Vertical Antennas
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The effects of the earth itself and the artificial ground
system (if used) on the radiation pattern and the efficiency of
vertically polarized antennas is often not understood. They
have until recently not been covered extensively in the ama-
teur literature.

The effects of the ground and the ground system are
twofold. Near the antenna (in the near field), you need a good
ground system to collect the antenna return currents without
losses. This will determine the radiation efficiency of the
antenna.

At distances farther away (in the far field, also called the
Fresnel zone), the wave is reflected from the earth and com-
bines with the direct wave to generate the overall radiation
pattern. The absorption of the reflected wave is a function of
the ground quality and the incident angle. This mechanism
determines the reflection efficiency of the antenna.

Vertical monopole antennas are often called ground-

mounted verticals, or simply verticals. They are, by defini-
tion, mounted perpendicular to the earth, and they produce a
vertically polarized signal. Verticals are popular antennas for
the low bands, since they can produce good low-angle radia-
tion without the very high supports needed for horizontally
polarized antennas to produce the same amount of radiation at
low takeoff angles.

1. THE QUARTER-WAVE VERTICAL
1.1. Radiation Patterns

1.1.1. Vertical pattern of vertical monopoles over
ideal ground

The radiation pattern produced by a ground-mounted
quarter-wave vertical antenna is basically one-half that of a
half-wave dipole antenna in free space. The dipole is twice the
physical size of the vertical and has a symmetrical current
distribution. A vertical antenna is frequently referred to as a
“monopole” to distinguish it from a dipole. The radiation
pattern of a quarter-wave vertical monopole over perfect
ground is half of the figure-8 shown for the half-wave dipole
in free space. See Fig 9-1.

The relative field strength of a vertical antenna with
sinusoidal current distribution and a current node at the top is
given by:

(Eq 9-1)

L si —cosL
Ef:kxl{cos( sin o) — cos }
Cos o

where

k = constant related to impedance

E; = relative field strength

o = elevation angle above the horizon

L = electrical length (height) of the antenna
I = antenna current

This equation does not take imperfect ground conditions
into account, and is valid for antenna heights between 0° and
180° (0 to A/2). The “form factor” inside the square brackets
containing the trigonometric functions is often published by
itself for use in calculating the field strength of a vertical
antenna. If used in this way, however, it appears that short
verticals are vastly inferior to tall ones, since the antenna
length appears only in the numerator of the fraction.
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Replacing the current I in the equation with the term

P
Rrad + Rloss

gives a better picture of the actual situation. For short verti-
cals, the value of the radiation resistance is small, and this
term largely compensates for the decrease in the form factor.
This means that for a constant power input, the current into a
small vertical will be greater than for a larger monopole.

The radiation resistance R4 does not determine the
current—the sum of the radiation resistance and the loss
resistance(s) does. With a less-than-perfect ground system
and short, less-than-perfect loading elements (lossy coils used
with short verticals), the radiation can be significantly less
than the case of a larger vertical (where R4 is large in
comparison to the ground loss and where there are no lossy
loading devices).

Interestingly, short verticals are almost as efficient
radiators as are longer verticals, provided the ground system
is good and there are no lossy loading devices. When the
losses of the ground system and the loading devices are
brought into the picture, however, the sum R4 + R;,, Will get
larger, and as a result part of the supplied power will be lost
in the form of heat in these elements. For instance, if R ,q =
Rjss» half of the power will be lost. Note that with very short
verticals, these losses can be much higher.

1.1.2. Vertical radiation pattern of a monopole
over real ground

The three-dimensional radiation pattern from an antenna
is made up of the combination of the direct wave and the wave
resulting from reflection from the earth. The following expla-
nation is valid only for reflection of vertically polarized
waves. See Chapter 8 on dipole antennas for an explanation of
the reflection mechanism for horizontally polarized waves.

For perfect earth there is no phase shift of the vertically
polarized wave at the reflection point. The two waves add with
a certain phase difference, due only to the different path
lengths. This is the mechanism that creates the radiation
pattern. Consider a distant point at a very low angle to the
horizon. Since the path lengths are almost the same, reinforce-
ment of the direct and reflected waves will be maximum. In
case of a perfect ground, the radiation will be maximum just
above a 0° elevation angle.

1.1.2.1. The reflection coefficient

Over real earth, reflection causes both amplitude and
phase changes. The reflection coefficient describes how the
incident (vertically polarized) wave is being reflected. The
reflection coefficient of real earth is a complex number with
magnitude and phase, and it varies with frequency. In the
polar-coordinate system the reflection coefficient consists of:

e  The magnitude of the reflection coefficient: It determines
how much power is being reflected, and what percentage
is being absorbed in the lossy ground. A figure of 0.6
means that 60% will be reflected and 40% absorbed.

e The phase angle: This is the phase shift that the reflected
wave will undergo as compared to the incident wave.

9-2 Chapter 9

LBDX04_09-001 Top View

Side View

Antenna
Axis

Fig 9-1—The radiation patterns produced by a vertical
monopole over perfect ground. The top view is the
horizontal pattern, and the side view is the vertical
(elevation plane) pattern.

