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EVALUATION STATEMENT

This second scientific report under contract F19628-76-C-0086
describes in detail the results of analytical studies of the effects of
ground screen and back screen designs on the low angle radiation properties
of vertically polarized HF antennas., The ultimate purpose of these studies
has been to provide the technical basis for developing engineering proce-
dures for estimating the most cost-effective geometrical designs of such
screens for specific applications in long-range, OTH communications and
surveillance radar antennas.

The computations performed for these investigations were based on a
method of moments computer program previously prepared at the Lawrence
Lfvermore Laboratory, but modified under this contract to handle those
cases where both antenna and screen wire elements are close to the earth
and to each other. Evaluation of Sommerfeld integrals is involved in these
calculations.

It was established that ground wires extending toward the backward
direction generally tend to depreciate low-angle signal enhancement in the
forward direction, with maximum depreciation occuring when these ground
wires are approximately quarter-wave in length, but backscreens are most

cost effective when quarter-wave in height,
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Summary

For the effective utilization of the ionosphere in long range communi-
cation systems between terminals located at the surface of the earth, it is
desirable to radiate vertically polarized signals that are as strong as pos-
sible at the low angles near the horizon. Wire ground screens have been
proposed as a means of enhancing the earth conductivity in the vicinity of
the antennas in order to eliminate or reduce the "null at the horizon" ef-
fect observed in practice. The main objective of this work was to investi-
gate systematically the effects of horizontal ground wire systems on the low
angle radiation of HF antennas having moderate gains and to develop en-
gineering procedures to estimate the most cost effective size and shape of
such ground screens for specific applications.

To carry out the investigation, an extensive method of moments program
(WF-LLL2B), previously written by researchers of Lawrence Livermore Labora-
tories, has been modified. With this modified code (WF-LLLZ2BP), it is pos-
sible to study the effects of thin, horizontal wires essentially at the
ground surface. Our numerical calculation, based on WF-LLL2BP code, demon-
strated that the distribution of induced current on the thin wires may be
described in terms of a complex propagation constant, which in turn may be
approximated by Coleman's formula. Once the complex propagation constant is
known, it can be used 1in conjunction with elementary transmission line
theory to establish a crude estimate for the desired length of the ground
wires. Specifically, the lengths of ground wires should be so designed as
to draw the return current toward the forward direction.

Also investigated is the effect of the height of back reflecting
screens on the low angle radiation of broadside arrays, with the hope of

reducing and optimizing the reflecting screen sizes. In the array type stu-




died, it was found that the increase of the low-angle enhancement by back

screens of 3/4 wavelength height over that of 1/4 wavelength is small ( 5%),
and resulting enhancement is sensitive to frequency variation. In this case .4
at least, added expense of back screens of 3/4 wavelength height seems dif-

ficult to justify.




1. Introduction

It is well known that the impedance and radiation characteristics of
antennas are affected greatly by the presence of an actual ground. The ef-
fect of a lossy ground can be demonstrated vividly by comparing the vertical
field pattern of a monopole over a perfect ground with that over an actual
ground. In the former case the vertical field pattern has a peak at the
horizon (g = 90°) while the latter has a sharp minimum in that direction
£1,2,3,4]). Ground wires or ground screens have been employed to improve the
radiation resistance and the radiation patterns of antennas. It is a common
practice to extend a ground wire system the order of a wavelength beyond the
radiating antennas in all directions. This is quite reasonable for systems
designed to radiate isotropically in all azimuthal directions. But for an-
tennas systems with a moderate gain, perfectly symmetrical ground screens
are not necessary nor economical. This study is an attempt to determine the
optimal size and shapes of the ground screens for such antenna systems, with
particul ar emphasis on the low-angle radiation.

To determine the radiation of an antenna system accurately, it is
necessary to have a quantitative description of the current induced on
various parts of the antenna system and the surrounding environment. 0b-
viously for antenna systems situated near the air-earth interface, the
presence of the lossy earth must be accounted for. Although the classical
problem of elementary sources operating near the air-earth interface was
formul ated some sixty years ago by Sommerfeld [5], extensive numerical
evaluation of the Sommerfeld integrals has been possible only since large
digital computers have been available. The numerical evaluation of the Som-
merfeld integrals has been incorporated in many computer codes to calculate
the performance of radiating systems near the earth. A general purpose com-

puter code (WF-LLL2B) written by Lager and Lytle [6] is probably the most




extensive one and is applicable to wire structures of various shapes. This
code divides the wire structures into many wire segments and uses the method
of moments to determine the current distribution on the wires. In calcula-
ting the self-impedance of each segment and the mutual impedances between
segments the Sommerfeld integral expressions are evaluated by methods ap-
propriate to the distances involved. The resulting impedance matrix is then
converted into a system matrix which is inverted to solve for the current at
the center of each wire segment.

