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This paper describes an investigation of the ratio between the E-field and the H-field
losses per unit area, and the absolute value of these losses around a half-wavelength monopole,
a quarter-wavelength monopole, and around electrically short monopoles with as well as
without top-loading all of them with a radial ground wire system.

1. Introduction

In calculations of the losses in the ground around antennas with a ground wire system
usually only the F/-field losses are taken into account. These losses have been calculated, e.g.,
by Monteath [1952] and by Abbott [1952]. The value of the FH-field losses per unit area is
given by

Pa=qulH,, (1)

where ¢z 1s a quantity only dependent on the ground and the ground wire system, and where
I, is the total tangential magnetic field strength at the surface of the ground.
t=] t=3 - t=)
However, Wait [1958] has shown that additional losses mayv occur due to currents flowine
) « -
normally to the ground surface. The value of these losses per unit area may be written

Pe=qz|E.|? (2)

where ¢z 1s a quantity only dependent on the ground and the ground wire system, and where
I, is the total vertical electric field strength at the surface of the ground. These losses are
termed the F-field losses. They will often turn out to be negligible as compared to the FH-field
losses [see, e.g., Knudsen and Larsen, 1960].

[t is the purpose of this note to describe an investigation of the ratio of the E-field losses to
the F-field losses and the absolute value of these losses around various antennas, namely a half-
wavelength monopole, a quarter-wavelength monopole, and an electrically short monopole
with and without a disk-loading. These antennas are chosen because of their rotational sym-
metry, which will lead to a simple radial ground wire system.

2. Formulas for P£
PH

With the values of the £-field losses and the F-field losses mentioned in the introduction we
find the following expression for the ratio between the two sorts of losses

2
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Here M, is the dimensionless ratio
MF%I % @)

where ¢ is the characteristic impedance of free space

G ()
Mo €

wo and ¢ are the permeability and the dielectric constant of free space, respectively.
The quantity ¢z is given by

o ml
G Y, 1+% ; (6)

where Y is the equivalent surface admittance of the ground and Y, is the equivalent surface
admittance of the ground wire system, which is supposed to be part of a plane parallel-wire grid:
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o5 and e are the conductivity and the dielectric constant of the ground (e,=e/e), w is the
angular frequency, X the wavelength, d the distance between adjacent wires of the grid, and @
is the radius of the grid wires. The time factor is e,

The quantity ¢z is given by [Wait, 1959]
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where fi,, and /i, are real and imaginary parts of an equivalent burying depth of the wire system,
the real burying depth being £
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The ratio M, is only dependent on the ground and the ground wire system; it is investigated
numerically by Larsen [1960].
The dimensionless ratio M’ is given by

/8 P
ot

M= : (12)

and it is only dependent on the antenna and the coordinates of the field point (the field strengths
E, and H, are calculated under the assumption that the ground is perfectly conducting).

In what follows M’ will be calculated for the types of antennas mentioned in the
introduction.
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3. Calculation of M’
3.1. Monopole With Sinusoidal Current Distribution

At first we will consider a simple vertical monopole of height / with a sinusoidal current
distribution as shown in ficure 1. The maximum current is called 7, and the time factor is
¢! A eylindrical coordinate system (r,¢,2) is introduced with the unit vectors denoted by
73,2, The tangential magnetic field strength around such an antenna is given, e.g., by Abbott
[1952]; with the notation of figure 1 this field strength at a point of the ground surface at the
distance 7 from the antenna base is given by

H= ¢n 1" fe"" cos kl—e™s}, (13)

where

s=vyri+1?, (14)

2m . .
and where k= NS the propagation constant.

The vertical electrical field strength at the ground plane is derived in appendix 1; with
the same notation as above we find

— ikr
0=21 S‘E‘,[r”{"—(()\/x ('}' (15)

We now find for the ratio M’

2

sin ks—cos kl sin kr)

<\£('(>s ks—cos kl cos A"/')g—}—(":

_’ ’ ARAN (16)
f‘()[]” (sin ks—cos kl sin kr)*+

For large values of 7, 7 and s will be nearly equal, and the ratio M’ will approach unity,
, the value for a plane wave.
For small values of », s approaches /, and M’ approaches cot? kL.
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Frcure 1. Vertical monopole with sinusoidal current distribu-
tion.

