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Some Thoughts on Radiation Resistance

An explanation of the relationship between radiation and ground loss resistance.

Vertical antennas with radial ground systems have been
used since the earliest days of radio. Given 125 years of ex-
perience it would appear very unlikely there is anything new
to add to the story, but our technical resources have improved
dramatically. It is now possible to explore antenna behavior in
a detail previously impractical. Computing power has drasti-
cally improved along with the creation of excellent free CAD
software [1] [2] [3] for antenna modeling. Inexpensive vector
network analyzers (VNA) are available, making accurate
feedpoint impedance (Zi = Ri + jXi) and transmission (S21)
measurements in the field much easier.

In this article I want to use some of these capabilities to
address a small mystery which has been with us for some 90
years. I will also show how the traditional equivalent circuit
model for feedpoint impedance shapes our views on how
antennas work and generates some controversy. The discus-
sion begins with the traditional equivalent circuit for the
input resistance. Then there is a careful discussion of what
is meant by the term “radiation resistance.” Finally the “mys-
tery” is shown and the conclusions resulting from it.

Feedpoint Equivalent Circuit

Figure 1 is an equivalent circuit representing the feedpoint
impedance, Zi = Ri + jXi, of a resonant (Xi = 0) vertical
close enough to ground for the power lost in the soil to be a
concern. (This equivalent circuit is typical of antenna texts,
such as Kraus, Johnson, Laport, etc. — Ed.)

Several quantities are defined. For example, lo is the RMS
input current and Ri = Rr + Rg + R; is the input resistance.
The input power is simply: Pi = Io” / Ri. Pi is dissipated in
two ways: some is radiated (P ) and the rest is dissipated as
heat in the soil (P,) and antenna conductors (P} ). The radia-
tion efficiency (n) is the ratio of the radiated power to the
input power:

n=P./P,=Rr/Ri

where Rr is the “radiation resistance” (Rr="P_/ Io%) and
Rg is the “ground loss resistance” (Rg =P p /10%). Usually,
P g is much larger than P| so for the purposes of this discus-
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Figure 1 — Feedpoint equivalent circuit when resonant.

sion P| will be omitted. Notice that this equivalent circuit
separates the radiated power from the ground loss power by
assuming that P is not part of P_. This assumption is built
into the equivalent circuit. This small point will be important
later. This simple intuitive equivalent circuit has a long his-
tory of practical use so you wouldn’t think there was much to
argue about, but that’s not quite true.

One point often misunderstood is the meaning of Rg. Rg
is defined as: Rg = P_/ o’ but Rg is not a fixed resistance
determined solely by lo and the details of the soil and radial
system, exclusive of the antenna. The loss in the soil close
to the base of a vertical is the result of the electromagnetic
fields in the soil which varies with radial distance from the
base. This loss varies as the square of the field intensity, so
Pg is quite sensitive to small changes: not only the physical
ground system configuration and soil characteristics, but also
the details of the current distribution on the vertical which
can change in subtle ways interactively as the soil or ground
system is changed. Rg is just a bookkeeping tool to relate Pg
to lo and R is another relating Pr to lo. We have to be care-
ful to define what we mean by “radiated power” and what
constitutes “ground loss.”



Radiation Resistance, Rr

For a lossless antenna in a lossless space the definition of

Rr is simple and non-controversial, but for antennas in lossy
environments (reality!) things get more complicated. (“Loss-
less” means that Rg and R; equal zero — no ground or
element resistive losses. See Reference 5. — Ed.) Looking
through the literature for the past 100 years or so, the defini-
tions for Rr in a lossy environment have often been incon-
sistent or absent. Everybody talks about Rr for a lossless
antenna in free space but not so much about the real world.

Rr For a Lossless Antenna

A definition of Rr associated with a lossless antenna in free
space, can be found in any antenna book. A typical example
is given in the Radio Engineers’ Handbook by Frederick
Terman [4]:

LN The radiation resistance referred to a certain point
in an antenna system is the resistance which, inserted at that
point with the assumed current Io flowing, would dissipate
the same energy as is actually radiated from the antenna
system. Thus:

radiated power
12

0

Radiation resistance =

Although this radiation resistance is a purely fictitious
quantity, the antenna acts as though such a resistance were
present, because the loss of energy by radiation is equivalent
to a like amount of energy dissipated in a resistance....... ”

For a lossless antenna in a loss free space the equivalent
circuit for the resistive component of the feedpoint imped-
ance is simply a resistor as shown in Figure 2.