Over real earth the phase is always lagging (minus sign).
At a 0° elevation angle, the phase is always —180°. This
causes the total radiation to be zero (the incident and
reflected waves, which are 180° out-of-phase and equal in
magnitude, cancel each other). Athigher elevation angles,



the reflection phase angle will be close to zero (typically
—5° to —15°, depending on the ground quality).

1.1.2.2. The pseudo-Brewster angle

The magnitude of the vertical reflection coefficient is
minimum at a 90° phase angle. This is the reflection-coeffi-
cient phase angle at which the so-called pseudo-Brewster
wave angle occurs. It is called the pseudo-Brewster angle
because the RF effect is similar to the optical effect from
which the term gets its name. At the pseudo-Brewster angle
the reflected wave changes sign. Below the pseudo-Brewster
angle the reflected wave will subtract from the direct wave.
Above the pseudo-Brewster angle it adds to the direct wave.
At the pseudo-Brewster angle the radiation is 6 dB down from
the perfect ground pattern (see Fig 9-2).

All this should make it clear that knowing the pseudo-
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Over Perfect Ground
Over Real Ground

Fig 9-2—Vertical radiation patterns of a A/4 monopole
over perfect and imperfect earth. The pseudo-Brewster
angle is the radiation angle at which the real-ground
pattern is 6 dB down from the perfect-ground pattern.

Brewster angle is important for each band at a given QTH.
Most of us use a vertical to achieve good low-angle radiation.

Fig 9-3 shows the reflection coefficient (magnitude and
phase) for 3.6 MHz and 1.8 MHz for three types of ground.
Over seawater the reflection-coefficient phase angle changes
from —180° at a 0° wave angle to —0.1° at less than 0.5° wave
angle! The pseudo-Brewster angle is at approximately 0.2°
over saltwater.

1.1.2.3. Ground-quality characterization

Ground quality is defined by two parameters: the dielec-
tric constant and the conductivity, expressed in milliSiemens
per meter (mS/m). Table 5-2 in Chapter 5 shows the character-
ization of various real-ground types. The table also shows five
distinct types of ground, labeled as very good, average, poor,
very poor and extremely poor. These come from Terman’s
classic Radio Engineers’ Handbook, and are also used by
Lewallen in his ELNEC and EZNEC modeling programs. The
denominations and values listed in Table 5-2 are the standard
ground types used throughout this book for modeling radia-
tion patterns. In the real world, ground characteristics are
never homogeneous, and extremely wide variations over short
distances are common. Therefore any modeling results based
on homogeneous ground characteristics will only be as accu-
rate as the homogeneity of the ground itself.

1.1.2.4. Brewster angle equation

Terman (Radio Engineers’ Handbook) publishes an equa-
tion that gives the pseudo-Brewster angle as a function of the
ground permeability, the conductivity and the frequency. The
chart in Fig 9-4 uses the Terman equation. Note especially
how saltwater has a dramatic influence on the low-angle
radiation performance of verticals. In contrast, a sandy, dry
ground yields a pseudo-Brewster angle of 13° to 15° on the
low bands, and a city (heavy industrial) ground yields a
pseudo-Brewster angle of nearly 30° on all frequencies! This
means that under such circumstances the radiation efficiency
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Fig 9-3—Reflection coefficient (magnitude and phase) for vertically polarized waves over three different types of

ground (very good, average, and very poor).
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Fig 9-4—Pseudo-Brewster angle for different qualities
of reflecting ground. Note that over salt water the
pseudo-Brewster angle is constant for all frequencies,
at less than 0.1°! That’s why vertical antennas located
right at the saltwater shore get out so well.

for angles under 30° will be severely degraded in a city
environment.

1.1.2.5. Brewster angle and radials

Is there anything you can do about the pseudo-Brewster
angle? Very little. Ground-radial systems are commonly used
to reduce the losses in the near field of a vertical antenna.
These ground-radial systems are usually 0.1 to 0.5 A long, too
short to improve the earth conditions in the area where reflec-
tion near the pseudo-Brewster angle takes place.

For quarter-wave verticals the Fresnel zone (the zone

where the reflection takes place) is 1 to 2 A away from the
antenna. For longer verticals (such as a half-wave vertical) the
Fresnel zone extends up to 100 wavelengths away from the
antenna (for an elevation angle of about 0.25°).

This means that a good radial system improves the
efficiency of the vertical in collecting return currents and
shielding from lossy ground, but will not influence the radia-
tion by improving the reflection mechanism in the Fresnel
zone. Of course you could add 5 A long radials, and keep the
far ends of these radials less than 0.05 A apart by using enough
radials. But that seems rather impractical for most of us! In
most practical cases radiation at low takeoff angles will be
determined only by the real ground around the vertical an-
tenna.

Conclusion

This information should make it clear that a vertical may
not be the best antenna if you are living in an area with very
poor ground characteristics. This has been widely confirmed
in real life—Many top-notch DXers living in the Sonoran
desert or in mountainous rocky areas on the West Coast swear
by horizontal antennas for the low bands, at least on 80 meters,
while some of their colleagues living in flat areas with rich
fertile soil, or even better, on such a ground near the sea coast,
will be living advocates for vertical antennas and arrays made
of vertical antennas.

