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A METHOD FOR DETERMINING THE MINIMUM ELLIPTICAL BEAM
OF A SATELLITE ANTENNA

Hiroshi Akima*

The 1977 World Administrative Radio Conference for the Planning
of the Broadcasting-Satellite Service decided that elliptical antenna
beams should be used for satellite antennas for planning purposes.
Since it is desirable to minimize the antenna beam solid angle, we
have developed a method for determining the minimum elliptical beam
of a satellite antenna. The method is based on a straightforward and
exhaustive search for a minimum elliptical beam over all possible
ranges of all necessary parameters that specify the elliptical beam.
Although it may sound contrary, this method is more efficient than an
existing method based on the advanced technique of nonlinear pro-
gramming. This report describes the method and the computer program
that implements the method. It also gives some examples.

Key words: BSS (broadcasting-satellite service), elliptical antenna
beam, minimum elliptical antenna beam, satellite antenna

1. INTRODUCTION

The 1977 WARC-BS (World Administrative Radio Conference for the Planning
of the Broadcasting-Satellite Service) decided that elliptical antenna beams should
be used for planning purposes (ITU, 1977, Annex 8, par. 3.13.1). To specify the
elliptical beam of a satellite antenna, it used the following five parameters:
the longitude and Tatitude of the boresight point of the antenna beam on
the surface of the earth, the major-axis and minor-axis beamwidths of the ellip-
tical beam, and the orientation angle of the ellipse. The orientation angle of
the ellipse is defined as the angle measured anti-clockwise (counterclockwise),
in a plane normal to the beam axis, from a 1ine parallel to the equatorial plane
to the major axis of the ellipse to the nearest degree (ITU, 177, art. 11).

It is advantageous for the operator of a system in the BSS (broadcasting-
satellite service) who wants to use an elliptical-beam antenna to minimize
the satellite transmitter power by using an elliptical antenna beam of minimum
solid angle (or minimum area or, equivalently, minimum value of product of
major-axis beamwidth by minor-axis beamwidth) that covers the service area.

*The author is with the Institute for Telecommunication Sciences, National Tele-
communication and Information Administration, U.S. Department of Commerce,
Boulder, Colo. 80303.




For the planner of the channel allotments and orbital positions plan for the BSS,
therefore, it is desirable to have a computer program that determines the mini-
mum antenna beam for a service area defined by a set of earth station locations
at the polygon vertex points.

Such a computer program has been in existence in the United States for some
time. It was programmed by a company under a NASA (National Aeronautical and
Space Administration) contract.] It uses an advanced technique called the
nonlinear programming described by Himmelblau (1972). Unfortunately, however,
running the program takes a long time. It might be inappropriate for the U.S.
delegation to use at the conference site during the forthcoming 1983 RARC-BS
(Regional Administrative Radio Conference for the Planning of the Broadcasting-
Satellite Service) of Region 2 (i.e., North, Central, and South America, and
Greenland).

We have developed another method for determining the minimum elliptical beam
of a satellite antenna. This method is a very primitive one based on a straight-
forward and exhaustive search for the minimum elliptical beam, i.e., it makes
a thorough search, in effect, over all possible ranges of all necessary para-
meters that specify the elliptical beam. It may sound awkward but, as shown
later, it proves to be very efficient.

Section 2 of this report describes the method we have developed for deter-
mining the minimum elliptical beam of a satellite antenna. Section 3 describes
the computer subroutine package that implements the method, with some examples.
Some mathematical details associated with the development of the method are given
in Appendix A, and the computer subroutine package is listed in Appendix B.

2. THE METHOD
2.1. Outline
A serijes of searches for the minimum elliptical beam is performed in suffi-

ciently wide ranges of the longitude and latitude of the boresight point. We
assume that the western boundary of the boresight-point longitude for the search
is the more western of the following two longitudes: (i) the longitude of the
western-most earth station, and (ii) the midvalue of (i) and the satellite
longitude. A similar assumption applies to the eastern boundary of the boresight-

]This program is outlined in a draft amendment to CCIR Report 812 proposed by the
United States, but no published report is available on this program. For com-
pleteness, note that the program to be described in this report is also outlined
in the same CCIR input document.



point longitude as well as the northern and southern boundaries of the boresight-
point Tatitude. |

For each boresight-point location, a series of searches is performed in a
range of the orientation angle of the ellipse from 0° to 180°.