Once the current distribution on the wire structure is known, the input
impedance, near field and far field characteristics of the antenna system
can be calculated. Although the computer code WF-LLL2B is quite useful and
powerful, the numerical evaluation of the Sommerfeld integrals becomes very
time consuming when wire structures very close to the ground are involved,
say less than 1/30 of the wavelength. But for the HF antenna systems of in-
terest, the wires making up the ground screens are very close to the ground,
if not actually in it. Since our main interest was the effect of these
ground systems on the radiation characteristics, we had to modify the WF-
LLL2B code. Most of the features of WF-LLL2B were retained, except that the
approximate e;pressions for the fields are used to alleviate the convergence
problems of the exact Sommerfeld integrals. This report gives the details
of the modifications made and their theoretical justification. To present
the theoretical basis for the approximations, it is appropriate to start
with a brief discussion of the fields due to an electric current element
near the air-earth interface, although much of the material can be found in
various books (3,4,5,7,8]. This is done in the next section so that a con-
sistent notation may be introduced. Most of the notation and conventions

used in the report are identical to those given by Lager and Lytle [6].




However a time-harmonic field of the e’j“‘t is used throughout the present
report and this necessitates the use of Hankel functions of the second kind, ;
N:Z)(x), and the change of the branch cuts of the square-root functions.

i . Except in the discussion in connection with the length of the wires, where
both meters and feet will be used, MKS units will be used in rest of this
report.

The modified computer code has been used to study the effects of the
ground screens on the low-angle radiation of HF antenna systems. The
results of the numerical study are presented in Sec. 4-7. The influence of
the ground screens on the impedance properties of antennas has been studied
extensively by Wait and others [9,10], and will not be discussed here,

although the computer code employed also gives this information.

2. Electric Fields due to an Electric Current element above the
Air-Earth Interface

We choose a coordinate system in which the air-earth interface coin-
cides with 2=0 plane. The region (region 1) below the interface is the los-
sy earth characterized by a permittivity €4 = €. permeabil ity Mg = Mg and
a conductivity Cqe The space above tﬁe interface is taken to be air with H
€2 = €5 My = Mg and 0y = 0, and is labeled as region 2.

It is well-known that in dealing with electromagnetic problems invol=-
ving two or more media, the Hertz potential vectors are helpful. In terms ;
of the Hertz vecctor v, the fields are given by

2 =
i

Ei = (v o :i> + kS W, )

B, = joérwn, 3

where 1 = 1 or 2 and,




kf . ”z“i“i - o,lw

and the Hertz vector :i is related to the current density J through the dif-

ferential equation

Vz: + RZ; = -3/(0 + jwe.) 3)
] i ) i

and appropriate boundary conditions.

a) Fields due to a Vertical Current Element:

Now consider a z-directed electric current element It situated at a
distance h above the interface as shown in Fig. 1a. It may be demonstrated
that for the geometry under consideration all boundary conditions may be sa-
tisfied by a single component of the Hertz vector :i =%, 2, and v._is

12 12
solved from

2 2 oo I @
v Vo * kZ'Zz = -3;;; §(x)8(y)s(z=h) (4a)

for 2z > 0, and

vzv + kzt

12 112 © 0 (4b)

for z < 0, subject to the boundary conditions at z = 0, and the radiation
condition at infinity. Under the restriction that h # 0, the boundary con-

ditions at z = 0 are

K9%12 = k"2, (5a)
aw In

In terms of Hankel transforms, the solutions may be cast in the form
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(a) Vertical Current Element b g B

(b) Horizontal Current Element

i Figure 1, Current Elements Above a Flat Earth a) Vertical Current and
b) Horizontal Current Element
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for z > 0, and
P -(Yzh-Y1Z)
. IR 2 e (2)
", (p,9,2) = -j k f e — L (Ap)AdA €))
12'P-%, Zlutz 2 5 ksYz*k§Y1 0

for 2z < 0. In the above equations RZ and R, are the distance between the

point of observation (p,¢,z) and the location of the source, or the image of

the source, respectively,

Ry = 0l + (z+n) 2172, R, = Lol + (2-h)231/2

and e (Az - k$)1/z with the branch cuts so chosen that Re ¥y 2 0.
Substitution of (6) and (7) into (1) yields the expressions for the

electric fields. For locations in region 2, (z > 0), the field components

are

2 e'jkzaz e'jk2R1

iR " 2
AU Tk 1 1 i e a1 L e
E,0,0,2) = 0, (8b)

~jkoRy  =jkoR
2 s e

-jier 2 2, |e - e 2

Sy'furate 8 7:?..72 ORI R T W

where v22 is given by
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-12(h§1) & '72(h§l)
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" 2" 0 kqvatkor,
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b) Fields due to a Horizontal Current Etement:

For the case where the current element I& is oriented along the x-axis
and located at a distance h above the interface (Fig. 1b), the situation is
more compl icated in that two components of the Hertz vector are needed to
satisfy the boundary conditions. In addition to the obvious component L
the z-component of the Hertz vector is needed if all boundary conditions are