191

619483 —



In figure 2 is shown the value of M” as a function of the relative distance%from the antenna
base for vertical monopoles of different lengths with sinusoidal current distribution. It is seen
as was seen from the formula that for all the antennas the ratio M’ approaches unity, i.e.,
the value for a plane wave, when the distance from the antenna base increases, and for small
values of this distance the ratio M’ will assume large values for very small antennas and for
antennas about half a wavelength long, but very small values for antennas about a quarter

wavelength long.
3.2. Small Monopole Without Top-Loading

The current distribution on a monopole the height of which is small as compared to the
wavelength may be described by the nearly linear end of a sine-curve, i.e., it may be approxi-
mated by a linear current distribution as shown in figure 3. The electric and magnetic field
strengths arising from this current distribution are calculated in appendix 2. The near zone
field strengths at the ground plane are with the notation of figure 3 given by

- aidy o s—r _

PR Rl
: T ok lsr 0
A ][) S==7 -
H= e (18)

From these expressions we find
E, > 1 [V

1V /: = = ey S 9
=) = (o) &
Of course, the more exact expression valid for a sinusoidal current distribution may be

9 " o
used also in the case of a small monopole. However, for large values of 71t may be necessary
to use some series expressions in the formula for A as the numerical result will otherwise be
too uncertain. This approximation is more thoroughly discussed in appendix 3.

In figure 4 is shown M’ as a [unction of the relative distance from the antenna base for
a small monopole with sinusoidal current distribution and linear current distribution (k/=0.1
and 0.04) and with a constant current distribution (k/=0.1) (this case will be discussed in the
next section). It is seen that for small values of the distance from the antenna base the sinus-
oidal and the linear current distribution gives nearly the same value for M’, while for greater

r . . . 5
values of 7 there is a pronounced difference. This could be expected, as the formulas for the
linear and constant current distributions are valid only for k»< <1 (in fact the simple formulas
S . r e

are not valid in the entire range of 7 represented in fig. 4).

In the following discussion of the losses the simple formulas for the field strengths of the
small monopoles have been used, as they give the same results as the more rigorous ones in
the area near the antenna, where the losses are significant.

3.3. Small Monopole With Top-Loading

The main purpose of a top-loading on a vertical monopole antenna is to increase the
current on the vertical member. Very often the top-loading itselfl is neglected in examinations
of top-loaded antennas. However, as has been pointed out by Wait [1958] in some cases
the top-loading may have a rather great influence on the £-field losses.

A top-loading, which will lead to a simple radial ground wire system is a plane disk-load-
ing. The tangential magnetic field strength at the ground plane of a disk-loaded monopole
was calculated by Wait [1959] and the vertical electric field strength at the ground plane was
calculated by Hansen and Larsen [1960].
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Ficure 5. Disk-loaded monopole.

With the notation of figure 5 and with the current distribution on the vertical member
being a constant current /,, and the current on the disk varying so that the current on an
element in the distance 7, from the center of the disk of the width rd¢ is given by
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1=2L7°rd¢> (1 —(%>2> (20)

we have the following values of the near zone electric and magnetic field strengths at the ground
plane:
a. Vertical member

T A @]og'o
[Bf==F ok & (21)
T—p L, (22)

which gives the following value of M’, when the only effect of the top-loading is assumed to
be to make the vertical current constant

| A |2 2
M’ — ‘Lz] 1 (Té .

I, T (kD)? @3)

b. Disk-loading in the case a =1

_ n+t1
Fi=2%= iogo 1 <2> ) cos™t3 0 P,(0) Pl ,(cos 6) =2 iho 1 Z A, (24)

kr P (n4+1)(n+3) kr £
= PL(0 n+1 . 1, N
A—g s a0 (5) cos™ aPhun(eos 69 —=3 533 By, (25)

where P,(cos 6) and Pj(cos 8) are Legendre polynomials and associated Legendre polynomials,
respectively.

We now get for the top-loaded monopole when the field strengths of the top-loading as
well as of the vertical member are considered:

|Z3 9 - /1 e
E 2 1 <?> 2
I, (kD 11 E ’
g‘(b ( ) 7__’_

M= (26)

These formulas are only valid in the range e /. For the case a_>/ other more involved
formulas should be used. However, the expression for £, in this case is very slowly convergent;
for this reason only the case a </ has been comi(lere(l here.