Rr and Lossy Antennas

Discussions of Rr where the effect of a lossy dielectric in the
near-field (soil for example) is considered are not very com-
mon and sometimes there are differences between authors.
The effect of ground (which is a complex lossy dielectric) on
Rr is greatest for antennas close to ground.

The equivalent circuit for the resistive part of the feed-
point impedance in a lossless antenna is simply a resistor but
for real antennas, as was shown in Figure 1, the model is
more complicated. This model has been in use since the early

days of radio and is considered “traditional.” An explanation
relating to Figure 1 can be found in Edmund Laport, Radio
Antenna Engineering [5]:

“.... The antenna resistance therefore is composed of sev-
eral components which account for the various power losses.
The energy lost from the antenna circuit because of the radia-
tion of waves into space is of course the usefu/ loss, and that
component of antenna resistance which is associated with the
radiation of energy is called the “radiation resistance.” The
efficiency of the antenna system is the ratio of the radia-
tion resistance to its total resistance. In antenna engineering
one of the objectives is to make this ratio as large as pos-
sible...... ”

Note that “useful” in “useful loss” is in italics to highlight
it. Laport is emphasizing that Rr is derived from the radi-
ated power observed at a distance from the antenna; the
local power loss in the soil (P,) is not included in Pr. As an
antenna engineer, his job was delivering a signal to a remote
point so that definition is not surprising. Laport is not the
only one to make this careful distinction. Johnson, in his
Antenna Engineering Handbook |6], makes the same point
with the following definition for Rr:

“.... R, = antenna radiation resistance. The antenna
radiation resistance R, accounts for the radiation of useful
power.....”

The explicit definition of Rr in terms of “useful power” in
professional literature suggests that the definition for Rr in a
lossy environment may have been a matter of dispute or at
least discussion for some time.

Laport describes how one might determine Rr:

“.... The classical original method of computing the radia-
tion resistance of an antenna was to compute its radiation
pattern at great distance in terms of field strength and square
the field strength at all points on an enclosing hemisphere (in
the case of an antenna located near ground). The radiation
pattern is then in terms of power flowing outward through
the hemisphere, and the integration of power flow over the
surface of the enclosing hemisphere gives the total radiated
power from the antenna. ........ ”

This idea is illustrated in Figure 3.

This is the procedure I use for computing Rr using values
for E and H fields from CAD modeling. At this point we
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Figure 2 — Feedpoint equivalent circuit for a lossless antenna, P =P..
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Figure 3 — Derivation of P_from integration over a virtual surface
with radius r.
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need to be a little careful. Johnson, Laport and many others
define Rr in terms of the far-field, distant from the antenna.
P o then represents all the power lost from the antenna base
out to infinity. This is not quite the same as how I have
defined Pg in previous articles [7]. When modeling verticals
with radial ground systems one common exercise 1s to vary
the number and length of the radials. In a general way more
and longer radials reduce the value of P_. In fact when using
numerous radials a point of vanishing returns is reached
where P_ decreases very little with an increase in radial
length. "lgypically this occurs for radial lengths greater than
~ 0.4)0. (Lo is the free space wavelength at the operating
frequency.)

When performing the power integration over a hemi-
sphere, I typically use the field components at a radius (r)
equal to 0.5h0 which is the radius within which the ground
system significantly affects the radiated power. Restricting r
to be less than infinity greatly complicates the calculation be-
cause of the need to use the phase and amplitude of both the
E and H fields at radius r for the calculation. For the infinite r
case, modeling software usually provides the “average gain”
which is P integrated at infinity divided by P;. The differ-
ence between the two calculations is usually quite small but
allows for the case where radiation closer than infinity might
be considered “useful.”