- -

to be met. The differential equations for the Hertz vector ;i =, X+ w2

1x 12
are
2 2 1L
v Yox + kZ'Zx = 3;;; §(x)8(y)s(z-h) (10a)
2 2
v PR + kZ'Zz =0 (10b)
for 2z > 0 and
2 2
v t“ + k1'1x = Q0 (11a)
2 2
v "t k1'1z =0 (11b)
for z < 0. The boundary conditions at z = 0 are
2 2
k,w,x = k2'2x (12a)
v an
2 1Ix 2  2x
ol atal = 2 g
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(12¢)

(12d)

The Hertz vector and the electric fields can also be expressed in terms of

Hankel! transforms. For z > 0,

wLPL =jk,R o Yo(zth)
(p,4,2) = - . 5——'2 : - £ e + [ S : "
Yan'Pete j Trae, [ R, R, X VPt "o
® Yo ™ ¥ 'Y (z+h)

RN ? 2 1 2 (2)
'22(9,0'1) ) z;;;; COSO;; 2 szf#y HO (Ap)AdA
and for 2z < 0,

i ks = (-vohev,)
‘l1x(°p‘;2) = -j T;;s‘k? _{ Y1+Y2 e (Ap)Ad)

w X5 |2 Mat Y YR
112(9;0p1) = -j z;;;; ;? cos¢ k1) :i = Ho

1 172
Thus, for 2 > 0,
E ( )= = = c 32 Gijfzaz + kz Vaos) ¢
R R D T ol R 2 Va2

(Ap)Adr

(13a)

(13b)

(13c¢)

(13d)
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-jk5R -jkoR
T gt e RS, B =t 21+k2V)
Chiaie ’T“"“mz » % R, R, 2'22
" -szkz -jsz.'
e
+ kz( R R + UZZ) (14b)
2 1
3 T S T
Ez(p,.,l) | 1—‘,3-:—2- cos¢ o5z RZ + 11 - k1V22 (14c)
where sz was given in (9) and U22 is defined as
-y,(z+h) ~Y,(z+h)
e ¢ (2) T e é
U22 = -{ -—Y-1—+—-Té— Ho (Ap)rdx = 2 {_.-YT;—Y_Z- JO(XD)XdX 15)

c¢) Difficulties encountered in numerical evaluation of the integrals:

Clearly, exact and closed form evaluation of these integrals v22,U22
cannot be expected. When the point of observation is far from the sources,
various asymptotic expressions, each being valid in different regions, may
be used [7,8). In the near field zone, however, numerical evaluation pro-
bably is the only viable way of obtaining numerical results. Three diffi-
culties may be expected: rapid change of the values of the integrands near
the branch points; oscil latory behaviour of the integrands due to the
presence of the Hankel or Bessel functions; and the infinite range of in-
tegration [11,12]). By deforming the contour of integration, the troublesome

regions near the branch points may be avoided. When the elevation of the
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source points and/or the point of observation is moderate or high, enough
damping factor is provided by the exponential functions to conceal the con-
tribution from the oscillating factor for large values of A. On the other
hand, when =z and h are both small, the effect of the exponential functions
is negligible, the influence of the oscillating factor is accentuated, and

the integrals are slow to converge.

3. Approximate Expressions
As mentioned in the last section when z+h is small the integrands de-
crease slowly as |[A] increases. To illustrate this point, the integrand of

sz is examined for large values of |A|. When |A| is large, ¥ " In] and

-v,(h+z) [ T2
22 2 DAL 2~ ‘/ 2 UL oL P
i

kyvatkory

~where the asymptotic expression for the Bessel functions for large argument

has been used. Clearly the integrand is an oscillatory function of |A] and
decays as I)«I.“2 for large values of |A| if h+z is small. The rate of de-

cay may be accelerated slightly by noting that for large values of |A]|,

A e'Yz(h+Z) 2 .L;_l, 1 e-|x|(h+z)
kqva*kaYy kitka

then sz may be written as

o =Y, (h+2)
sz = 2 f TJ-T e e o -ly- 1 e 'AI(h"‘l) JO(Xo)dX +
0 k172+k271 (k1+k2)

e — ey gy e

|
'



-|x|(h+z)
+2 j'lrl - 72 Jore)da an

The terms [A|/A is introduced to retain the symmetry property of the in-

tegrand. Note the integrand of the first integral of (17) now decays as

|X|'3’/2 as |[A| + =, and the second integral may be evaluated in closed~form,
132,
2f Ol VT VST S S (18)
lxl.k +k 0 (ks+kS5)R
2 17257
where
i
Ry = 002 + a2
U.‘,2 and derivatives of v22 are also rearranged in the same fashion:
- =Y, (h+2) 2
2;33 =2f 1% 2 - _21_2 C(r] + Eg:;:ii -1x [ h+2) Jo(xo)dx
" 0| kyo+kay kS+k
12721 o
k2 (h+2)
- Gl s ) 19
2.2 o3  CR.CCh+z)+R.J
ks+k5 R 1 1
¥ og
a2y u 3 =Vgihee) 2_-A(h+2) k2<h+z) k22 k4heny?
a2 2 f A”e [A] A% a 1 2 o i )
202 o lRE, Shtee Y e k222 82 )
12 2'1 1 2 e

[Jo(xp) ‘v Jo(xp)]dx
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When these modifications were implemented in the computer code, a saving of
SX 1in computer time was achieved. Greater additional savings are obtained
by using Hankel functions in the integrands instead of the Bessel functions
(1,6]). The saving is particularly noticeable when z+h < 0.01 A.

