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Reflection Coefficient Analysis of the Effect of Ground on Antenna Patterns
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INTRODUCTION

Lalcutating the effect of a reat (i.e., finite
conguctance) ground on antenna raadiation patterns oy
means ot retfiection coetficients is simple anag has
deen xnown Tor some time, However, there appear to
pe tew computer programs which actually use the
technique to cailculate the far field radiation
patterns ot antennas apove a real ground. 1his may pe
que 1o the tact that when the antenna i5 close to
ground, the resulting accuracy is marginal! when
compared with the methoc of moments (usually NEC,
Numerical Electromagnetics Codge},

The advantage of using reflection coefficients
rather than the method or moments is in the time
required tor analysis. To perform a reflection
coerficient analysis, we simply add a direct ray with
a reflectec wave of the appropriate magnitude and
phase. NO matrix operations are required,. in
aaditicn, pDecause no matrices are involvea, memory
requirements are recquced ailowing implementation on a
small personal computer, The memory which is lett
can now De used tor aagitienal user intertace, for
example, menus, torms, grapnics ana disc access.

A nrogram was written on an Appte Jl+ using
retlection coefricients to calcuiate the tar tield
ragiation patterns ot gipoles, monopoles thalt or a
aipote}, isotropic anternas and arrays ot these
antennas., fhe entire program was written in assemply
language (tne reason for this choice is discussed
later)., subsequently, the program was transported to
the Commoaore-64 and the IBM-PC.

The program was described in a series of QST
articies (11-{51 ana was offered commercialily [8] to
tprimarily} the amateur radic community. The intent
was t0o s5timulate interest in the mathematical aspects
ot antenna design, especially in the younger, pre-
coilege readers. The program was reviewed in severai
other amateur radio magazines [J/1,{8]1 ang over 200
copies have bDeen sotd worla wide. The serijes of
articles generated over 1000 pieces of correspondence.

while intended for the use of indivigual radio
amateurs, apout a tnira of the users are commercial in
nature ranging from small consulting companies to
large getense tirms. In adgaition, several community
colleges ang universities have adopted the program in
their cyrricutum,

The name selected for the program is Annie, A
proper name was selected because the author prefers,
when possible, To retrain trom the use of acronyms.
Note thaetl as a proper name, only the first character
is capitaiizead.

Tris paper will descripe the theory used by Annie
ang then provide some examples,

THEORY

The analysis of antenna patterns using reflection
coefficients is described in Jordan ana Balmain [91],
pp. 630-644. Summarizing, the total far field in a
given direction consistis of a direct ray and a
reflected ray. The reflected ray is modified in phase
oy the additional distance that the ray must travel
pefore peing reflectea. Upon reflection, the ray is
mogified in poth phase and magnitude oy the reflection
coefficient of the ground at the point of reflection.
The reflection coefficient depends on the conductivity
ana drelectric constant of the ground, the angle of
incidence ana the polarization ot the incident ray.

The equations for the reflection coefficients for
norizontally (Ry) and vertically (Ry) polarizied rays
are
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y = 0.0 THETA = 90.000 ¢ = conductivity ot the ground in mS/m
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Figure 1. Annie’s Define Array menu (or form} allows ¢ = 2] { x coste) + y sin(a) ) sinc6) + z cos(e) |

the user to view the value of all important parameters

and to change those of interest. = coordinates of antenna center

X;¥,2

B = 2un/)