On Topband another mechanism enters into the game—
the effect of power coupling (see Chapter 1, Section 3.5), which
makes a vertically polarized antenna the better antenna in most
places away from the equator (eg, North America and Europe)
due to the influence of the Earth’s magnetic field. In addition,

G=0.24 dBi

LBDX04_09-005 (C)
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G=-1.43 dBi
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Fig 9-5—Vertical-plane radiation patterns of 80-meter A/4 verticals over four standard types of ground. At A, over
saltwater. At B, over very good ground. At C, over average ground. At D, over very poor ground. In each case
using 64 radials, each 20 meters long. The perfect ground pattern is shown in each pattern as a reference (broken
line, with a gain of 5.0 dBi). This reference pattern also allows us to calculate the pseudo-Brewster angle. The
patterns and figures were obtained using the NEC-4 modeling program. (Modeling was done by

R. Dean Straw, N6BV.)
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horizontally polarized antennas producing a low radiation angle
on 160 meters are out of reach for all but a few, who have
antenna supports that are several hundred meters high!

1.1.2.6. Vertical radiation patterns

It is important to understand that gain and directivity are
two different things. A vertical antenna over poor ground may
show a good wave angle for DX, but its gain may be poor. The
difference in gain at a 10° elevation angle for a quarter-wave
vertical over very poor ground, as compared to the same
vertical over sea-water, is an impressive 6 dB. Fig 9-5 shows
the vertical-plane radiation pattern of a quarter-wave vertical
over four types of “real” ground:

Seawater

Excellent ground
Average ground
Extremely poor ground

The patterns in Fig 9-5 are all plotted on the same scale.

1.1.2.7. Vertical radiation patterns over sloping
grounds

So far all our discussions about radiation patterns assumed
we have perfectly homogeneous flat ground stretching for
tens of wavelengths around the antenna. In Section 1.1.2 of
Chapter 5, I discussed the influence of sloping terrain
on vertical radiation patters of antennas on the low bands.
Fig 9-6 shows that a terrain that slopes downhill in the
direction of the target is as helpful for vertical antennas as it
is for horizontally polarized antennas. On the other hand, an
upwards-sloping terrain works the other way!

1.1.3. Horizontal pattern of a vertical monopole

The horizontal radiation pattern of both the ground-
mounted monopole and the vertical dipole is a circle.
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Fig 9-6—The bar graph represents the distribution of
the wave angles encountered on 80 meters on a Europe
to USA path. Modeling was done over good ground.
The wave angles are shown for a A/4 vertical over flat
ground, over an uphill slope of 8° and over a downhill
slope of 8%. The downhill slope is very helpful when it
comes to very low angles.

1.2. Radiation Resistance of Monopoles

The IRE definition of radiation resistance says that radia-
tion resistance is the total power radiated as electromagnetic
radiation, divided by the ner current causing that radiation.

The radiation resistance value of any antenna depends on
where it is fed (see definition in Chapter 6, Section 3). I'll call
the radiation resistance of a vertical antenna at a point of
current maximum as R4 and the radiation resistance of a
vertical antenna when fed at its base as R ,q(5). For verticals
greater than one quarter-wave in height, these two are not the
same. Why is it important to know the radiation resistance of
our vertical? The information is required to calculate the
efficiency of the vertical:

R

Eff = ——rd
Rrad + Rloss

The radiation resistance of the antenna plus the loss
resistance R, is the resistive part of the feed-point imped-
ance of the vertical. The feed-point resistance (and reactance)
is required to design an appropriate matching network be-
tween the antenna and the feed line.

Fig 9-7 shows Ry, of verticals ranging in electrical
height from 20° to 540°. (This is the radiation resistance
referred to the current maximum.) The radiation resistance of
a vertical shorter than or equal to a quarter wavelength and fed
at its base [thus R,q(1) = Ry,qs)] can be calculated as follows:

1450 h?

) (Eq 9-2)
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Fig 9-7—Radiation resistances (Raq()), at the current
maximum) of monopoles with sinusoidal current
distribution. The chart can also be used for dipoles, but
all values must be doubled.
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Fig 9-8—Radiation resistance charts (R,,q) for verticals up to 90°or A/4 long. At A, for lengths up to 20°, and at B,

for greater lengths.

where
h = effective antenna height, meters
A = wavelength of operation, meters (= 300/fy,)

The effective height of the antenna is the height of a
theoretical antenna having a constant current distribution all
along its length. The area under this current distribution line
is equal to the area under the current distribution line of the
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“real” antenna. Equation 2 is valid for antennas with a ratio of
antenna length to conductor diameter of greater than 500:1
(typical for wire antennas).