Nowever in calculating the sel f-impedance terms of thin wire segments,
with radius a << A, located a few radii above the interface, the modifica-
tions mentioned above are not enough. A possible explanation is as follows:
For wires having extremely small radii, the Bessel and Hankel functions

behave |ike (Xo)1/2

only for extremely (arge values of |[A|. Fortunately, in
computing the sel f-impedance terms of small wires, the distance between the
source point and the point of observation is also small, thus the effect of
time retardation or phase delay may be neglected. Mathematically, this is
equivalent to approximating sz' U22 and the derivatives of sz by the
closed-form expressions given in (18)-(23) and ignoring the contributions
from the integrals yet to be evaluated. When the approximated expressions
for sz, U;_,2 and the derivatives of vzz are substituted in (14a) and (14b),
the resulting expressions for Ezp and EZQ agree with those derived by Ban-
nister [14,15].

In the computer code, the approximations discussed above are used to
calculate the interactions between points separated by 5 wire radii or less.
for points spaced by a distance greater than 5 radii, the full expressions

of (18)-(23) are used, inciuding the integrals.
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4. Monopole with a Ground Wire

The first configuration studied consists of a monopole with a single
gréund wire above a flat, lossy earth. The monopole is a perfectly conduc-
ting wire of radius .0381 m (1.5 inches) and length 5.62 m (18.44 ft.). A
#1 wire (radius 3.67 x 107> m, (.01205 ft.)) is used as the ground wire and
is located two radii above the earth surface. As mentioned by Brown et al
C1], the current induced on the ground wire depends on the wire size in a
logarithmic fashion. Thus the radii of the ground wires are not critical in
determining the radiation properties of the ground screen systems. The wire
size chosen here is based primarily on mechanical strength and economical
considerations. The monopole is 5.62 m (18.44 ft.) long and is divided into
three segments in the numerical calculation. These segments are (abeled as
shown in the insert of Fig. 2a. The length of the ground wire is incremen-
ted in steps of 1.86 m (6.12 ft.). The longest ground wire is 27.99 m
(91.84 ft.) long and has 15 segments, numbered 4 through 18. A voltage
source operating at 10 MHz is assumed to drive the monopole-ground wire sys-
tem. For each configuration, the current at the center of each segment was
computed with vanishing currents at the tip of the monopole, 1i.e., segment
1, and at the end of the last segment of the ground wire. The computed
current was then normal ized so that the magnitude of the current at the
driven segment (segment 3) is 1.0 Ampere. Fig. 2a ~ 2j display the normal-
ized current as a function of the segment number. Straight lines are drawn
between the computed points to accentuate the trend of the variation of the
current along the wires. The case of a ground wire having one segment is
not included, since the current was forced to zero at the end of this seg-
ment, no information may be gained by displaying the normalized current at

the center of the segment. In the calculation of Fig. 2a - 2j, the conduc-
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tivity and relative permittivity of the earth were taken to be, respec-
tively, 10-3 mhos/m and 9.0. It is noted that the current on the monopole
is relatively insensitive to the change of the (ength of the ground wire.
When the ground wire 1is relatively short, the current on the ground wire
varies in a complicated manner. (Fig. 2a - 2e). When the ground wire is
long (Fig. 2f - 2j), the variation of current on the wire is rather simple:
the current near the end of the ground wire has a standing-wave type distri-
bution; and the current decays in a simple exponential fashion in the region
near the monopole. From the rate of decay of the amplitude and the change
of the phase of the current, it is possible to estimate the effective at-
tenuation and propagation constants for the current on the ground wire. The
results are listed in Table 1. For the purpose of comparison, the values
based on Coleman's formula are also listed there [16]. It should be noted
that Coleman's result is for the propagating waves guided by a thin wire on
or just above the interface, far removed from any radiating sources. On the
other hand, the currents shown in Fig. 2a - 2j are the currents on ground
wires which are part of the radiating system. If we take the monopole as
the radiating source then the ground wire is in the near field of the sour-
ce. In view of these considerations, the effective propagation constants
based on these two methods are surprisingly close. The difference in the
effective attentuation constants, roughly a factor of 2, is probably due to
the fact that the rate of decrease associated with the near field is inclu-
ded in the estimated values of the propagation constant. From the effective
propagation constants, the effective "wavelengths" may be calculated. For
most cases calculated, the current on the ground wire is smaller than that
on the monopole. However, for the case of a ground wire of 5.58 m (18.3