¢,6 = azimuth and zenith angte of aesired
tar field directian,

3 IN PHASE 2 ELEMEMT ARRAYS
~38,

e

v

*&#% ARRAY A #wkx

1) DIPOLE, LENGTH=.50000, X= 0.0, Y= 0.0, Z=1.0000, PHI=90.000,
THETA=20.000, WEIGHT=1.0000, ANGLE= 0.0

2) DIPOLE, LENGTH=.350000, X=-.2500, Y= 0.0, Z=1.0000, PHI=90Q.000,

THETA=20.000, WEIGHT=1.0000, ANGLE=?0.000
*%k#% ARRAY B *xxx

1} ARRAY A, LENBTH=.50000, X= 0.0, Y= 0.0, I= .0, FHI= .0,
THETA= 0.0, WEIGHT=1.00Q00, ANGLE= Q.0

2) ARRAY A, LENGTH=.SQ000, X= 0.0, ¥=.75000, I= 0.0, FHI= 0.0,
THETA= 0.0, WEIGHT=1.0000, ANGLE= Q.0

3) ARRAY A, LENGTH=.S30Q00, X= Q.Q, Y=-.73500, Z= 0.0, PHI= 0.0,

THETA= 0.0, WEIGHT=1.0000, ANGLE= 0.0

Figure 2. This six element array in free space is an
example of Annie’s plotting capability.
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ARRAY WITH GROUND IMCLUDED

,/ THETA

--
*#¥%%x ARRAY A *¥xx
1) DIFDLE, LENGTH=.50000, X= 0.0, Y= 0.0, Z=1.0000, PHI= 0.0,
THETA= 0.0, WEIGHT=1.0000, ANGLE= 0.0
Z) DIFOLE, LENGTH=.S0000, X=-,2500, Y= 0.0, Z=1,0000, FHI= 0.0,
THETA= 0.0, WEIGHT=1.0000, ANGLE=%0.000
xx¥k%x ARRAY B #%%x
1) ARRAY A, LENGTH=.30000, X= 0.0, Y= 0.G, Z= 0.0, FHI= 0.0,
THETA= 0.0, WEIGHT=1.0000Q, ANGLE= 0.0
2) ARRAY A, LENGTH=.S50000, X= 0.0, Y=.75000, ZI= 0.0, PHI= 0.0,
THETA= 0.0, WEIGHT=1.0000, ANGLE= 0.0
3I) ARRAY A, LENGTH=.50000, X= 0.0, Y=-.7500, I= 0.0, PHI= 0.0,

THETA= 0.0, WEIGHT=1.0000,

Figure 3. A vertical

array of Figure 2 when average ground
targe lobed pattern uses horizontal
faor the other pattern.

ANGLE=

while the dipoles are vertical

when the direct and reflected wave are added
together, we have the tar field strength in the given
direction, To calculate the magnitude of the direct
wave (and of the reflected wave,
we use the usual equation [91, pg. 355, for a
vertically oriented dipole far fieid pattern

cos(BH cos 89) - cos BH

sin 6

Pattern value, a quantity proportional
to the far field
half the dipole

where P =

H = length

For sin 8 = 0.0, the
indeterminant. In such a
approximation provides an
angles which are within 5§

above expression becomes
case, the fallowing
accuracy of *.005 dB for
degrees of 0.0

P = pHe ( sin( BH(cos® + 1)/2 ) )72
It we consider oniy half of a dipole (a monopole)
still with the same sinusoidail current distribution,

the pattern becaomes a complex quantity

cos(fH cos 6) - cos(BH)

sin &

sin(BH cos B) - sin(BH)cos 8

sin &

prior to reflectiony},

the

properly oriented and phased are useful

0.0

(theta) cut of the six element

is aaded. The
dipole elements

There are also small angle approximations for
above expressions. Arrays of half dipoles,
in the

analysis of the inverted V and square 10op antennas.

which have been rotated from the vertical

In general, we will want to ahalyze antennas
{8 = 0}

position for which the above equations are valtid.

Thus, we want to determine the angle, 8°,

to use in

the above equations when we wish to determine the
pattern value in the direction (@,8) given that the
axis of the dipole has been rotated by zenith angle 8,

ana

azimuth angle &5. The transformation of 8

effected by this rotation is given by (101, Appendix 5

cos{8’) =

€cos(0)cos{B,) + sin(8)sin{6;)cos(d-8,)

Since the reflection coefficients depend on the

polarization, we must also determine how much of the
incident wave is vertically and how much is

nhorizontally polarized.