For a full-size, quarter-wave antenna the radiation resis-
tance is determined by:

Current at the base of the antenna = 1 A (given)
Area under sinusoidal current-distribution curve =



1 A x 1 radian = 1 A x180/nt = 57.3 A-degrees
Equivalent length = 57.3° (1 radian)

Full electrical wavelength = 300/3.8 = 78.95 meters
Effective height = (78.95 x 57.3)/360 = 12.56°
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Fig 9-9—Radiation resistances for monopoles fed at the
base. Curves are given for various conductor (tower)
diameters. The values are valid for perfect ground only.

The same procedure can be used for calculating the
radiation resistance of various types of short verticals.

Fig 9-8 shows the radiation resistance for a short vertical
(valid for antennas with diameters ranging from 0.1° to 1°).
For antennas made of thicker elements, Fig 9-9 and Fig 9-10
can be used. These charts are for antennas with a constant
diameter.

For verticals with a tapering diameter, large deviations
have been observed. W. J. Schultz describes a method for
calculating the inputimpedance of a tapered vertical (Ref 795).
It has also been reported that verticals with a large diameter
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Fig 9-10—Radiation resistances for monopoles fed at
the base. Curves are given for various height/diameter
ratios over perfect ground.
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exhibit a much lower radiation resistance than the standard
36.6-Q value. A. Doty, K8CFU, reports finding values as low
as 21 Q during his extensive experiments on elevated radial
systems (Ref 793). I have measured a similar low value on my
quarter-wave 160-meter vertical (see Section 6.5.) Section 1.2
shows how to calculate the radiation resistance of various
types of short verticals.

Longer vertical monopoles are usually not fed at the
current maximum, but rather at the antenna base, so that R4
is no longer the same as R,qp) for long verticals in Figs 9-9
and 9-10. (Source: Henney, Radio Engineering Handbook,
McGraw-Hill, NY, 1959, used with permission.) R4 is
illustrated in Fig 9-11. The value can be calculated from the
following formula (Ref 722):

R paqqn =€~ 0.7 L +0.1[20 sin (12.56637L ~ 4.08407)] + 45
(Eq 9-3)

where

¢ = the base for natural logarithms, 2.71828 .

L = antenna length in radians (radians = degrees x /180°

= degrees divided by 57.296).

The length must be greater than ©/2 radians (90°).

Fig 9-11C shows the case of a 135° (3A/4) antenna.
Disregarding losses, Ry qp) = Reeea = 300 Q, but the value of
2R, the theoretical resistance at the maximum current point,

800
700 A\
600
500 OV
400 D:Digmeterof /0_5
Antenna in Degrees
__ 300 /
§ 200 / ﬁ \
g 100 * \
el 5
E L - Q N \\\\ L I —
00 oA [0 \\\ N —=
o7/ /mis o7
300 %'5// M( 2/5' /
wo ] w//
-500 l / ?{5 J
wo |7 \/ /
o |11 il
-800 I /
/ 0.1
-900
-1000 I V

0 25 50 75 100 125 150 175 200
Antenna Length in Degrees

225 250

LBDX04_09-012

will be lower (57 Q). If P1 (radiated power) = P2 (power
dissipated in 2R), then R4, = 2R.

These values of R,,q(j) are given in Fig 9-6, while R4
can be found in Figs 9-8 and 9-9. Fig 9-12 and Fig 9-13 show
the reactance of monopoles (at the base feed point) for varying
antenna lengths and antenna diameters (Source: E. A. Laport,
Radio Antenna Engineering, McGraw-Hill, NY, 1952, used
by permission.)

1.3. Radiation Efficiency of the Monopole
Antenna

The radiation efficiency for short verticals has been
defined as

Eff = Smd

Rrad + Rloss

1000
700
500 “
400 T
300 140°

130°]
200

\

NN
N

N\

A W WA\ ¥

N

1
100°=

70

50
40

30

/
2 [f
. /]

—
\
1}
L}
S

—

N W o N

Reactance (Ohms)

¥

N abhw N
—

T —
o

A
o
T
N
N
S

I~

220 60

«a
o
3
N
o

-30 240°
30

.40 N

50 |

S

ya
L7
2]
", Ol
a4
0.
o

/

I

i

-100 N S S~k ]

4
17
R

N

N

S
1

-300 N N

-400 ™ N >

-500 SN ~

o ]
20 30 50 100 200 500
Antenna Height

Antenna Diameter

] Y14
A7

RATHINAY
T
7
r—

g A

~

7
7
-
©
o
XAl
o
(=2

/
/

-1000

1 2 3 5710

LBDX04_09-013

Fig 9-12—Feed-point reactances (over perfect ground)
for monopoles with varying diameters.
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Fig 9-13—Feed-point reactances (over perfect ground)
for monopoles with different height/diameter ratios.