ft.) in length (Fig. 2b) the current on the ground wire is larger than that

BT — . ——

™




on the monopole by SOX. A plausible explanation is as follows: Since the
far end of the ground wire is open-circuited, and the length of the ground
wire is such that the impedance looking into the ground wire is very small,
a major portion of the ground current would be expected to flow in the
ground wire, rather than in the lossy earth. There is an alternative way of
looking at this effect. For that particular length of ground wire, the to-
tal length of wire, (monopole plus ground wire) corresponds to the analog ot
a half wavelength resonant antenna system. However, part of the "antenna"
wire is in one dielectric (air) while the other 1is in or near a second
dielectric (earth). The wavelength in earth is shorter with the result that
the maximum in the current standing wave pattern is on the ground wire part
of the "antenna".

The current on the ground wire above a good ground (o = 10'2 mhos/m,
and ., 9.0) has also been calculated. As shown in Fig. 3 the current dis-
tribution on the ground wire of 27.99 m (91.96 ft.) is almost identical to
that on a ground wire of 26.16 m (85.83 ft.), except for the segments near
the end. Also superimposed in the figure are the results for a 7.47 m.
(24.52 ft.) ground wire. The fact that the current distributions in the re-
gion close to the monopole are so similar for the different lengths of the
ground wire is mainly due to a large attenuation constant. The estimated
effective attenuation and propagation constants of a good ground are also
compared with that of Cﬁleman's results in Table 1.

The vertical field patterns of the monopole with a ground wire of
various lengths over a poor ground (o = 1 x 10-3 mho/m and S ™ 9.0) as well
as a better ground (o = 10-2 mho/m, and PR 9.0) are also calculated and
are displayed 1in Fig. 4a, b and Sa,b. 1In these figures, Ee in the forward

direction (¢ = 0°) is plotted as a function of o, The time-average power
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Comparison of numerically estimated propagation and

attenuation constants with that based on Coleman’'s
formula, (10 MHz).

Ground Conductivity

(Mho/m.)

0.001

0.01

Ground Relative
Permittivity

9-0

9.0

Results based on
Coleman's formula

a+jB8 (m-1)

0.042 + j 0.469

341 + j 0.579

wavelength (m)

13.39

10.85

Values estimated from
currents on the
ground wire

a+jp Y

0.09 + j 0.40

0.605 + j .675

wavelength (m)

15.71

9.31
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Figure 4a. Vertical Field Patterns of a Monopole with a Ground Wire Over a
Poor Ground (o = 1073 mho/m, ep = 9.0)
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input to the monopole is fixed at 1 watt. The length of the ground wire is
indicated in the legend. For example, V3-6 12 signifies that there are
three segments on the monopole and 12 segments on the ground wire. The
field pattern of the monopole without the ground wire is included in all
figures to facilitate the comparison. When a poor ground is involved, the
intensity of the radiated field varies considerably, reflecting the change
in the input impedance of the radiating system as a function of the length
of the ground wire. The configuration consisting of the monopole and a
ground wire with one segment gives the greatest radiated field. This is
probably due to a constructive interference of the field radiated by the
monopole and by the current on the one-segment ground wire. On the other
hand, the configuration with the highest current on the ground wire, rela-
tive to the monopole current (Fig. 2b), gives the next highest field. It is
interesting to observe that the shape of the field pattern also changes with
the length of the ground wire. In particular, 1in the zenith direction
(6 ~ 0°) the field increases to a substantial level for certain length of
the ground wire. The radiation at the low angles depends on the ground wire
in a complicated manner. The "enhancement" is defined as the ratio of the
radiated fiela of the antenna with the ground wire or wires to the radiation
at the same angle by the antenna alone without any ground wire or screen
C17). The enhancement of Ee at low angle (0 = 86°) is displayed as a func-
tion of the length of the ground wire in Fig. 6. It is emphasized that the
straight (ines joining the computed points are drawn purely for the purpose
of identification and should not be used for interpolation between the com-
puted points.