P, = PA/Mag

A =

B

Mag

5A-9 of (101.

the

This is determined as follows
Py = PB/Mag
-5in(8g isin(ad-d,}
Cos(8,J)s5in(8) - 5in(8gJcos(Blcos{d-8,)
= [T
The above equation is closely related to equation

Care must be taken in the evaluation of

above equation in case Mag is close to zero.
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*%k¥ ARRAY A #x%¥

1) DIPOLE, LENGTH=.52310, X=-.2000, Y=

0.0, ZI= 0.0, PHI=20.000,

THETA=90.000, WEIGHT=2.35%93, ANGLE=108.00

2) DIPOLE, LENGTH=.30220, X=

0.0, Y=

0.0, Z= 0.0, PHI=20.Q00,

THETA=0. 000, WEIGHT=12.Q00, ANBLE=313.00

3) DIPOLE, LENGTH=.48260, X=.20000,

0.0, I= 0.0, PHI=90.000,

THETA=90.000, WEIGHT=46.1973, ANGLE=156.00

Figure 4.

A vagi antenna was analyzed by taking the

phasings and weights far the elements from a MININEC

calculation.

Thus an antenna pattern may now be catculated for
a dipole with an arpitrary orientation by first
transforming the direction of interest to &’ and
calculating the value of the dgirect ray at the
transformed angte. Then perform a similar catculation
for the refltected ray, including the reflection
coefficient and the extra distance traveled by the
reflected ray. This must be done twice, ance for each
potarization. Then add the direct ray to the
reflected ray and the pattern value in the given
direction is evaluated.

The total antenna pattern, as well as just the
vertical ang horizontal components can now be quickly
calculated. Two more gquantities of interest are
polarization aspect ratio and tiit. The aspect ratio
is the ratioc of the major to minor axes of the
polarization ellipse while tilt is the angle the major
axis of the ellipse makes with the horizontal (&)
direction. The equations far these quantities are
given in [111, pp. 427-441

1+ JT=C% y/¢C

Titt = 0.5 tan"*[ 2P P cos(8)/ (PE-PF) |

Aspect Ratio =

where C = 2PVPHsin(6]I[P§+Pﬁ)

leads horizontal

8 Phase by which vertical

For correct values of tilt, the inverse tangent
should be evaluated using the FORTRAN ATANZ function
or equivatent.

IMPLEMENTATION

The above equations were implemented in assembly
language on an Appte 1[+. Assembly language was
chosen for its speed and compactness. The challenge
of writing such a program in assembly tanguage also
played an important role.

To realize a fast analysis, a floating point
package was written. This included specifying a
floating point format and writing routines for the
pasic four arithmetic functions. Once those had been
debugged and verified, the transcendental functions
were imptemented using closed form polynomial
approximations [121. Dealing directly with assembly
language allowed the generation af highty efficient
code.

The compactness was required because we wished ta
include a substantial user interface. The program
uses the entire 64K memory of the Apple, two thirds of
which is devoted to the user intertace. In addition,
the user interface required fast screen manipulation,
possible onily with assembiy language.

Fast screen manipulation is required to update
farms. Unlike the usual question and answer sessian,
a form displays all the critical parameters on the
same screen. The user can then move a cursor about
the screen at will, changing valtues to those desired.
See Figure 1. Annie uses about a dozen forms to
handle all the options,

Porting the software to the Commodore-64 {which
uses the same microprocessor) was simple. A few I/0
addresses were changed, the program was then assembied
on the Apple and an image of the Apple’s memory was
copied directly to the C-64 using some custom hardware
and software.

A significant disadvantage of assembly language

is lack of portability when going to a machine with a
different microprocessor. Such is the case with the
IBM-PC. Thus, rather than staying with assembly

language on the IBM-PC, we rewrote the program in

Pascal (which tends to be more portable than FORTRAN,
especially with regard to I/8, and alsoc allows a more
structured and supportable source than does FORTRAN).

A second disadvantage of assembly language is the
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Figures 5 and 6 are from an aricle by the author in the August 1986 QST Magazine; used with permussion.

Figure 5.

Hal f-wavelength vertical dipoles. The

height of the dipole center is shown at the bottom of

gach frame.

Patterns for four grounds are shown. In

the upper pattern of each frame, the salid line is

poor ground (X=0.1, €, =
good ground (X=1.0, e, =

7} and the dashed line is
15), In the lower pattern,

the solid line is for very good ground {(X=10.0, €g=30)

and the dashed line is for sea water (X=1000,

=80}.