For the case of any vertical, short or long, when fed at its
base this equation becomes

Bff = Rl

(Eq 9-4)
RiadB) + Rioss

The loss resistance of a vertical is composed of:

Conductor RF resistance

Parallel losses from insulators

Equivalent series losses of the loading element(s)
Ground losses part of the antenna current return circuit
Ground absorption in the near field

1.3.1. Conductor RF resistance

When multisection towers are used for a vertical an-
tenna, care should be taken to ensure proper electrical contact
between the sections. If necessary, a copper braid strap should
interconnect the sections. Rohrbacher, DJ2NN, provided a
formula to calculate the effective RF resistance of conductors
of copper, aluminum and bronze:

Ripes = (1+0.1 L) (f°-125) (o.s—sj xM (Eq 9-5)

1.
D
where
L = length of the vertical in meters
f = frequency of operation in MHz
D = conductor diameter in mm
M = material constant (M = 0.945 for copper, 1.0 for
bronze, and 1.16 for aluminum)

1.3.2. Parallel losses in insulators

Base insulators often operate at low-impedance points.
For monopoles near a half-wavelength long, however, care
should be taken to use high-quality insulators, since very high
voltages can be present. There are many military surplus
insulators available for this purpose. For medium and low-
impedance applications, insulators made of nylon stock (turned
down to the appropriate diameter) are excellent, but a good old
Coke bottle may do just as well!

1.3.3. Ground losses

Efficiency means: How many of the watts I deliver to the
antenna are radiated as RF. Effectiveness means: Is the RF
radiated where I want it? That is, at the right elevation angle
and in the right direction. Your antenna can be very efficient
but at the same time be very ineffective. Even the opposite is
possible (killing a mouse with an A-bomb).

A large number of articles have been published in the
literature concerning ground systems for verticals. The ground
plays an important role in determining the efficiency as well
as effectiveness of a vertical in two very distinct areas: the
near field and the far field. Losses in the near field are losses
causing the radiation efficiency to be less than 100%.

e I’R losses: Antenna return currents travel through the
ground, and back to the feed point, right at the base of the
antenna (see Fig 9-41). The resistivity of the ground will
play an important role if these antenna RF return currents
travel through the (lossy) ground. Unless the vertical
antenna uses elevated radials, the antenna return current
will flow through the ground. These currents will cause

I2R losses. Even for elevated radials, return currents can
partially flow through the ground if a return path exists
(can be by capacitive coupling if raised radials are close to
ground). With a small elevated system, loss increases with
any RF ground path at the antenna base, including the path
back by the coax shield. This why the feed line should be
decoupled for common modes at the antenna feed point
with an elevated radial system.

Absorption losses: The conductivity and the dielectric
properties of the ground will play an important role in
absorption losses, caused by an electromagnetic wave
penetrating the ground. These losses are due to the inter-
action of the near-field energy-storage fields of the an-
tenna (or radials) with nearby lossy media, such as ground.
These types of losses are present whether elevated radials
are used or not. The radials should shield the antenna from
the lossy soil and distribute the field evenly around the
antenna. Most often elevated radials don’t help much here,
since they normally aren’t dense enough to make an
effective screen. Four radials are far from a screen! The
field is concentrated near the radials, and other areas are
directly exposed to the antenna’s induction fields.

In the far field (efficiency and effectiveness issues):

e Up to many wavelengths away, the waves from the an-
tenna are reflected by the ground and will combine with
the direct waves to form the radiation at low angles, the
angles we are concerned with for DXing. The reflection
mechanism, which is similar to the reflection of light in a
mirror is described in Section 1.1.2. The real part of the
reflection coefficient determines what part of the re-
flected wave is absorbed. The absorbed part is respon-
sible for Fresnel-zone reflection losses (efficiency).

e The ground characteristics in the Fresnel zone will also
determine the low-angle performance of the vertical, and
this is an effectiveness issue.

The effect of ground in these two different zones has
been well covered by P. H. Lee, N6PL (Silent Key), in his
excellent book, Vertical Antenna Handbook, p 81 (Ref 701).
The next section will cover these and various other aspects of
the subject.

2. GROUND AND RADIAL SYSTEM FOR
VERTICAL ANTENNAS: THE BASICS

2.0.1. Ground-plane antennas

We all know that a VHF vertical antenna usually em-
ploys four radials as a “ground-plane,” hence its popular
name. But in fact, two radials would do the same job. All you
need with a A/4 vertical radiator is a A/4 wire connected to the
feed-line outer conductor in order to have an RF ground at that
point. The radial provides the other terminal for the feed line
to “push” against. Unless the feed line is radiating, you will
have exactly the same current into the radial (system) as you
have in the form of common-mode current exciting the verti-
cal. That is the “push against” effect of the radials. This is also
how the antenna return currents are collected.

But if you have only one radial, this radial would radiate
a horizontal wave component. Two A/4 radials in a straight
line have their current distributed in such a way that radiation
from the radials is essentially canceled in the far field, at least
in an ideal situation. This is similar to what happens with top-
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wire loading (T antennas). Using three wires (at 120° inter-
vals) or four radials at right angles does the same also.

It was George Brown himself, Mr 120-buried-radials,
who invented elevated resonant radials. He invented the
ground-plane antenna. The story goes that when Brown first
tried to introduce his ground-plane antenna it had only two
radials, but he had to add two extra radials because few of his
customers believed that with only two radials the antenna
would radiate equally well in all directions! In the case of a
VHF ground plane mounted at any practical height above
ground, there is no “poor ground” involved and all return
currents are collected in the form of displacement currents
going through the two, three or four radials.