For a good ground, the field patterns of a monopole with a ground wire

of two or more segments coincide with each other; only the patterns due to




24IM punoss ayl j0 yibueq

w %7 [A4 0¢ 8l gt i zl 0l 8 9 | 4 0
el 1 N 1 1 1 1 2 1 1 | 1
'm.
juswadueyuy a(buy mo] -9 a.nbiy
€19 L9 019 89 ~0°1
s -0 69 Q 99
Mg 2(6uls : _-
-~
'l‘l\
- —— ———————— = = — G — — —— = w—f— - —— - —— — ———— 2
g !
‘ 000
(w/oyuw z 0l = 2) ‘m9 ?|buls - e
a 040
mo.- |||&,‘ °n° 5
/ - hig P it e |
. . S1S o
~ L9 194 3
' o
S
€18
o 3
16t .
V#.—
‘ S4S
uMJ. o—
4 -
hhh L f
g |
€9 \
A% 44
ZHW 01 113 i ~o~’
om L@ MmM",'l.nll e
bidn et 4 ¥ £0¢ 9°1
w /o . 0| =0 (414
4% T eg
o |




2~

N

Vertical
Monopole Ground Wires
1‘.86 m
S —————
f = 10 MHZ
o= ‘0-3 mho/m ER = 9.0

Monopole: a =.125 ft (1.5 inches)
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Figure 7. A Ground Screen with Three Wires




the monopole without a ground wire or with a ground wire of one segment are
distinguishable from the rest as shown in Fig. Sa and 5b. The dependence of
the low-angle enhancement on the length of the ground wire also varies in a

simp!e fashion, as shown in Fig. 6.

S. Monopole with Ground Screens of Three Wires

Next we consider a ground screen with three ground wires forming a
three-legged fork in the forward direction, as shown in Fig. 7. Our compu~
tation scheme permits each wire to have five or less segments in the x=~
direction. For each configuration, a three digit number is assigned to
represent the number of segments in each leg. For example, 242 indicates
that there are two segments in the two outer wires and four segments in the
center wire. The segments along the y-axis are not included 1in the desig-
nation. Figs. 8-13 show the vertical field patterns in the forward direc-
tion (¢ = 0°) with ground screens of various shapes. The frequency and ra-
dii of wires are the same as used in Sec. & and a poor ground with a conduc-

tivity of 107>

mho/m is assumed. In each set of the curves, the number of
segments in the two outer wires is fixed while the (ength of the center
wire is varied. Although the field patterns are roughly alike, including
the pattern due to the three-segment monopole without any ground wire, the
level of radiation varies considerably. The enhancement at the low angle is
also calculated and displayed in Fig. 6. Of all cases computed, the ground
screen with 252 arrangement is the most effective one 1in increasing the
low-angle radiation. Since considerable enhancement can also be provided by
242 or 232 arrangements, it is conjectured that a ground screen of this

shape is probably insensitive to the frequency variation. The vertical pat-

terns due to the 252 ground screen  are also obtained for

¢ = 30°, 45°, 90°, 135° and 180° (Fig. 14).




Figure 8,

~2%-

10 MHZ. 1. E-3 MHO/M

V3-NO GHW
‘IE"43(].(J.(J o ant o
V3-GO ] 1 00 ...........
v3-60,2,0 ~------
Vv3-60.3.0 ol e A
\/53-43(].‘{'.(3 frsidy b g i
v3-60.5.0 ——-=——-
.5000'7
PHI= 0.0
4000

é—_) ,/"—-\\\\

5 +3000 7 X

=

w

oo o

'-—-

W

0.0000 T T T r A | _1
0.0 20.0 40,0 60.0 80.0 100.0
THETA( DEGREE )
Vertical Field Patterns (¢=0°) of Ground Screens of ONO Configuration




(X10 -9)

E-THETA

Figure 9.

10 MHZ, 1. E-3 MHO/M

V3-NO GW
V3-61 ¢ 1 S e i
V3"Gl » 1 01 ...........
V3=Bl.84l ~mmmree
V3-61.,3.,1 ——-—--
V3“Gl oq (] 1 e e i
V3—Gl 05 (] 1 ——————
.5000-1
PHI= 0.0
.4000 -
.3000 -
.2000 -
.1000 H
0.0000 T T T T ]
0.0 40.0 60.0 80.0 100.0
THETA(DEGREE )
Vertical Field Patterns (¢=0°) of Ground Screens of INI Confliguration




(X10 -3)

E-THETA

Figure 10.

_ 4000 =

.3000 +

.1000

Vertical Field Patterns (¢=0°) of Ground Screens of 2N2 Confiquration

10 MHZ, 1. E-3 MHO/M

V3-NO GW

V3"Ga 00 02 T T )
V3-62,1:8 ~~er-rnemm
v3-g2.,2.2 --—=-—-
VO-62:3,828 — —-—=-
v3-62,4,2 —--—-- AT
V3—Ga .5 02 ——————

PHI= 0.0

0.0 20.0 40,0 60.0 80.0
THETA(DEGREE)

.




(X10 -3)

E-THETA

Figure 11.

