soil characteristics,
that Rg is some fixed number without regard to the details of the vertical. This is not the case! Rg is
not something you measure with an ohmmeter. It's how we account for the ground losses (Pg)
associated with a given antenna for a given base current (Io).

𝑷𝒈 = 𝑹𝒈 𝑰𝟐𝒐

(2)

Pg represents the loss due to the E and H-fields which in turn are a function of both the base current
and the details of the antenna. As we change the antenna (for a given Io and ground system) Pg will
change and that means Rg will change. This point is important because as we change the form of
the top-loading the field intensities at the ground surface will change. With increasing H and/or larger
umbrellas, Rg becomes a more important factor. Lengthening the radials and increasing their
number can increase the efficiency substantially. The problem is space for longer radials and $ for
more copper!
Using the numbers in figure 20 and:

𝜼=

𝟏

𝑹 +𝑹𝒈
𝟏+ 𝑳

(3)

𝑹𝒓

we get the efficiencies shown in figure 21 for B=20'. With an umbrella radius (B) of 20' and a height
of 50' it's possible to get an efficiency approaching 20%. To radiate 5W (the expected initial power
limits for the band) we would only need to generate 25-30W!
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Figure 21 - Efficiency comparison between ideal and real grounds.
Sloping wire umbrellas
Despite the good performance which can be obtained with a large horizontal umbrella sometimes
they may not be practical. A alternative is to connect the umbrella wires to the top of the vertical and
slope them downwards towards ground as shown in figure 22. However, as we'll see, there will be
some compromise in efficiency.

Figure 22 - An example of a sloping wire umbrella.
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Figure 22 includes plots of Rr for H=50' vertical with a range of anchor point distances (A) and
umbrella heights (C). Note, the umbrella height (C) is the height difference between the skirt and the
top of the vertical. H=50' has been chosen as a compromise height which is not too difficult to
construct. Other heights can of course be used and the results would be similar. The angle between
the umbrella wires and the top of the vertical (θ) is: θ=ATAN(A/H). The larger we make A, the larger
θ becomes. For a horizontal umbrella θ=90̊. As shown in figure 17, with a flat umbrella (θ=90˚) Rr
increases steadily as the radius is increased but in the case of a sloping umbrella (figure 22) as we
increase either A or C the umbrella gets larger but Rr doesn't increase continuously. For a given A,
as we increase C, Rr rises initially, reaches a maximum and then decreases. This decrease in Rr is
due to the fact that the sloping umbrella has a current component opposing the current in the vertical.
Initially that's not too bad but eventually that takes over reducing Rr. If we look again at equation (1)
we can see that decreasing Rr can lead to lower efficiency.

𝜼=

𝟏

𝑹𝑳
𝑹𝒓

𝟏+

(1)

In the past there has been a general assumption that in top loaded verticals the ideal was to use
enough top-loading to maximize Rr. But in very short antennas where it's usually not practical to
have enough top-loading to resonate the antenna (i.e. Xc =0) eliminating XL what we really need to
look at is the ratio of RL/Rr. Figure 23 shows how RL varies with A and C.

Figure 23- Variation of RL with A and C.
We can combine the numbers in figures 21 and 22 to generate the RL/Rr ratio as shown in figure 24.
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Figure 24 - Variation of RL/Rr with A and C.
We can see that the RL/Rr ratio continues to decrease well beyond the peak for Rr as we increase C
but a point is reached (C≈0.4 -0.5 H) where the ratio flattens out and then increases again. We can
take the numbers in figure 24 and use equation (1) to determine the efficiency as shown in figure 25
which shows there is a optimum value for C with a given value of A. However, the optimum is very
broad so the value for C is not critical. figure 25 also shows how increasing the distance to the
anchor points helps to increase efficiency.

Figure 25- Efficiency as a function of A and C.
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Combined sloping and flat umbrella
There are practical limits for size of a horizontal umbrella but we can improve the performance by
adding sloping wires to the outer perimeter to form a composite umbrella. An example where the
"sloping" wires actually hang straight down from the horizontal part of the umbrella is shown in figure
26. In this case A=B. Due to the opposing currents in the drop wires Rr decreases as the drop wire
length (C) is made longer. However, RL is also decreasing due to a falling Xc. The effect on
efficiency from varying C is shown in figure 27.