For each boresight-point Tocation and an orientation angle of the ellipse,

a series of searches is performed in a range of axial ratio of the ellipse from
a positive near-zero value to unity. The axial ratio of the ellipse is defined
here as the ratio of the minor axis to the major axis of the ellipse; the axial
ratio never exceeds unity. _

For each boresight-point location, an orientation angle of the ellipse, and
an axial ratio of the ellipse, the minimum elliptical beam is determined by an
element procedure described in the following subsections. 1In Subsection 2.2.,
we will describe the element procedure applicable when there is no pointing error
nor orientation-angle error (i.e., rotation) of the satellite antenna beam.

In Subsection 2.3., we will modify the element procedure by taking these errors
into consideration.

2.2. Element Procedure

We will establish a procedure for determining the minimum elliptical beam of
a satellite antenna that covers a given set of earth stations from a given orbital
position of the satellite when the boresight point of the satellite antenna, the
orientation angle of the ellipse, and the axial ratio of the ellipse are all fixed.
This procedure is a basic element of the whole procedure for determining the
minimum elliptical beam for a set of earth stations and an orbital position. It
consists of the following four steps.

Step 1 of the procedure is to calculate the off-axis angle o and orientation
angle B of each earth station from the given orbital position of the satellite
and the locations of the boresight point and earth station. This calculation can
be done with the procedure described in Appendix A. We denote the resulting
angles for the ith earth station by o and I i=1,2, ...s Nas where Ne is the
total number of earth stations.

For a given orientation angle of the ehlipse, denoted by B o> We next
calculate
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for each earth station as Step 2. We can plot point (yg, zg) in a plane with y"
and z" as the abscissa and ordinate, respectively. Our problem is now to determine,
in the y"-z" plane, a minimum ellipse with the following properties: a) it
encloses every point (yq, z?), b) its center is at the origin of the y"-z"
coordinate system, c) its major axis is in the y"-axis direction, and d) its
axial ratio equals an assigned value.

Since an ellipse becomes a circle when it is stretched uniformly in the
direction of its minor axis (in the direction of z" axis, in our case) by the
ratio equal to the reciprocal of the axial ratio, our problem reduces to a
simpler problem of determining a minimum circle that encloses every point
(y?, zg/p), where p is the axial ratio, and with its center at the origin of the
y"-z" coordinate system. The square of the radius of such a circle, R2, can be
simply calculated by taking the maximum of y$2 + (z'1.'/p)2 over all possible value
of i; it is expressed mathematically by
2 _ max {y$2 + (ZQ/D)Z} . (2)
This calculation is d;ne as Step 3.

Step 4 of the element procedure is to translate the result obtained in the
stretched x-y/p plane to the original x-y plane. From the radius R thus deter-
mined and the assigned value of p, we can calculate the major and minor axes,

R

B1 and BZ’ of the ellipse by
B] = 2R s
(3)
82 = 20R

. 2.3. Modifications to the Element Procedure

The element procedure consisting of the above four steps is applicable only
when there is no pointing error nor orientation-angle error of the satellite
antenna beam. In reality, however, these errors exist, and some of the steps
must be modified accordingly. As a matter of fact, the Final Acts of the 1977
WARC-BS allowed a pointing error of 0.1° and an orientation-angle error of 2°
(ITU, 1977, Annex 8, par. 3.14.1).

We assume that the effect of the orientation-angle error can be included in
the procedure by using, as Ba in (1), the following three values, Bao - Br’
BaO’ and Bao + Br’ where Bao is the given value of the orientation angle of
the ellipse and Br is the orientation-angle error. Taking the maximum in (2)
must be done also over these three values of By The inclusion of the
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orientation-angle error requires some additional computation time but does not
create any problem concerning the principle.

Although the pointing error changes the boresight point in Step 1, its
effect can equivalently be treated by changing, in Step 2, each point (y;, z?)
corresponding to each earth station to a circle having a radius equal to the
pointing error and centered at the point. Each circle becomes an ellipse in
Step 3, and a rigorous calculation of the radius of the minimum circle, R,
becomes almost prohibitive in computation time. To reduce computation time, we
replace each ellipse by a closed curve that encloses the ellipse and can be
easily handled mathematically. The curve we have chosen here consists of two
semicircles having their diameters equal to the minor axis of the ellipse con-
nected by two line segments parallel to the major axis, i.e., a closed curve of
a shape similar to an athletic racetrack. Equation (2) is replaced by

(R - ) = max {y$2 + [(2'1-'2 S (4)

where ¢ is the pointing error. The inclusion of the pointing error with this
replacement requires very little additional computation time. Since the pointing
error is relatively small, the modification with this replacement yields a rea-
sonably tight upper bound to R and, therefore, to the area of the antenna beam.