The VHF case is where detrimental effects of real ground
are eliminated by raising the antenna high above ground,
electrically speaking. There are no IR losses, because the
return currents are entirely routed through the low-loss radi-
als. There also are no near-field absorption losses, since the
real ground is several wavelengths away from the antenna.
Third, on VHF/UHF we are not counting on reflection from
the real earth to form our vertical radiation pattern; we are not
confronted by losses of Fresnel reflection in the far field
either. In other words, we have totally eliminated poor earth.

2.0.2. Verticals with an on-ground (or in-ground)
radial system

The other approach in dealing with the poor earth is
going to the other extreme—bring the antenna right down to
ground level, and, by some witchcraft, turn the ground into a
perfect conductor. This is what you try to do in the case of
grounded verticals.

You can put down radials, or strips of “chicken wire” to
improve the conductivity of the ground, and to reduce the 2R
losses as much as possible. This mechanism is well-known.
You can also measure its effect: You know that as you
gradually increase the number and the length of radials, the
feed-point impedance is lowered, and with a fairly large
number of long radials (for example, 120 radials, A/2 long)
you will reach the theoretical value of the radiation resistance
of the vertical. In the worst case, when no measures are taken
to improve ground conductivity, losses can be incurred that
range from 5 to well over 10 dB with A/4 long radiators, and
much higher with shorter verticals.

The other mechanism—absorption by the lossy earth—
is less well-known in amateur circles. This is partly because
you cannot directly measure its effects (see also Section 2.4),
as you can for I2R losses. But the effect is nevertheless there
and can result in 3 to 6 dB of signal loss, if not properly
handled. For a ground-plane antenna you can improve the
situation by moving the near field of the antenna well above
ground. For a vertical with its base less than about 3\/8 above
ground you can screen (literally hiding) the lossy ground from
the near field of the antenna.

This means that in the case of buried or on-the-ground
radials, their number and length must be such that the ground
underneath is effectively made invisible to the antenna. It has
been experimentally established that for a A/4 vertical you
must use at least A/4-long radials, in sufficient number so that
the tips of the radials are separated no more than 0.015 A (1.2
meters on 80 meters and 2.4 meters on 160 meters). This
means approximately 100 radials to achieve this goal. With
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half that number, you will lose approximately 0.5 dB due to
near-field absorptive losses—This is RF “seeping” through an
imperfect ground screen. In real life, taking good care of the
I?R losses with buried radials also means taking good care of
the near-field absorption losses.

2.0.3. Verticals with a close-to-earth elevated
radial system

In some cases it is difficult or impossible to build an on-
the-ground radial system that meets this requirement, in most
cases because of local terrain constraints. In this case a vertical
with a radial system barely above ground may be an alterna-
tive. The question is: how good is this alternative and how
should we handle this alternative? With radials at low height
(typically less than 0.1 A above ground) you still must deal
with effectively collecting return currents and with absorption
losses in the real ground.

It is clear that if you raise an almost-perfect on-ground
radial system higher above ground should yield an almost-
perfect elevated-radial system. The perfect on-ground system
would consist of 50 to 100 A/4-long radials. In fact, the
screening effect that is good for radials laying directly on the
lossy ground, will be even better if the system is raised
somewhat above ground. That the screening of such a dense
radial system is close to 100% effective was witnessed by Phil
Clements, KSPC, who reported on the Internet that while
walking below the elevated radial system (120 elevated radi-
als) of a BC transmitter in Spokane, Washington, he could
hardly hear the transmitted signal on a small portable receiver.
The question, of course, is: Do we really need so many
elevated radials, or can we live with many less? This question
is one of the topics that I deal with in detail in Section 2.2 on
elevated radial systems.

When dealing with the antenna return currents, it is clear
that simple radial systems (in the most simple form a single
radial) can be used. This has proven true for ages in VHF and
UHF ground planes. The only issue here is the possible
radiation of these radials in the far field, which could upset the
effective radiation pattern of the antenna. This will also be
dealt with in Section 2.2.

2.1. Buried Radials

Dr Brown’s original work (Ref 801) on buried ground-
radial systems dates from 1937. This classic work led to the
still common requirement that broadcast antennas use at least
120 radials, each at least 0.5 A long.

2.1.1. Near-field radiation efficiency

The effect of I2R losses can be assessed by measuring the
impedance of a A/4 vertical, as a function of the number and
length of the radials. Many have done this experiment. Table 9-1
shows the equivalent loss resistance computed by deducting the
radiation resistance from the measured impedance.