In figure 6 is shown M’ as a function of - 7 “for a disk-loaded monopole @) when no account

is taken of the field from the top-loading, b) for a/l=0.5 and ¢) for a/l=1. It is seen that
the top-loading will make M’ increase near the antenna and decrease in some distance from
the antenna, the influence being greatest near the antenna, where M’ is increased to two times
the value without top-loading when the radius of the disk is equal to the height of the vertical
member. In great distance from the antenna base there is no difference between the curves
of the top-loaded and the not top-loaded antenna.

4. Calculation of the Ratio Between E-Field and H-Field Losses

With the numerical results for M” of the foregoing section and the numerical result for
M, of the report by Larsen [1960] the ratio M=M’M, between the [-field losses and the
H-field losses around the antennas investigated in this note may now be computed.

M will be calculated as a function of the relative distance from the antenna base for two
sorts of ground, both with the relative dielectric constant ¢,.=10, but with the conductivity
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05=1072S/m and o,=10"*S/m, respectively. It is assumed that the ground wire system
consists of N radial wires of the same length, N being 100, 300, and 500, respectively. The
wavelength is chosen to A=1,500 m for the short monopoles and to A=750 m for the quarter-
and half-wavelength monopoles.

With this choice of antenna height and number of wires in the ground wire system the
distance d between adjacent wires will in some cases become very small, so small that the
expression for M is not valid any longer, as it is evaluated under the assumption that d>>a,
a being the radius of the wires. In cases like this the curves are shown dotted.

The burying depth of the ground wire system is assumed to be 0.5 m.

In figure 7 is shown the ratio M= pg/py as a function of 7/Lin the six parameter cases men-
tioned above, namely, o,=10"2S/m, N=100, 300, or 500 wires and ¢,=10"*S/m, N=100,
300, or 500 wires for the following antenna types: Figure 7a, Half-wavelength monopole;
figure 7b, Quarter-wavelength monopole; figure 7c¢, Small monopole with linear current dis-
tribution; figure 7d, Small monopole with constant current distribution, with and without
disk-loading. The last mentioned case is only shown for N=100 and 500.

It is seen that for the half-wavelength monopole the F-field losses will be of the same order
of magnitude as the H-field losses for the poorly conducting ground over the whole area around
the antenna, while for the better conducting ground the £Z-field losses will be almost negligible
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FIGURE 7. The ratio M="2 between BE-field losses and H-field losses around (c) an electrically small monopole with linear current
PH

distribution, N\=1,500 m, kl=0.1, (d) an electrically small monopole with constant current distribution with and without disk-
loading, N\=1,500 m, kl=0.1.)
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as compared to the H-field losses except in a small area very close to the antenna and in so
large a distance from the antenna base, that the field strengths are very small.

For the quarter-wavelength monopole the £-field losses will not exceed the Z-field losses
except in so large a distance from the antenna base, that the losses are very small. It is seen
that for this type of antenna it would cause no considerable deviation not to take into account
the E-field losses.

For all the small monopoles the /Z-field losses far exceed the FH-field losses in the part of
the area around the antennas where the losses are significant. The ratio M between the
[-field losses and the F-field losses assumes the largest value in the case of the monopole with
the linear current distribution. The disk increases the ratio M as compared to the value for
the monopole with constant current distribution and no disk-loading, but not as much that
the values for the monopole with the linear current distribution are obtained.

5. Calculation of the H-Field Losses

In order to find the absolute values of the losses around the antennas investigated, the
absolute value of the F-field losses per unit area, pg, will be calculated. The absolute value
of the F-field losses per unit area, pgz, may then easily be found from the ratio M as

Pe=pu - M, (27)

and the total losses per unit area p,,, may be found from
Pior=pr(1+M). (28)
The H-field losses per unit area are given by (1)
pu=qu|H 2

In figure 8 is shown ¢, as a function of the distance d in the parameter cases A=750 m,
o,=1072,107* and 107> S/m and A=1,500 m, o,—1072, 10~*, and 107> S/m. These curves have
been used for calculating the absolute values of the Z/-field losses around the antennas examined
in this paper.