3. COMPUTER PROGRAM
3.1. Programming Considerations

In implementing the method described in Section 2 in an efficient computer
algorithm, we have divided the whole procedure into two stages. In the first
stage, a series of preliminary searches is performed over all possible ranges
of the longitude and latitude of the boresight point, orientation angle of the
ellipse, and axial ratio of the ellipse, without taking into account the pointing
and orientation-angle errors. In the second stage, a series of close searches
is performed over limited ranges of values of the above four parameters, with the
two errors taken into consideration.

In the first stage, a series of two-dimensional binary searches with respect
to the longitude and latitude of boresight point is performed with the initial
interval of 12.8° and the final interval of 0.4° for both the longitude and
latitude. For each boresight location, a series of binary searches with respect
to the orientation angle of the ellipse is performed, starting with the initial
interval of 22.5° and ending with the final interval of approximately 0.35°. For
each orientation-angle value, a series of binary searches with respect to the
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axial ratio is performed, starting with the initial interval of 12.5% and ending
with the final interval of approximately 0.8%. We have confirmed through _
numerous test runs that truncating the searches with respect to the orientation
angle and the axial ratio at the above values does not lead to local minima of
the solid angle of the elliptical beam.

In the second stage, a series of two-dimensional binary searches is per-
formed over a possible maximum range of 12.6° each of boresight longitude and
1at1tude, centered at the values obtained in the first stage. The searches start
with the initial interval of 0.8° and end with the final interval of 0.1°. This
precision (final interval) is considered sufficient since it corresponds to the
off-axis angle of the antenna beam of less than 0.02° at the satellite antenna.
For each boresight location, a series of searches is performed over a maximum
of 20 consecutive integer values of orientation angle in degrees, starting with
two consecutive integer values that embrace the value obtained in the first stage.
For each orientation-angle value, a series of binary searches with respect to the
axial ratio is performed over a possible maximum range of approximately 25% of
the axial-ratio value, centered at the value obtained in the first stage. The
searches start with the initial interval of 6.25% and end with the final interval
of approximately 0.2%. This precision (final interval) is again considered suf-
ficient since it corresponds, in most cases, to the precision of beamwidth of
0.01° or less.

3.2. Computer Subroutine Package |

The method described in Section 2 has been implemented in a Fortran com-
puter subroutine package, named MNEBSA. The MNEBSA subroutine package consists
of five subroutines. Two subroutines, MNEBSA and MNEBTL, have interfaces with
the user, while the remaining three subroutines are supporting subroutines called
by MNEBSA and/or MNEBTL.

The MNEBSA subroutine is the master subroutine of the package. It determines
the minimum elliptical beam of a geostationary satellite antenna. Although the
1977 WARC-BS adopted a minimum value of 0.6° for the beamwidth of a satellite
transmitting antenna (ITU, 1977, Annex 8, par. 3.13.2) as well as a pointing
error of 0.1° and an orientation-angle error of 2° for a satellite antenna beam,
this subroutine is programmed in such a way that the user can give any values to
these parameters for possible application to other problems. It includes a
simple calculation of the area (or solid angle) of the beam for the convenience
for possible comparison with other results.
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The input parameters of the MNEBSA subroutine are:

OLON = longitude of the satellite orbital position,

NE = number of earth stations,

ELON = array of dimension NE that contains the longitude of
the earth stations,

ELAT = array of dimension NE that contains the latitude of
the earth stations,

BWMN = minimum beamwidth,

PTER = pointing error,

OAEA = orientation-angle error,

all angles in degrees. The output parameters of this subroutine are:

BLON = Tongitude of the boresight point on the surface of the
earth,

BLAT = Tatitude of the boresight point on the surface of the
earth, |

BWMA = major-axis beamwidth,

BWMI = minor-axis beamwidth,

ORAN = orientation angle of the ellipse,

AREA = area (or solid angle) of the beam (in degrees squared),

all angles in degrees.

The MNEBTL subroutine accepts all the input data to MNEBSA and all the output
data from MNEBSA, except BWMN and AREA, as the input data and calculates the
tolerance for each earth station, TLRC; the tolerance is defined here as the
distance between the earth station and the circumference of the ellipse, expressed
in the angle seen from the satellite antenna. The call to the MNEBTL subroutine
is optional.