Alternate Definitions for Radiation Resistance (Rr’)

Terman is very explicit:

T - : radiated power >’

Radiation resistance = 72

Radiation resistance is defined by radiated power and lo.
There seems to be no wiggle room here. It could be argued
that any “radiated power,” whether into space or into the
ground, should be counted towards P, and Rr derived from
that value. It would appear from Figure 3 that Pg represents
power “radiated” from the antenna into the ground and
should be counted as part of P_. This appears to be a reason-
able intuitive observation. Carrying this idea forward we
might say that P’ =P+ P_ and therefore Rr’ = Rr + Rg.
The key assumption is that the power dissipated in the soil is
“radiated” from the antenna. It turns out that is substantially
not the case. For antennas close to ground only a small part
of the power dissipated in the soil (Pg) is “radiated” from the
antenna!

Some Explanation

We need to step back and look closely at the EM fields
close to the antenna. These fields have energy-storing reac-
tive near-field (or induction field) and radiating field compo-
nents. Mathematical expressions for the E-field have three
amplitude terms, one varying as 1/, a second as 1 /1* and a
third as 1/ r°, where r is the distance from the source. Kraus
|8] has a very helpful graph showing the relative ampli-
tudes of these terms as a function of distance r / A (radius in
wavelengths) from a small antenna shown in Figure 4. The
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Figure 4 — From Kraus, Antennas, 2nd edition, Figure 5-6 [8].

radiator in Kraus is assumed to be a very short electric dipole
with a constant current distribution. An actual antenna with
some physical height will be an end-to-end stack of these di-
poles with an overall current profile suitable for the antenna.
This means that at any point away from the antenna the fields
will be a linear superposition of the short-dipole fields. This
complicates the fields in the immediate region of the antenna
but we can still use the simpler expressions to understand the
general nature of the fields.

The key point to note is that the 1/ (r/A*) and 1/ (r/ 1)
terms are non-radiating, they represent energy stored in the
near-field. Only the 1/ (r/ A) term represents radiation. This
graph is for Ey at any angle. For this discussion I'm assum-
ing 6=90° and the ground loss is proportional to Eg along the
ground surface.

One more point to note, Figure 4 is in terms of the relative
E-field amplitude but any loss or radiated power will vary as
the square of the amplitude which expands the Y-axis scale,
i.e. 0.1 — 0.01 or 10 — 100, etc. This greatly increases rela-
tive differences. For r/ A < 1/27n (=0.16) the loss is dominated
by the 1 /r*and 1 /1’ terms and little ground loss is due to the
radiation term 1 /. From the r /A = 1/2xn point to my usual
boundary at R /A= 0.5, the 1 / r term dominates but by that
point the field amplitude is down by orders of magnitude, so
the loss is still relatively small.

This sounds reasonable, but we need to be more careful.
When a radial ground system is used, the field intensities in
the soil close to the base are greatly attenuated, which is why
we use a radial ground system. However, as one goes away
from the base the space between the radial wires increases
and the field attenuation in the soil is reduced. One could
argue that further from the base, where the radiation term
[1/(r/L)] becomes more significant that the proportion of
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Figure 5 — Experimental values for Ri at the base of a 1/4-wave verti-
cal at 7Z.2MHz.

radiated power in P will increase.

There is another complication. Soil is a lossy dielectric.
‘When the soil is close to the antenna, Ri will increase reflect-
ing the losses but there is also a non-lossy effect on Ri. As
I showed in my 2015 QEX articles, [7] even if the nearby
dielectric is lossless, just its presence in the near-field of the
antenna changes Rr. It could be argued that the volume of
soil within the near-field is part of the antenna.

There are alternate views on the definition of Rr with a
lossy dielectric in the near-field. The traditional one of Pr
= useful power has intuitive appeal and practical use. The
alternate views are an interesting intellectual exercise, but
I don’t see them as having a lot of practical use, at least for
antennas in a lossy environment, although that is certainly
open to debate.

A Small Mystery

Does all this quibbling over the definition for Rr matter
or is it an insignificant detail? What follows suggests it does
matter. P, and Ri are easily measured at the feedpoint, but
Rr and Rg cannot be separately determined from a feedpoint
measurement. Determining Rr and Rg requires knowledge of
the E and H fields near the antenna. In the past this required
some daunting math and/or difficult measurements so the
problem was simplified by assuming Rr equals the Ri value
of a lossless vertical over a perfectly conducting plane. For
a lossless resonant A/4 vertical over perfect ground Rr is
very close to 36 Q. In the traditional view, if we know Ri
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and R; is small then Rg = Ri - 36 Q. As the
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typical measurement [9].