€r

Aad 6 dB to the values shown.

time requirea to write software. The initial Apple
version required seven months of intensive (after
hours}) work. The IBM version was written in two weeks
{with the benifit of having already worked out the
theory and user interfacel.

SOME EXAMPLES

An Annie analysis can be run with or without the
effect of ground included. Figure 2 shows a six
element array directivity (phi cut) pattern in free
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Figure 6, Chebyshev array in free space as the element
phasings are changed. The elements are spaced at half

wavelength intervals.
phase.
phase shift in B.

degrees for D and 180 degrees for F.

At A, all
Each element is given a progressive 45 degree
The shift is 90 degrees for C,

the elements are in

135

At F, a poor

ground causes the sidelobes to melt together.

space. The numbers along the right hand side are the
number of dB each dotted circle is down fram the
salid, outer circte. The comment in the bottom right
nand corner indicates that the outer circlie is set at
8 dBd. The graphics options permit the plot to be
positioned at any point on the screen and to be drawn
with any magnification or aspect ratia (so a circie
will be a circle).

The array of Figure 2 is actually a three element
array with each of the three etements consisting of a
two element array. Thus, we see that an array may
have other arrays as elements. In fact, arrays of
arrays may be nested to four levels with each level
containing up to 16 etements. Thus the largest
antenna that Annie could possibly analyze would
inciude over 65,000 elements.

Figure 3 shows the same array,
one wavelength above average ground. The pattern is a
vertical (theta cut) cross section. The targer
pattern is with horizontatl dipotes, the smaller
pattern is with vertical dipotes. The washed out nuill
in the vertically polarized pattern at 8 = 70 degrees
appears to be at pseudo Brewster’s angle.

now at a height of

Annie does not calculate input impedances or
coupling between elements. However aone can use
another program, such as MININEC (MINI-Numerical
Electromagnetics Code) [131 to evaluate relative
element phasings and weights. Figure 4 shows a three
element Yagi. The phasings and weights were evatuated
with MININEC and transferred to Annie. Once in Annie,
we may now quickly obtain graphics and evaluate the
effect of different heights and orientations above a
real ground.

A word of caution, since Annie does not evaluate
input impedances, comparisions between different
antennas should be done with care.

The next examples were taken from the QST series
[13-L51 and reprinted with the permission of the ARRL
(American Radio Relay League]l.

Figure 5 shows a theta cut {(vertical cross
section) of a vertical dipole at variocus heighis above
various gualities of ground.

Figure 6 shows a seven element Chepysnhev array
aver perfect ground. The ampltitudes were taken fram
an examplte given by Steinberg [143, pp. 111-119. The
phases were changed from plot tae plot, steering the
beam. The last plot shows that a real ground tends to
melt the sidelobes together.

while the reflection coefficient technique loses
validity for very low antennas and does not caicutate
input impedance or mutual coupling, we see that a
number of useful results can be obtained altowing us
to take advantage of Annie’s fast analysis, graphics
and extensive user interface.

CONCLUSION

We have presented the equations required to
perform a reflection coefficient analysis of antenna
patterns which include the effect of real ground. We
have also described a program, Annie, which impiements
the technique as well as presenting a number of
anatyses perfarmed using the program.
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1987 URSI| General Assembly Travel Information

The XXIInd General Assembly of the International
Radio Science Union (URSI) will be held in Tel Aviv,
Israel, August 24 - September 2, 1987 (see page 18 of
the October, 1986 Newsletter for an announcement). A
blue "First Announcement" booklet, describing the
General Assembly, the technical program, and providing
registration and travel information has been

distributed. Copies are available from the
Secretariat, URSI General Assembly, POB 50006, Tel
Aviv 61500, Israel, telephone 03-654571, Telex

341171 KENS IL.

Kenes Travel of Israel 1is the agency identified
in this announcement for those wishing to use their
services in connection with travel. Note, however,
that their United States representative is no longer
that given in the above First Announcement. Their
U.S. representative is now the following:

Contact: Mr. Gilbert Garber
Garber Travel

1047 Commonwealth Avenue
Boston, MA 02215

Telephone: (617)-787-0600
Telex: 200230 GARBUR
Cable: GARTRAV

Mailing address: PO Box 404
Brookline, MA 02146