The MNEBSA package arbitrarily restricts the maximum number of earth sta-
tions to 50. The package occupies approximately 1700 locations on the central
computer of the U.S. Department of Commerce Boulder Laboratories, that stores up
to four instructions (or machine codes) in a location. It is written in ANSI
Standard Fortran (ANSI, 1966).

3.3. Examples
Tables 1 and 2 illustrate two examples of test runs with the ETZ (Eastern
Time Zone) and PTZ (Pacific Time Zone) of the United States and with the orbital
positions of 115°W (OLON = -115.0) and 175°W (OLON = -175.0), respectively. The
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Table 1. Example of Minimum ET1iptical Beam Calculation
(A11 angles are in degrees.)

Input Data to MNEBSA, and Input Data to MNEBTL

SERVICE AREA: USA/ET I ELON(I) ELAT(I)
OLON = -115.0 1 -69.2 47.0
_ 2 -68.4 47.3
Ne =10 3 -66.9  44.8
BWMN = 0.6 4 -69.9 41.5
_ 5 -75.5 35.6
PTER = 0.1 6  -81.8  24.6
OAER = 2.0 7 -85.8 30.2
8 -87.6 38.7
9 -90.5 46.6
10 -88.0 47.5

Qutput Data from MNEBSA, and Qutput Data from MNEBTL

Input Data to MNEBTL I TLRC(I)
1 0.106
BLON = -82.5 2 0.071
- 3 0.000
BWMA = 4.26 5 0.452
- 6 0.015
ORAN = 124.0 8 0.59?

_ 9 0.01



Table 2. Example of Minimum ET1iptical Beam Calculation
(A11 angles are in degrees.)

Input Data to MNEBSA, and Input Data to MNEBTL

SERVICE AREA: USA/PT I ELON(I) ELAT(I)
OLON = -175.0 1 -116.0  49.0
] 2 -114.6  45.5
NE =10 3 -115.8  46.2
BWMN = 0.6 4 -114.0  42.0
] 5 -114.8  32.5
PTER = 0.1 6  -124.7  148.4
OAER = 2.0 7 ~122.8  49.0
8  -124.2  40.4
9  -120.7  34.6
10 -117.1 32.5

Output Data from MNEBSA, and Output Data from MNEBTL

Input Data to MNEBTL I TLRC(I)
1 0.004
BLON = -121.0 2 0.000
BLAT =  40.8 2 8:832
BWMA =  3.79 5 0.011
BWMI = 0.69 ° 0. 008
ORAN = 133.0 8 0.111
AREA = 2.054 . 0-0%




longitude and Tatitude of 10 earth stations shown as ELON and ELAT in each table
are used as the input data. The calculated tolerance (TLRC) values in both
tables indicate that the MNEBSA subroutine yields elliptical beams that are
almost ideal for all practical purposes.

On the central computer of the U.S. Department of Commerce Boulder Laboratories,
the computation time for each example is approximately 2 s, and the corresponding
computation cost is approximately $0.7 in U.S. dollars; the clock cycle time of
the central processing unit of the computer is approximately 25 ns, and the
instruction timings are 100 ns, 125 ns, and 500 ns for the floating-point addition,
multiplication, and division, respectively. The computation times and costs in-
crease approximately linearly as the number of earth stations used for calculation
increases. For the number of earth stations in a range between 4 and 20, the com-
putation times range approximately between 1.5 s and 4 s on the same computer with
the approximate costs ranging between $0.5 and $1.2. These computation costs of
the proposed method can be compared favorably with those of the existing method
based on the nonlinear programming technique. Although no published data of com-
putation times or costs are available at this time, an engineer of the company
that has developed the existing method has estimated the costs to range approxi-
mately between $2 and $3 on a computer of a comparable size. As reported in the
CCIR input document, the computation time of the earlier version is about 40 s for
the same example as Table 1 of this report with an estimated cost of approximately
$10.

4. CONCLUDING REMARKS

We have described a method and its associated computer subroutine package
for determining the minimum elliptical beam of a satellite antenna. The method
is based on a straightforward and exhaustive search. We have shown that the
associated computer subroutine package determines the minimum elliptical beams
with reasonable computation times and computation costs.