In this example the radial length was
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'y
=]

decreasing as more radials are added but

there is a limit. By the time there are ~40

Ri, Rr and Rg [Q]
]

i
i

radials, Ri has flattened out at ~40 Q imply-

ing Rg~4 Q and n~36/40=0.90. The v

~n
o
i

Ri curve seems to show that using more

than 40 radials in this case will result in no

increase in radiated power. However, during 10 >

that particular experiment a transmission

-

i s i I P Ay

measurement was made (the change in
signal received at a distant point) which is o 10
shown in Figure 6.
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Figure 6 shows continuing improvement
past the point where Ri has leveled out in
Figure 5. The two figures do not agree. This is not a new
observation for such measurements.

Figure 7 is taken from the 1937 IRE paper by Brown,
Lewis, and Epstein (BLE) [10] which is a reference for
many subsequent broadcast and amateur antenna ground
system designs. In Figure 7, R corresponds to Ri and F is
signal strength (mV/m) at a distant point. In this example
the number of radials was fixed at 113 but the length varied
from 50 to 135 feet. The test frequency was 3 MHz where
50 — 135 feet corresponds to radial lengths of 0.15A - 0.410.
The height of the test antenna was 77° rather than 90° so the
theoretical Rr was lower. Like Figures 5 and 6, R flattens
out with improvement in the ground system, but F continues
to increase. What is happening? I am not the

Figure 8 — Ri, Rr and Rg versus number of radials.

tions, r was set to be approximately the outer edge of the
reactive near-field which is ~A/2 for a A/4 vertical. The near-
field decays exponentially so there is no “hard” edge but

r = M2 is a reasonable compromise. P; and Ri are provided
directly by the software. Of course, we still have to deter-
mine the fields on the surfaces. In the past that was often a
serious mathematical exercise and/or an involved experi-
mental procedure but we are more fortunate, CAD modeling
can generate this information with minimal effort. For an
arbitrary antenna this can still be a challenge but things are
much simpler with a ground-mounted vertical because the
fields are azimuthally symmetric. We only need to calculate

first person to look at the BLE graphs and raise

e P~

questions. Dave Gordon-Smith, G3UUR, in 1.00
his 2016 RadCom article [11] raised several 0.95
questions. In particular he questioned the con- 56

ventional belief that Rr for a A/4 vertical is 36 e

Q independent of the soil and ground system.
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EZNEC modeling can be used to explore that
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surface are known the outward flowing power
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density (S in W/m®) can be determined from
the vector product of the E and H field compo-
nents. By summing S over the surface, the total
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power passing through that surface for a given
input power can be determined. For Pr calcula-
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Figure 9 — Efficiency versus number of radials.
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Figure 10 — Signal strength [mV/m] versus number of radials for several radial lengths.

where ¢ is the conductivity in S/m and er is
the relative dielectric constant. The radials
were buried —1” and the feedpoint located
at the base of the vertical at the junc-
tion with the ground system. The length
of the vertical was adjusted to maintain
resonance as soil and radials were altered.
EZNEC Pro/4+ v.7.0 [1] with the NEC5
engine combined with AutoEZ [3] were
used for the modeling.

Figure 8 shows contours for Ri, Rr,
Rg, and Ri— 36 Q as a function of radial
number using 20 m (~)o0/4) radials over
average ground. The Ri contour is pretty
much what we would expect, starting at a
high value with four radials and steadily
decreasing as the radial number increases,
flattening out and approaching 36 Q with
128 radials. If Rr =36 Q then the Rg con-
tour would look like the dashed line
(Ri = 36) which indicates that Rg=~0 for
128 radials. But when Rr is derived from
the radiated power, we get Rr = 30 €, sub-