2.1.2. Modeling buried radials

Antenna modeling programs based on NEC-3 or later can
model buried radials. These programs address both the IR
losses and the absorption losses in the near field, plus of
course any far-field effects. These powerful new tools can be
dangerous. They would make you believe you can now model
everything, and that there is no need for validation. In the real



Table 9-1
Equivalent Resistances of Buried Radial Systems

Radial Number of Radials
Length (1) 2 15 30 60 120
0.15 28.6 15.3 14.8 11.6 11.6
0.20 28.4 15.3 13.4 9.1 9.1
0.25 28.1 15.1 12.2 7.9 6.9
0.30 27.7 14.5 10.7 6.6 5.2
0.35 27.5 13.9 9.8 5.6 2.8
0.40 27.0 13.1 7.2 5.2 0.1
Table 9-2 2
Wave Angle and Pseudo-Brewster Angle for -
Ground-Mounted Vertical Antennas Over Different ;
Grounds. - Radiols_{—" |
The Wave angle and the Pseudo Brewster angle are 0
essentially independent of the radial system used, unless
the radials are several wavelengths long. | 0
- m
Band/Ground Wave Pseudo-Brewster ! / Radials | |
Type Angle Angle g |
80 meters £ 2
Very Poor Ground 29° 15.5° © \ B
Average Ground 25° 12.5° § 7’
Very Good Ground 17° 7.0° B /// Radinls
Sea Water 8.5° 1.8° 4
160 meters /
Very Poor Ground 28° 14.5° -5
Average Ground 23° 11° L
Very Good Ground 19.5° 8.5° %
Sea Water 8.5° 7.0° 4 8 16 32 64 120
LBDX04_09-014 Number of Buried Radials

world, mainly due to the non-homogeneous nature of the
ground surrounding our antennas, the slight variations we
sometimes see from modeling results (many authors would
rank modeled ground systems by quoting gains specified to a
1/100 of a dB!) are totally meaningless. At best modeling
under such circumstances indicates a trend. Let’s have a look
at these trends.

R. Dean Straw, N6BV, ran a large number of models using
NEC-4 for me (NEC-4 is not available to non-US citizens).
Separate computations were done for 80 and 160 meters. The
radiators were A/4 long and the radials were buried 5 cm in the
ground. The variables used were:

e Ground: very poor, average, very good

e Radial length: 10, 20 and 40 meters (for 80 meters), and
10, 40 and 80 meters (for 160 meters)

e Number of radials: 4, 8, 16, 32, 64 and 120.

We computed the gain, the elevation angle and the
pseudo-Brewster angle. Although we ordinarily talk about
A4 buried radials, buried radials by no means must be reso-
nant. A A/4 wire that is resonant above ground, is no longer
resonant in the ground—not even on or near the ground.
Typically for a wire on the ground, the physical length for
M4 resonance will be approximately 0.14 A and the exact
length depending on ground quality and height over ground.

Fig 9-14—Gain of 0.25-A 80-meter vertical over very
poor ground as a function of radial length and number
of radials. For short (10-m long) radials there is not
much point in going above 16 radials. With 20-m radials
you are within 0.5 dB of maximum gain with 32 radials.
If you want maximum benefit from 0.5-A radials (40 m),
120 radials are for you.

Quarter-wave radials, in the context of buried radials, are
wires measuring A/4 over ground (typically 20 meters long on
80 meters and 40 meters on 160 meters).

The gains of the modeling are shown in Figs 9-14 through
9-19. The wave angle as well as the Brewster angle are almost
totally independent of the radial system in the near field. The
values are listed in Table 9-2.

When modeling the antenna over poor ground using only
four buried radials, it was apparent that the gain was slightly
higher using 15-meter long radials rather than 20 meter or
even 40-meter long radials (the gain difference being 0.7 dB,
quite substantial). It happens that the resonant length of a
A4 radial in such lossy ground is 10 to 15 meters (and not =
20 meters as it would be in air). In case of a small number of
radials, there is hardly any screening effect, and antenna
return currents flow back through lossy, high-resistance earth
to the antenna, as well as through the few radials. There are
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Fig 9-15—Gain of a A/4 80-meter vertical over average
ground, as a function of radial length and number of
radials. Note that for 10-meter long radials there is prac-
tically no gain beyond about 52 radials. For quarter wave
radials there is little to be gained beyond 104 radials, and
the difference between 26 A/4 radials and 104 A/4 radials
is only 0.5 dB. These are exactly the same number N7CL
came up with by experiment (see Section 2.1.3).

two parallel return circuits: a low-resistance one (the radials)
and a high-resistance one (the lossy ground). If the radials are
made resonant, their impedance at the antenna feed point will
be low, thereby forcing most of the current to return through
the few radials. If the impedance is high (such as with 20- or
40-meter long radials), a substantial part of the return currents

Fig 9-17—Gain of A/4 160-meter vertical over very poor
ground as a function of radial length and number of
radials. Note that 10-meter radials, no matter how
many, are really too short for 160 meters.

can flow back through the lossy earth. (See Section 2.1.3.)

The same phenomenon is marginally present with radials
in average ground as well, but has disappeared completely in
good ground. These observations tend to confirm the mecha-
nism that originates this apparent anomaly. All of this is of no
real practical consequence, since four radials are largely insuf-
ficient, in whatever type of ground (except saltwater).