Figure 26 - Horizontal umbrella with drop wires on the skirt perimeter. A=B.
Adding the drop wires allows an increase in efficiency of nearly 6% when C≈0.35H. The peak is also
quite broad so wire lengths are not critical. If your horizontal dimensions are really constrained this
type of umbrella might work very well, say in an urban backyard.
If there is space to move the anchor points for the drop wires further away (make A larger) then the
drop wires can be sloping as shown in figure 28, where H=50' and A is kept constant at 50' as B is
varied.
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Figure 27 - Efficiency of a horizontal umbrella with vertical drop wires on the perimeter of the
umbrella.

Figure 28 - Efficiency for a combined sloping and flat umbrella.
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The B=0' trace represents the case of only sloping umbrella wires. The B=10' and 20' traces show
the marked improvement gained by adding some horizontal component to the umbrella. For B=0',
η≈19% but when B is increased to 10', η≈27% and for B=20', η≈35%. These are very worthwhile
improvements which indicates that adding even a small horizontal section to the umbrella is
worthwhile. Compared to figure 27 where the drop wires were vertical, sloping the drop wires shows
an improvement in efficiency of ≈4% which is useful.
Placement of the loading inductor
it is well known from HF mobile verticals that moving the loading inductor from the base up into the
vertical can increase Rr and efficiency[5, 6]. The effect on efficiency is quite broad with a maximum
when the coil is placed roughly in the middle of the vertical. Figure 29 gives an example of the
current distributions on a simple 50' vertical at 475 kHz, with the coil at the base and just above the
midpoint. For the solid lines, the vertical conductor has a diameter of 1". We can see that when the
coil is moved from the base to the midpoint the current below the coil remains high. the result of
increasing the current is a higher value for Rr: 0.22 Ω → 0.57 Ω. But XL also gets larger: 2369 Ω →
4673 Ω. For a given Q, RL will also increase with a larger value of XL. The result is generally an
improvement in efficiency at least for coil positions up the midpoint or a bit above it.

Figure 29 - Current distribution on a 50' vertical as the loading inductor is moved from the base to
near the midpoint.
There is also a dashed line in figure 29. In the recent past there has been a great deal of discussion
regarding the effect of the coil capacitance to ground on the current distribution which I don't want to
rehash here but I would like to observe that 630m verticals are usually much shorter (in terms of
wavelengths) than a typical HF mobile whip. For example, an 8' whip at 7.2 MHz is about 0.06λo
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whereas a 50' vertical at 475 kHz is about 0.02λo. The result is that the loading coils will be much
larger. Coil diameters of 1-2' and lengths of 2' or more are not unusual. In addition, because the
antennas are so short the voltages to ground for a given power level will be much higher. The result
is higher capacitance with a higher voltage across it. This observation caused me to wonder if I
needed to include this effect in my modeling. As a trial, in the vertical shown in figure 28, I added a
section of larger conductor (10" in diameter by 18" long) near the midpoint just to see the effect on
loading. On the graph you can see that the larger diameter section does affect the current distribution
but not grossly. The larger diameter section acts as a capacitive loading device and Xc (at the base)
goes from -2369 Ω to -2301 Ω but there was very little change in Rr. I played around a bit more with
this kind of modeling but the effects I could see were not very large but adding this refinement did
complicate the modeling. I think for this discussion, this refinement is not needed and I'll not use it.
This will however, be a item for discussion in a later article.
Due to wind drag considerations mobile verticals seldom have very much capacitive top-loading but
the antennas we've been looking at all have lots of top-loading, as much as we can contrive to build!
Moving the inductor up into a heavily top-loaded vertical has much less effect on the current
distribution than it does in a simple vertical and as a result the efficiency changes much less. Figure
30 gives an example of a T antenna with H= 50' and a three wire 100' hat. As the inductor is moved
from the base up into the vertical the current below the inductor does increase but not by a lot. Even
with the inductor at the base, the current at the top of the vertical section is already >0.8 times the
base current.

Figure 30 - Current distributions on a top-loaded vertical for various loading inductor heights.
26

Figure 31 shows the effect of loading inductor position on efficiency when QL=400. There is some
improvement when the coil is near the midpoint but it's only on the order of 1% or so. Personally, that
small an improvement is not worth the hassle of hanging a large inductor up in the air. In fact you
may have to use a smaller, lighter inductor if you hang it up in the air which very likely will have a
lower Q, increasing losses and defeating the reason you elevated the inductor in the first place. You'll
have to decide for yourself if it's worth the trouble. This kind of limited efficiency improvement when
elevating the inductor is typical for heavily top-loaded verticals. On the other hand if the top-loading
not so large so that the current at the top of the vertical is <0.4-0.5 Ibase and more top-loading is not
practical then moving the coil up into the vertical may help. This has to be evaluated on a case-bycase basis.