e — stantially less than 36 Q. The Rg contour
e | Somvertical [ ] E—— shows Rg = 7 Q when 128 radials are used.
330 — 0.005/13 soil Nllz‘g — = ol . Note that Rr peaks at N = 20 and actu-
—  Efieldat = —— T N=64 — ally goes down a small amount for more
=T X=5(:,(:r=nl,k€‘=’20m A numerous radials.
310 // s - ———— Using these values for Ri and Rr we can
_ % ] N=32 —] graph the efficiency as shown in Figure 9
E L ] ] with contours for Rr/ Ri and 36 / Ri. If Rr
T 0 /; o - were actually 36 € then the efficiency with
T 580 e - 128 radials would be close to 1 (100%)
& - but in reality the efficiency is significantly
e lower, =0.80.
260 —— T “Radiation efficiency” is not a common
N=8 metric. It is more usual to graph the field
20 strength at some distant fixed point (X, Z)
240 o as shown in Figures 10 and 11. The effect
T of longer radials on signal strength at a
0 10 15 20 25 30 35 0 given distance (X =500 m and Z =20 m
Radial length [m] and Pi = 1kW) is illustrated in Figure 10 for

Figure 11 — Signal strength [mV//m] versus radial length for various radial numbers.

the values at a number of points along a 90° arc in the X-Z
plane. These values can then be entered into a spreadsheet
to calculate close approximations for P and P, for a given
input power and from them Rr and Rg may be derived.

A Modeling Example

The modeling frequency was 3.6MHz. The vertical and
the radials were #12 wire. Radial lengths (L) were varied
from 10 m to 40 m (=0.12 to 0.48X) over four different
soils: free space (o0 =0, er = 1), poor (¢ = 0.002, er = 13), av-
erage (o = 0.005, er = 13) and very good (o = 0.030, er = 20)

different numbers of radials. Signal strength
can also be graphed versus radial length as
shown in Figure 11.

Figures 8 and 9 assumed 20 m radials.
Figure 12 shows the effect of longer radials on Rr. When
128 40 m radials are used, Rr almost reaches 36 Q.

Figure 13 shows Rr when 20 m radials are used over dif-
ferent soils ranging from free space to very good. Rr is not a
very strong function of radial number but rises steadily with
soil conductivity approaching 36 Q for very good soils.

Despite the unexpected dance between Rr and Rg, the
Ri and signal strength graphs derived from modeling cor-
respond well to field measurements. This discussion has
assumed a Y4-wave resonant vertical. However, verticals with
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other heights also show the same behavior, just with different

values. A more detailed discussion can be found in my 2015

article [7].

Ri Less Than 36 Q

Occasionally measurements of feedpoint impedance for a

Ya-wave vertical will yield values for Ri <36 Q. Such mea-
surements tend be dismissed as instrument errors but model-
ing and analysis both show that Ri < 36 Q is possible under

some conditions. It is also possible for Ri to increase with

radials longer than A/4. Again this does not fit the traditional
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model where increasing Ri would be associ-
ated with increasing Rg and reduced radiation
efficiency except that the field strength is still
increasing as shown in Figure 12.

Figures 14 and 15 show Ri as a function of
radial length for 32 and 128 radials over three
different grounds ranging from poor to very
good. Note that Ri decreases and the levels
out with increasing length up to roughly L =
20m, =A\/4. For longer radials, Ri increases
with length which certainly does not fit the
traditional Rr = 36 Q view. Amateurs gener-
ally use radials <\/4 so this behavior would not
usually be seen. It has however, been predicted
by James Wait [12] in a mathematically dense
technical paper. The G3UUR article [11] also
supports that conclusion.

In Figure 12 Ri> 36 Q but, as shown in
Figure 15, when many more radials are used,
Ri can be less than 36 Q. This effect seems to
show up when large numbers of long radials
are used over average or poor soils.

Conclusions

Modeling predicts that longer and/or more
numerous radials and/or better soil generally
provide better efficiency with the excep-
tion of very sparse radials fans (4-8 radials),
which is completely in line with experience.
The predicted behavior of Ri with radial
length and number also agrees with expe-
rience. The difference is the relationship
between Ri, Rr, and Rg.

Modeling makes the case that the tradi-
tional view (Ri =Rg + 36 Q) for a resonant
Ya-wave vertical is not correct. Rr is usu-
ally lower than 36 Q, often much lower,
depending on the number and length of the
radials, soil electrical characteristics and/or
frequency. Estimates for Rg derived from the
traditional relationship will be too low and
actual radiation efficiency lower than antici-
pated. This discussion also applies to verticals
with height less than A/4. In general, Rr will
be less than that for the vertical over perfect

ground with the value for Rr converging to the perfect
ground value when a large dense radial field is used.
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