=3l

10 MHZ., 1. E-3 MHO/M

V3-NO GW
V3-G3.0.3 i o
Va3l 3 e
VI-G03:2,83 ==—==r—
V30333 —rr—r=-
V3-G3.4,3 —w-—--—
V3-G3 05 03 ______

.5000 —

PHI= 0.0

4000 -

.3000

.2000 —

.100 -

1
0.0 80.0 100.0

40.0 60.0
THETA(DEGREE)

Vertical Field Patterns (¢=0°) of Ground Screens of 3N3 Configuration




AN S i et

-32-

10 MHZ. 1. E-3 MHO/M

V3-NO GW
V3-GY4,0,4 —--—=--
V3-GH 1,4 --oeeeeee
V3-GH,2,4 ----===
v3-64,3,4 ——-—--
\ﬁ3-43tlol}.l4 LG Rgtaag e
\,E}-E;L}'ESOl* ______
.5000
: PHI= 0.0
4000 +
o
;z .3000
=
(78]
£ .2000
Wl

.1000-

0.0000

1 Al

0.0 20.0 40.0 60.0 80.0 100.0
; THETA(DEGREE)

Figure 12, Vertical Field Patterns (¢=0°) of Ground Screens of LN Configuration




.5000

.“000 ]

.3000

(X10 -3)

.2000

E-THETA

Ah S i

0.0000

-33-

10 MHZ, 1. E-3 MHO/M
V3-NO GW

V3—GS 00 .5
V3-G$.1.5
V3-65.2.5
V3-65.3,5
V3-65.4.,5
V3-65,5,5

PHI= 0.0

0.0

40.0 SEO
THE TR DEGREE )

Figure 13. Vertical Field Patterns (¢=0°) of Ground Screens of SN§ Configuration

|
80.0

I
100.0

R TT—




ot A g on e e g etk s
L bR e S * i g

PN TR

10 MHZ. 1. E-3 MHO/M

V3-NO GW o o :
V3-62.5.2 -4
PHI= O. ieitsienibng o 4 ’
FREs ey T
MlEgE.. o
PHI= 90. bt el ooloas .‘
PHIzlgn, . — e 'g

FRISING, " -
.5000 — i
B
TN
.qooo- 7 L emm= ‘\‘
/‘ o"' s‘\\ ﬁ
o’ W\
Lo L4 " Ll T ‘\‘
(7 // ’l ” \\ \‘\
P " P4 N\ N
< * /, \ \:
; .3000 ’ /7 T N\ k
a
l——
L
b
T
w
E

|
0.0 80.0 100.0

40.0 60.0
THETA(DEGREE )

Figure 14, Vertical Field Patterns of Ground Screen 252 at Various Angles




6. Monopole with Ground Screens of Four Wires

Ground screens consisting of four ground wires forming a right angle
cross as shown in Fig. 15a, 15b were also studied. The monopole is divided
into six segments of equal lengths (.457 m., (1.5 ft.)). Each ground wire
may have at most 13 segments. The four segments near the monopole have
lengths of .457 m (1.50 ft.), 0.785 m (2.58 ft.), 1.35 m (4.42 ft.) and 2.32
m (7.59 ft.) respectively. The nine segments farther away from the monopole
each have the same length, 3.05 m (10.0 ft.). Each ground screen is desig-
nated by a four-digit number representing the numbers of segments in the

ground wires. A ground conductivity of 107>

mho/m, a relative permittivity
of 5.0 and a frequency of 2 MHz are used in the calculation. Again the ver-
tical patterns are of the same general shape as shown in Fig. 16. It is in-
teresting to note that the radiation field increases or decreases for all
angles at the same time as the length of the ground screen is being changed.
To demonstrate this point further, the enhancement at the (ow angle
(6 = 87°) and at (8 = 60°), which is very close to the peak of the radiation
patterns, are plotted as functions of ¢ for four different ground screens in
Fig. 17. Note that for each ground screen, the enhancement at 6 = 87°
varies in the same manner as that at & = 60°. To examine the role played by
the ground wires in the backward direction, the length of two wires in the
backward directions are decreased while the length of two wires in the
forward direction remains unchanged (Fig. 15b). The resulting (ow-angle
enhancement 1is shown in Fig. 18a, 18b. An extreme case would be to remove
the wires in the backward direction completely forming a right-angle Vee.
The enhancement of the ground screens of 90° vee shape with various length
of wires is shown in Fig. 19a and 19b. These results are summarized in Fig.

20 where the low-angle enhancement in the forward and backward directions is




i Figure 15. Ground Screens with Four Wires
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displayed for various lengths of ground wires. The front-to-back ratios at
the low angles are also obtained and shown in Fig. 21. So far as the
front-to-back ratio is concerned, fhe ground screen of (Vee) shape is quite
distinct.