Figure 31 - Effect of loading inductor height on efficiency.
Ground systems
Up to this point we've only briefly discussed the effect on efficiency when using a real ground system.
Time to look more closely at ground systems! A ground system can take several forms:
1.
2.
3.
4.

Radial wires either lying on the ground surface or buried a few inches.
Ground rods.
Some combination of 1 and 2.
Elevated radial wires in the form of a counterpoise.
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Buried radial ground systems
We'll start with the familiar buried wire radial system. An example is shown in figure 32.

Figure 32 - Efficiency compared to Ga as the radial lengths are varied. H=50' with a 16 wire 25' radius
umbrella and a 32 radial buried ground system.
Besides a sketch of the antenna model, figure 32 graphs both Ga and efficiency (=Rr/Ra) as a
function of ground system radial length. Ga represents the ratio of the radiated power at a point very
distant from the antenna to the excitation power at the feedpoint. Ga includes the near and far-field
losses. Rr/Ra on the other hand, represents efficiency in terms of the near-field losses only. As
shown on the graph, including the far-field loss decreases the efficiency by a constant 1.9 dB for this
particular soil. The length of the radials does not affect this difference. Either Ga or Rr/Ra can be
used for efficiency comparisons but since I've been using Rr/Ra, for this part of the discussion I'll
continue to do so.
Examples of the effect of radial length on the equivalent ground loss resistance (Rg) for different
numbers of radials is shown in figure 33.
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Figure 33 - Effect of radial length on Rg for 8-64 radials.
Figure 33 makes it pretty clear that a large number of radials are needed, certainly within a 50' radius
from the base. By amateur standards, 150' radials are quite long but at 475 kHz that's only 0.07 λo
which is much shorter than the usual 0.25 λo recommendation. However, few amateurs will have the
space for 500' radial wires.
We can combine Rg with Rr and RL to get the efficiency curves shown in figures 34 and 35. I've
chosen to add a graph (figure 35) which shows efficiency in dB to illustrate the effect on radiated
signal. These graphs also demonstrate the need to use a large number of radials, especially if the
available space does not allow long radials.
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Figure 34 - Efficiency as a function of radial length and number.

Figure 35 - Efficiency in dB as a function of radial length and number.
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Figures 32-35 have a 16-wire umbrella but as can be seen in figure 36, if we reduce the number of
umbrella radials (keeping the lengths the same) the efficiency falls. Note also that the slope of the
efficiency for the 4-radial umbrella begins to level out at a shorter radial length. Using as much
capacitive top-loading as possible is important!

Figure 36 - Comparison of efficiency between four and sixteen radials in the umbrella.
If you live on a 60' wide lot your radial lengths are limited to 30', at least across the width of the lot.
You may be able to use longer radials lengthwise and I encourage you to do so. One way to improve
a small radius ground system is to add ground stakes at the outer ends of the radials which is
something that deserves to be explored but is beyond the scope of this article.
Counterpoises
In the early days of radio operating wavelengths were in the hundreds or thousands of meters.
Ground systems with λo/4 radials were rarely practical but it was recognized that an elevated system
called a "counterpoise" or "capacitive ground", with dimensions significantly smaller than λo/4, could
be quite effective. Figure 37 gives an example of a counterpoise.
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Figure 36 - A typical counterpoise ground system. Figure from Laport[7].
Here is an interesting quotation from Laport[7] regarding counterpoises:
"From the earliest days of radio the merits of the counterpoise as a low-loss ground system
have been recognized because of the way in that the current densities in the ground are more
or less uniformly distributed over the area of the counterpoise. It is inconvenient structurally to
use very extensive counterpoise systems, and this is the principle reason that has limited their
application. The size of the counterpoise depends upon the frequency. It should have
sufficient capacitance to have a relatively low reactance at the working frequency so as to
minimize the counterpoise potentials with respect to ground. The potential existing on the
counterpoise may be a physical hazard that may also be objectionable."
Laport was referring to counterpoises with radii significantly smaller than λo/4.
Rectangular counterpoises, some with a coarse rectangular mesh, were also common. A rather
grand radial-wire counterpoise is shown in Figure 38.
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Figure 38 - A very large LF elevated ground system. From Admiralty Handbook of Wireless
Telegraphy, 1932 [8].
Amateurs also used counterpoises. Figure 39 is a sketch of the antenna used for the initial
transatlantic tests by amateurs (1BCG) in 1921-22[9, 10]. The operating frequency for the tests was
about 1.3 MHz (230m). At 1.3 MHz λo/4 = 189' so the 60' radius of the counterpoise corresponds to
≈0.08λo.