In calculating ’II,[ 2 for the various antennas we have put the reference current 7, equal to
1 amp.

In ficure 9 1s shown the absolute value of py as a function of the relative distance from
the antenna base in the following six parameter cases, oo=10"% S/m, N=100, 300, and 500
wires and ¢,=10""* S/m, N=100, 300, and 500 wires for the following antenna types: Figure
9a, Half-wavelength monopole; figure 9b, Quarter-wavelength monopole; figure 9¢, Small
monopole with linear current distribution; figure 9d, Small monopole with constant current
distribution and small monopole with disk-loading; the curves of the disk-loaded monopole
are shown only for N=100 and 500.

[t is seen that for all the antennas the H-field losses decrease when the distance from the
antenna base approaches zero and when it approaches infinity, the first mentioned effect
being due to the small distance between adjacent wires in the ground wire system near the
antenna and the last mentioned effect to the decrease in field strengths far from the antenna.

6. Comparison of Absolute Values of Losses for Various Antennas

A sketch of the antennas investigated in this note is given in figure 10. The current
distributions are shown with all the reference currents made equal. Further are given the
current-areas A,, defined as

(4
;LZJ Idr, (29)
0
these values relative to the value A., of the half-wavelength monopole, and the value of the
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reference currents, which will make all the current-areas equal to that of the half-wavelength

monopole with /;—=1 amp.

(The current-areas of the two top-loaded antennas are made

equal to that of the small antenna with a constant current distribution.)
The last mentioned values of the currents 7, have been used in making the survey diagrams

in figure 11 and figure 12 of the absolute values of the losses around the antennas.

Figure 11

is valid for the quarter-wavelength and the half-wavelength monopole and figure 12 applies

to the small monopoles.

Linear scales have been used both for the losses and for the dis-

tances from the antenna base, but different scales have been used in the two diagrams.
It is seen that the F-field losses form a small part of the total losses around the quarter-wave-
length and the half-wavelength monopoles, whereas for the small antennas the /-field losses

are important.

Jonsidering only the antennas with sinusoidal current distribution we see that the total
losses around the half-wavelength monopole are considerably larger than around the quarter-
wavelength monopole, and that the Z-field losses do contribute appreciably to the total losses
for the half-wavelength antenna, while the Z-field losses for the quarter-wavelength antenna

are vanishingly small.

Considering the small antennas only we see that the largest total losses occur for the mono-
The top-loading will increase the F-field losses,

pole with the linear current distribution.
but not to any great extent.

The linear current distribution will cause larger F-field losses

than a disk-loading, the radius ot which is equal to or less than the height of the vertical member.

Frauwre 9. H-field losses around (¢) an electrically short monopole with linear distribution, N=1,500 m, kl=0.1, Ip=1 amp.

100

H-field losses around (d) an electrically short monopole with and without top-loading, N=1,500 m, kl=0.1, Iy=1 amp.

619483—62 6
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Ficure 11. Comparison of losses around a half-wavelength and a quarter-wavelength monopole.

7. Conclusion

The ratio between the f£-field losses and the //-field losses and the absolute value of these
losses around various antennas with radial ground wire systems have been investigated, and a
number of curves showing the variation of these losses with the distance from the antenna base
in different parameter cases have been plotted. The antennas considered are vertical mono-
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poles with sinusoidal current distribution and vertical monopoles the length of which is small
as compared to the wavelength, with as well as without a top-loading. It is found that for the
monopoles with sinusoidal current distribution the F-field losses are almost negligible as com-
pared to the F-field losses, whereas for the small monopoles the £-field losses are large as com-
pared to the //-field losses. The disk-loading on the small monopole is found to increase the
Ii-field losses, but not to any great extent, the losses being mainly determined by the current
distribution on the vertical member.

This investigation was carried out by means of a support from the Air Force Cambridge
Research Center, United States Air Force.

8. Appendix 1. Electric Field Strength Around a Monopole With Sinusoidal
Current Distribution

With the notation of figure 1 the current on the antenna is given by

I=1,sink(l—=2).