The work just presented, particularly the study of the 90° Vee seems to
indicate that only the ground wires in the forward direction are effective
in increasing the radiation in the forward direction. To study this furth-
er, the ground wires on the sides are folded forward forming a 60° fork with
a wire on the backside as shown in Fig. 22a. The numbering designation is
the same as in the case of the 90° cross configuration. The enhancement in
the forward and backward directions is shown (Fig. 23) as a function of the
.nuaber of segments of the back wire, with the number of segments of the
forward directions being fixed at 13, 11, 9 and 7. The front-to-back ratios
for each configuration are shown in Fig. 24. Also studied is the case where
the center ground wire in the forward direction is removed completely for-
ming a Y~ii.zed ground screen, Fig. 22b. For each configuration studied,
the enhancement i1n the forward direction attains its minimum, the enhan-
cement in the backward direction achieves its maximum when the ground wire
in the back has 7 to 9 segments with a total length in the range of 13.7 -
19.8 m (45-65 ft.). The front~to-back ratio also has a minimum there. It
is interesting to note that for the ground condition under consideration, a
quarter of Coleman's wavelength is 18.29 m (60 ft.). It is therefore temp-
ting to attribute the occurrences of the maxima and minima to the fact that
current is drawn to the back wire since it presents a (ow impedance to it at
the junction. So far as the enhancement in the forward direction is concer-
ned, effects of the ground screen with (13, 13, N, 13) arrangements are

practically identical to those of the ground screen with (11, 11, N, 11) ar-
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rangements. But the front-to-back ratios ot the (11, 11, N, 11) ar-
rangements are better than those of (13, 13, N, 13) by 25X to 80X. Thus
larger ground screens are not necessarily desirable and certainly not more

economical .

7. Effect of the Height of the Backscreen on the Low Angle Radiation

The computer code was also employed in a study whose purpose was to try
to minimize the height required for the reflecting screens that are associ-
ated with vertically polarized broadside HF antenna arrays. It was assumed
that the backscreens were made up of vertical wire elements spaced so as to
reflect most of the power. It was desired to reach conclusions applicable
to large arrays without actually introducing all of the (.ements into the
computation. Since the effect of the backscreen height is most pronounced
in the elevation plane (and since the gain in the horizontal plane is a
function of the horizontal extent of the array, which was unspecified), a
study was undertaken to determine what might be called a performance unit of
the array. The performance unit was to consist of one driven element and
the smallest possible number of reflecting wires. A study in which 3, S and
7 reflectors of various spacings were employed showed that the results do
not change significant(y whether there are 5 or 7 reflecting wires spaced at
approximately an eighth wavelength from each other. Thus most of the data
runs were carried out with 7 reflecting elements.

Cases of different distances between the reflecting elements and the
driven element were studied but most of the data on the effect of backscreen
size was obtained with a spacing of .125 wavelength between the driven
element and the plane of the reflectors. The height of the driven element
was slightly under a quarter wavelength at 10 MHz. The height of the

elements making up the backscreen was varied systematically from a quarter

[
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wavelength to about a wavelength. The computer program was then asked to
compute the radiation pattern (and impedance) of these systems over a lossy

ground (¢ = 10, o = 1073

mho/m) with a constant power input and to plot the
resultant field as a function of the angle 6, measured downward from the
zenith. Figs. 25 through 33 show some of the results obtained in this way.
The caption on the figures "SEVEN nn+FT REFLECTORS" means that there were
seven reflecting elements which were nn feet higher than the quarter-wave
driven element. It is interesting to superimpose all of these patterns to
see how the results change with reflector height. While there is no sub-
stantial difference in the field near the horizon, the height of the peak
near ¢ = 60° is different and the '"sharpness" of the "beam" at the higher
angles 1is dependent on reflector height, with the greatest gain occurring
with a reflector height of about 49 feet of extra height, which makes the
reflectors about three quarters of a wavelength high. The relative peak
value as a function of height is shown in Fig. 34, along with the geometri-
cal arrangements. These data show a broad minimum where the reflector
heights are in the neighborhood of one half wavelength, with a sharper peak
near three quarters wavelength. Nevertheless, it is noteworthy that even at
a reflector height of three fourths of a wavelength, the added gain at the
peak is only 5 percent or so greater than that for a reflector height of
about one quarter wavelength. And moreover unless the height is made as
much as about three quarters, the field is actually reduced when the reflec-

tor height is increased from about a quarter wavelength.

8. Conclusion
The effect of simple ground screens on the radiation characteristics of
monopoles was studied to help determine the optimal size and shape of ground

screens for the enhancement of low angle radiation. Our numerical calcul a-

™
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tion showed that the current induced on a thin ground wire by a neighboring
monopole may be approximated by the Coleman's formula with reasonable accu-
racy. In particular, Coleman's formula may be used 1in conjunction with
elementary transmission (ine theory as the basis for a crude and simple es-
timate of desirable lengths of ground wires. In selecting the length of
ground wires it is important to draw or to guide the return current toward
the forward direction and away from the backward direction. For example,
Sec. 5 and 6 of this report show that a short section of a ground wire ex-
tended in the backward direction would reduce rather than reinforce the
low~angle enhancement in the forward direction, and the low-angle enhan-
cement reaches its minimum when the ground wire is upproximately a quarter
of Coleman's wavelength.

So far as the backscreens for vertically polarized antenna arrays are
concerned, our results show that the height of the vertical elements making
up the backscreens should be near an odd number of quarter wavelengths in

height, with only small advantage for heights greater than one quarter

wavelength.
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