We also modeled radials in seawater. As expected, one
radial does just as well as any other number. All we really need

25
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©
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15 /
¥
1
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Fig 9-16—Gain of A/4 80-meter vertical over very good
ground as a function of radial length and number of
radials.
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Fig 9-18—Gain of A/4 160-meter vertical over average
ground as a function of radial length and number of
radials.
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Fig 9-19—Gain of A/4 160-meter vertical over very good
ground as a function of radial length and number of
radials. The A/2 radials are really a waste over very
good ground.

is to connect the base of the vertical to the almost-perfect
conductor (and screen) that the seawater represents. See
Fig 9-20 for a fantastic saltwater location.

Years ago Brian Edward, N2MF, modeled the influence
of buried radials (Ref 816), and discovered that for a given
number of radial wires, there is a corresponding length beyond
which there is no appreciable efficiency improvement. This
corresponds very well with what we find in Figs 9-14 through
9-19. Brian found that this length is (maybe surprisingly at
first sight) nearly independent of earth conditions. This indi-

Table 9-3
Optimum Length Versus Number of Radials

Number of Radials Optimum Length (1)

4 0.10
12 0.15
24 0.25
48 0.35
96 0.45

120 0.50

This table considers only the effect of providing a low-loss
return path for the antenna current (near field). It does not
consider ground losses in the far field, which determine the
very low-angle radiation properties of the antenna.

cates that it is the screening effect that is more important than
the return-current I°R loss effect. Indeed, the effectiveness of
a screen only depends on its geometry and not on the quality
of the ground underneath. Table 9-3 shows the optimum
radial length as a function of the number of radials. This was
also confirmed through the experimental work by N7CL (see
Section 2.1.3).

Conclusion

To me, the results obtained when modeling verticals
using buried radials with NEC-4 seem to be rather optimistic,
but the trends are clearly correct. Take the example of an
80-meter vertical over average ground: going from a lousy
eight 20-meter long radials to 120 radials would only buy you
1.4 dB of gain, which is less than what I think it is in reality.
In very good ground that difference would be only 0.7 dB!

There has been some documented proof that NEC-4 does
not handle very low antennas correctly, and that the problem
is a problem associated with near-field losses (see Section
2.2.2). Maybe this same limitation of NEC-4 causes the gain
figures calculated with buried radials to
be optimistic as well. The future will tell.
No doubt further enhancements will be
added to future NEC releases, which
may well give us gain (loss) figures that
I would feel more comfortable with for
verticals with buried radials.

2.1.3. How many buried radials
now, how long, what shape?

When discussing radial lengths, I
usually talk about A/4 or A/8 radials.
Mention of a A/4 radial leads most of us
to think of a 20-meter long radial on 80
meters. A wire up in the air at heights

Fig 9-20—XZ0A had an ideal loca-
tion for far-field reflection effi-
ciency: Saltwater all around. Four
Squares were used on 80 and

160 meters, resulting in signals up
to S9+20 dB in Europe on Topband,
quite extraordinary from that part of
the world.
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where you normally have an antenna has a velocity factor
(speed of travel vs speed of light) of about 98%. When you bring
that same wire close to ground, the velocity factor starts drop-
ping rapidly below a height of about 0.02 wavelength. On
the ground, the velocity factor is on the order of 50-
60%, which means that a radial that is physically 20 meters long
is actually a half-wave long electrically! (See also Fig 9-32.)

If you use just a few on-the-ground radials over poor
ground, the radials may act like they are somewhat resonant.
The resonance vanishes if you have many radials or if the
ground is good to excellent. For these cases it is best to use
radials that are an electrical quarter-wave long. On 80 meters
you should use 10-meter long radials, and on 160 meters you
should use 20-meter long radials if you are only using a few
(up to four). But that’s bad practice anyhow: Four is far too
few radials.

As soon as you use a larger number of equally spread
radials the resonance effect disappears, and the radials form a
disk, which becomes a screen with no resonance characteris-
tics. In this case we no longer talk about length of radials but
about the diameter of a disk hiding the lossy ground from the
antenna.

Assume we have 1 km of radial wire and unrestricted
space. How should we use it? Make one radial that is 1000
meters long, or 1000 radials that are 1 meter long? It’s quite
obvious the answer is somewhere in the middle.

e\

Fig 9-21—The Battle Creek Special that made Heard
Island available on 160 for over 1000 different stations.
Ghis, ON5NT, is not holding up the antenna; it is very
well capable of standing up by itself. The antenna was
located near the ocean’s edge, on saltwater-soaked
lava ash.
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2.1.3.1. Early work

Brown, Lewis, and Epstein in the June 1937 Proceedings
of the IRE published measured field strength data at 1 miles
(versus number and length of radials). Measurements were
done at 3 MHz. The measured field strength was converted to
dB vs the maximum measured field strength (for 113 radials
of 0.411 A).

2.1.3.2. Some observations

e  For short radials (0.137 X), there is negligible benefit in
having more than 15 radials.

e For radial lengths of 0.274 A and greater, continuous
improvement is seen up to 60 radials. Note that doubling
the number and doubling the length of radials from the
above case (15 short radials of 0.137 A) only gains 1 dB
greater field strength, with four times the total amount of
wire.

e Lengthening radials 50% from 0.274 A to 0.411 A and
keeping the same number hardly represents an improve-
ment (0.24 dB). Raising the n