The vector potential A at the point P at the distance » from the antenna and at the height
2" above the ground plane will be given by

| s uly [ sin ki)
| S 4 jo R az,
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R being the distance from the varying point on the antenna to the field point P
R=+/7P+(z—2")%
The electric field strength % at P will be given by
E=iw (716-2 vV. J+A>-

As the vector potential has only a z-component the electric field strength will be in the
z-direction, and it will be given by

. 1 0%4,
= 72 o2 +A:|

: 1 ikR —2)pikE
A s (o S
0

From the above equation for R it is seen that

o 0
oz’ o7
and so
o 0?
0212 2z

By partial integration we then find the following expression for 7,

ptoths L Lnua[ 2 ()] A bem ka9 ]}
REL D55

However, at the ground plane z’=0 this expression is equal to zero. Taking into account the
image by introducing a factor 2 we therefore find the following expression for the vertical com-
ponent /7, of the electric field strength at the ground plane

E— M"[ .- ’”:|
2 s

We have

where we have put R=s for z2=[ and R=r for 2=0.

9. Appendix 2. Electric and Magnetic Field Strength Around an Electrically
Small Monopole With Linear Current Distribution

With the notation of figure 3 the current distribution is given by

r-n-3)

. - . L] . g
The vector potential A at the point P at the distance » from the antenna and at the
height 2’ above the ground plane is given by

,_'_<A A “10 ()1A1i< —_‘_>
11——2Az-—4 47rJ) R 1 l‘ I,-,
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where
R=+r+(z—2")2
As the antenna is assumed to be electrically short, i.e., <C<{X, and as an expression for
the near zone field is wanted, we may put

e kR~ 1

We then find
7 o NPT A—2 1, ~ N
’ f 0[<1 l)logl i : l Wt 2,)2_\/)'-%—:“)].

4 e e

We may now find the vertical electric and the tangential magnetic field strengths from

the following expressions
_iw 0%*A,

/57 == 3572 +iwd,
1104,
104,

H‘z’A_; o

Performing the differentiations we obtain

0z’ 4rw l log

o4, pl| 1 1, I—2'4Vr+(—2)°|
\/rT—i:g” / __21#_\/;,24272

aZAz:uIO[ —2 1/ -1 . 1 >]
dz'? i v,:’—(rz_*_gyz):j l \"’/’2—%([—5,)2 \,,2_*_2/2

oA, _ulyr [(I_Lx 1 o 1 )
A VIN(—2" 4P+ (=2 )i+ U—2") (=2’ Ptz

et i)
I\ JPra—z) vrte?

We seek the field strengths at the ground plane, i.e., for 2/=0. Putting

hY TZ+12=8

we finally obtain, when regard is taken of the image,

—alys—r I, s—r
— —_ —_—— .
 Orwe, Ilsr o 7l

10. Appendix 3. M’ for an Electrically Small Monopole With Sinusoidal
Current Distribution

2
for a monopole

. . . | E,
In section 3.1we found the following exact expression for the ratio M’ = m
| t

with sinusoidal current distribution

<Z cos ks—cos kl cos kr)--i—(g sin ks—cos kl sin kr>-

s
(sin ks—cos kil sin kr)*+(cos kil cos kr—-cos ks)*
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In order to utilize the fact that the antenna height is small as compared to the wavelength
we rewrite this expression in the following way

o\ 2
(1—Z> —sin? kl+2 r l:sin2 k (l—i—s—r)—}—sinzlf (l—s+r)]
M’ = S S 2 2 ]

—sin? kl+2 [sin“’g (H—s—r)—}—shfg (l—s—l—r):l

If in this expression we use the first order approximation sin 2~z for < <1 we get

()

MI:W}
r

which for small values of i is very close to the expression for M’ derived in section 3.2 for a

1
()

. r . . .
However, for large values of 7 the approximate value for M’ becomes negative. This

linear current distribution
M=

means that a better approximation isneeded. We therefore put
. o
sin rep—7e
and

. s
sin? :r,g;c?——g for z<<1.

. . . . a .
Inserting these expressions in the exact expression for M’ and setting kl=p3 and tg 5=« being

the angle which the direction from the field point to the top of the antenna forms with the
horizontal plane (fig. 3), we find

A8y = 128% (14" 4 B (3429 4yt 4+ 6y°+y°)
o 1267 (14-97)*4B*(3—10y*—8y*—y®)

For values of 3=kl< <1 this expression will be more suitable for numerical computa-
tions than the exact expressions.
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