Figure 39 - EZNEC model of the 1BCG antenna.
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Note that in all these examples a large number of radials were used.
We could replace the buried radial ground system used in figures 32-35 with a counterpoise. For
safety reasons the counterpoise will have to be at least 8' off the ground so that there is no danger of
casual contact with the high potentials which may be on the counterpoise while transmitting. In the
following examples I'm going to assume you have followed my first two rules of thumb: i.e. you've
made the vertical as tall as possible and added as much capacitive top-loading as practical. For the
moment we'll keep the height of the top of the vertical at 50' and assume a 16-wire, 25' radius
umbrella. What I'm assuming here is that you're trading the buried wire ground system in figures 3235 for an elevated counterpoise. This means that the total length of the vertical will be reduced from
50' to 42'. In the following comparisons the counterpoise will have the same radius and number of
radials as the earlier examples with the buried wire system.
Figure 40 shows a comparison between equivalent buried radial systems and equivalent
counterpoises for 16 and 64 radials as the radius of the ground system is varied from 10' to 50'.
Note, in figures 40-43 the solid lines are for the counterpoise and the dashed lines are for the buried
radials.

Figure 40 - A comparison between buried ground systems and counterpoises. The solid lines are for
the counterpoise and the dashed lines for the buried wire system.
The results show why a counterpoise is worth considering when the available space is limited. For 16
radials the counterpoise is superior for radii less than 100'. With 64 wires the counterpoise is better
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out to about 35' after which the buried system is better. That's great but we have to remember that
the counterpoise is a large and very visible elevated structure while the buried or ground surface
system is out of sight. In addition the counterpoise will require posts to support the ends, insulators at
the outer periphery, a larger value for the loading inductor and an isolation choke for the feedline.
This of course is just for one example where H= 50' and a 25' radius hat with 16 radials. To
generalize to other configurations it's useful to look in more detail at what's happening to Rr and the
loss components RL and Rg as we vary the ground system radius. Figures 41-43 show comparisons
between a buried system and a counterpoise of Rr, RL and Rg as a function of radial length.

Figure 41 - Comparison for Rr between buried and counterpoise ground systems. The solid lines are
for the counterpoise and the dashed lines for the buried wire system.
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Figure 42 - Comparison for RL between buried and counterpoise ground systems. The solid lines are
for the counterpoise and the dashed lines for the buried wire system.

Figure 43 - Comparison for Rg between buried and counterpoise ground systems. The solid lines are
for the counterpoise and the dashed lines for the buried wire system.
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For convenience here is equation (3) again:

𝜼=

𝟏

𝑹 +𝑹𝒈
𝟏+ 𝑳

(2)

𝑹𝒓

As the figures show, there are significant differences between the values and behavior of Rr, RL and
Rg. As shown in figure 40, Rr for the vertical with a counterpoise is significantly lower than the
ground based system. The reason for this is that the length of the vertical is shorter with the
counterpoise. For short verticals, Rr varies as the square of the length. For example comparing Rr'
at 42' to Rr at 50', where Rr=0.79 Ω:

′

𝟒𝟐 𝟐
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Which agrees with what we see in figure 41. If we have a vertical taller than 50' the reduction in Rr
from shortening it's length by 8' will be reduced but if the vertical is shorter than 50' the reduction in Rr
will be greater.
Figure 42 shows how much larger RL becomes when the counterpoise is employed. This comes
from two sources: first, Xc is larger due to the shorter length and second, the counterpoise itself
introduces a series capacitive reactance (Xcp) in series with Xc. Since, for resonance, XL=Xc+Xcp,
the loading inductor will be larger which increases the inductor loss resistance RL. Increasing the
radius of the counterpoise and the number of radial wires reduces Xcp.
The trends in figures 41 and 42 would seem to favor the buried ground system but figure 43 gives the
opposite message. Figure 43 shows us that the counterpoise is indeed a very efficient ground
system which has much lower ground losses as reflected in the lower values for Rg. When you
combine the values in figures 41-43 with equation (2) you get the result shown in figure 40 where the
counterpoise has better efficiency for the smaller radii (<35').
In some ways however, the comparison just made between a ground base system and a
counterpoise is a bit misleading because I assumed that the overall height of the vertical was limited
to a fixed value (50'). If we keep H=50' and simply elevate the entire vertical 8' so that the top is now
at 58' then the results are different as shown in figure 44 where the dashed lines are for buried wire
ground systems and the solid lines are for a counterpoise with the same number of radials and
radius.
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Figure 44 - Efficiency comparisons between counterpoise and buried wire ground systems for top
heights of 50' and 58'.
What we see is that simply raising the entire antenna up 8' and substituting the counterpoise for the
buried wire system, there is a large improvement in efficiency and the counterpoise is superior at all
radii up to 50' and probably well beyond. You could argue that if we can raise the entire antenna 8'
we could just as well have simply increased H to 58' and retained the buried ground system but as we
can see in figure 44, the counterpoise is still better at least out to radii of 50'. While the counterpoise
look superior at small radii if we could extend the ground systems out to radii approaching λo/4 (≈500')
then we would see convergence and at some point the buried wire system might be better.
The point being made here is that if you have reasonable heights for the vertical and lots of
capacitive top-loading but very restricted room for the ground system, then a counterpoise may be the
best option. But we have to be careful in drawing general conclusions from the limited examples
given here. There are many variables, ground characteristics, height of the top of the vertical, height
of the bottom of the vertical, the amount of top-loading, the number of wires in the counterpoise, the
radius, etc, so the choice between buried wire and counterpoise ground systems is not obvious. The
considerable mechanical complexity and visual impact of a counterpoise may also militate against it.
This choice has to be made on a case-by-case basis and will probably require modeling with NEC4
software.
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Conductor losses
Up to this point I have ignored the conductor losses but unfortunately in real antennas these can be
very large and steps must be taken to minimize these losses. Figure 45 serves to illustrate the
problem. The vertical has a 16-wire flat umbrella with a radius of 25'. H is varied from 20 to 100'
using either a #12 wire or a 4" diameter tube for the vertical. The modeling is done over perfect
ground with the only loss being due to the conductors. The loss with the #12 wire is quite high
(several dB) especially for the smaller values of H. When we replace the wire with a tube the loss
drops to a fraction of a dB. We've only changed the vertical conductor, not the umbrella conductors
but as you might expect with so many wires in the umbrella the conduction losses are small. Besides
reducing conduction losses, using a large number of wires in the umbrella increases the top-loading
which also improves efficiency as shown earlier. The downside to more wires in the umbrella is
greater susceptibility to damage from ice loading.

Figure 45 - Comparison of Ga with a #12 wire and a 4" tube vertical conductor.
The larger diameter vertical conductor in this example was assumed to be a tube, some irrigation
pipe for example, but you could also use a number of parallel wires but these should be arranged in a
circle to more evenly divide the currents among the individual wires. You might also want to make
the circle diameter 1-2' or even larger. The message here is to be aggressive with conductor sizing in
the vertical.
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Feedpoint impedance matching
Up to this point I've been assuming we were placing the resonating inductor in series with the
feedpoint as shown in figure 46A. This subject is discussed in more detail in part 3 in the context of
experimental examples of actual antennas so I'll keep my remarks at this point brief.

Figure 46 - Impedance matching schemes.
If we just tune out Xc with XL the feedpoint impedance becomes Ra which is resistive but in most
cases much lower than 50 Ω. One way to fix this is to add a L-network as shown in figure 46B. X1,
the series inductive arm of the L-network, will normally be incorporated into XL which is simply
increased in value to XL+X1. X2 is the shunt capacitive arm of the L-network. There is a good
discussion of matching with L-networks in the last several editions of the ARRL Antenna Book.
Personally I prefer to use the scheme shown in figure 46C where XL is adjusted for resonance when
connected as shown in figure 46A and then the bottom end of XL is grounded and the feedpoint is
tapped up on the coil to find a match.
Experimental verification
NEC modeling is a powerful tool but it's not perfect. Whenever possible I like to compare my results
with high quality experimental work. Fortunately such work is available. In October 1947 Smith and
Johnson[11] published an IRE paper on the "Performance of Short Antennas" which presented their
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experimental work at MF on a 300' tower with a small flat top-hat, eight sloping umbrella wires and a
base loading inductor. This paper is a beautiful example of first class experimental work.
Measurements were made at several frequencies from 120 to 350 kHz with the umbrella wire lengths
varied in steps from 100' to 450'. Figure 47 is a sketch of the tower and umbrella arrangements. The
angle between the tower and the umbrella wires was≈48˚. H= 300' represents 0.037λ o at 120 kHz
and 0.107λo at 350 kHz so despite the large physical size, this is still a "short" vertical.

Figure 47 - Sketch of the experimental antenna from Smith and Johnson[tbd].
The ground system had five hundred 75' radials and two hundred and fifty 400' radials. The 400'
radial wires extend a short distance past the outer edge of the umbrella when it's wires are at
maximum length. At 120 kHz 75'=0.009λo and 400'=0.03λo. At 350 kHz, 75'=0.027λo and
400'=0.14λo. Compared to standard BC practice (0.4λo radials) this is a very abbreviated ground
system. A small ground system is just what we might expect with a short amateur vertical! The five
hundred 75' radials are in effect a ground screen close to the base of the vertical where the E-fields
can be very intense.
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Part of the experiment was a measurement of field strength at one mile with 1 kW of excitation. This
was done at several frequencies with a range of umbrella wire lengths and loading coil Q's. An
example of the results is given in figure 48 for a loading coil QL=200.

Figure 48 - An example from Smith and Johnson[4].
Changing frequency with a fixed H is equivalent to changing H at a fixed frequency. Figure 48 sends
a clear message: the taller the better! H is a dominate factor in achievable efficiency. There are two
sets of data on the graph: the first is the solid line for the case of no skirt wire around the outer
perimeter of the umbrella and the second (the dashed line) is for case where a skirt wire connects the
outer ends of the umbrella wires. The point of maximum signal can be viewed as the optimum length
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for the umbrella wires. The relative field intensity can be used as a surrogate for efficiency. The
higher the field intensity, at a given distance, for a given input power, the higher the efficiency.
Note the correspondence between the experimental work in figure 48 and the NEC results in
figure 25: both figures tell the same story!
Using a skirt provides more capacitive loading for a given length of umbrella so we see the peak
move to the left, toward shorter umbrella wires. In both cases the peak is quite broad especially for
the un-skirted umbrella.
It is also interesting how the peak field point moves towards longer umbrella wires at lower
frequencies (corresponding to smaller H in λo) and the peak field also declines indicating lower
efficiency. That's no surprise really, the antenna is electrically smaller at the lower frequencies and
less efficient. The shift of the peak towards longer umbrella wires is a reflection of increased loss
(lower efficiency). Again, this agrees well with the NEC modeling. I strongly recommend reading the
Smith and Johnson paper[11] as well as Belrose[12, 13] and Sevick[14, 15, 16].
Summary
From both modeling and experimental work we can give some general advice:
1.
2.
3.
4.
5.
6.

Make the vertical a tall as possible.
Use as much capacitive top-loading as possible.
Make the ground system as large and dense as practical.
Use high-Q inductors for loading/matching networks.
Be aggressive in conductor sizing especially for the center conductor.
Use high quality insulators both at the base and for the umbrella.

If you do these things then it's possible to have reasonable efficiencies even with very small
antennas.
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Some comments on NEC modeling
Part 2 has been mostly a NEC modeling study. Done carefully such modeling can be very helpful
and lead to practical designs. For this study I used software with the NEC4 engine (EZNEC pro V5).
While NEC4 is essential to modeling antennas with buried wires, NEC2 software is perfectly
adequate for most calculations and you can go a long way towards optimizing a design using only
NEC2. NEC2 software[1] is free, available on line, easy and fun to use and more than adequate for
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most of modeling you will want to do. Obviously at some point you have to stop playing with the
software and build something but using NEC modeling to decide what to build will greatly improve the
chances for a useful outcome. It's my opinion that a cut-and-try approach for 630m antennas is
foolish when you have a powerful tool like NEC2 available to sort through the antenna variations that
might work in a particular situation. In the end you will have to make final adjustments on any
antenna you build but NEC2 can make that process much less work.
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