The method described here also has other advantages. The user of this
method (or the associated subroutine package) needs to give only the orbital
position of the satellite and the geographical locations of earth stations to-
gether with the minimum beamwidth and the pointing and orientation-angle errors.
The user is not required to make any initial guesses that may be necessary for
some other methods. As another advantage we can point out that the described
method will not yield any local optimum. This advantage is obvious since the
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search is exhaustive over possible ranges of all parameters.

We have shown that our method works better than another method based on the
technique of nonlinear programming. This result, however, does not imply that
the nonlinear programming technique is ineffective in general. Rather, this
result should be interpreted to imply that the nonlinear programming technique
does not match our specific problem for which a simpler approach can work better.
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APPENDIX A: OFF-AXIS AND ORIENTATION ANGLES OF AN EARTH STATION

Determination of the minimum elliptical beam of a satellite antenna involves
the off-axis angle and the orientation angle of the earth station. Calculation
of the gain of a satellite antenna in the direction of an earth station also
involves the off-axis angle of the earth station and, in the case of a noncir-
cular beam, the orientation angle of the earth station as well. The off-axis
angle of an earth station is the angle between the beam axis of the satellite
antenna and the vector from the satellite to the earth station. The orientation
angle of the earth station is defined as the angle measured counterclockwise,
in a plane normal to the beam axis of the satellite antenna, from a line parallel
to the equatorial plane to the projection of the vector from the boresight
point to the earth station. This appendix describes the procedure for calculating
the off-axis and orientation angles of an earth station from given locations of
the orbital position of the satellite, the boresight point of the satellite
antenna on the surface of the earth, and the earth station.

We assume that the satellite orbital position, the location of the satellite-
antenna boresight point, and the location of the earth station are given in terms
of their longitude and latitude angles, with plus signs indicating the east longi-
tude and north latitude, respectively, as a general convention. We represent the
location of the boresight point of a satellite antenna by the longitude and lati-
tude of the point on the surface of the earth, at which the beam axis of the satel-
lite antenna intersects the surface of the earth.

Throughout this appendix, we take the radius of the earth as the unit of
length. We use subscripts b, e, and o to denote the boresight point, the earth
station, and the orbital position, respectively.

To calculate the off-axis and orientation angles of an earth station, we in-
troduce two coordinate systems. They are called the earth-center coordinate system
and the boresight-point coordinate system.

We first introduce a coordinate system called the earth-center coordinate
system. It is a Cartesian system. We call the three axes of the cdordinate system
the x, y, and z axes. The origin of the coordinate system is the center of the
earth. The positive x axis intersects the surface of the earth at 0°E and 0°N.
The positive y axis intersects the surface of the earth at 90°E and 0°N. The
positive z axis points toward the north pole.

In the earth-center coordinate system, the three coordinates of a point are
given by
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X = r cosf cosop ,
y = r cosd sing , (A-1)
zZ =r sing ,

where r is the distance between the point in question and the center of the earth
(i.e., the origin of the coordinate system) measured with the radius of the earth
as the unit, and 6 and ¢ are the Tatitude and longitude of the point in question.
A point on the surface of the earth is represented by (A-1) with

r=1 , (A-2)

since the radius of the earth has been taken as the unit of the length.

Equation (A-2) applies to all earth stations as well as the boresight point of
the satellite antenna on the surface of the earth. The earth-center coordinates
of the orbital position, Xg» Yoo and z,, are represented also by (A-1) with

the distance of the orbital position from the center of the earth, o and the
latitude and Tongitude of the orbital position, % and Ay For the orbital

position of a geostationary satellite, we have

o 6.6239,
(A-3)
8, = 0.
Note, however, that all other relations described in this appendix hold without

regard to (A-3).

r

When an orbital position of the satellite and a boresight point on the surface

of the earth are given, we define another coordinate system called the boresight-
point coordinate system. It is also a Cartesian system. We call the three axes
of the coordinate system the x', y', and z' axes. The origin of the coordinate
system is the boresight point on the surface of the earth. The positive x' axis
points toward the orbital position of the satellite. The y' axis is parallel to
the equatorial plane. The positive z' axis is on the north side of the x'-y'
plane. Again, the radius of the earth is taken as the unit of length. 1In this
coordinate system, the coordinates of the orbital position are represented by

=V (xg - x)P (v - v)P * (2, - 7))
0 ’ (A'4)
= O s

X

y

- O- O-

Z

where Xgs Yo and z, are the earth-center coordinates of the orbital position, and
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Xps Y and z; are the same coordinates of the boresight point.

When the boresight-point coordinates of an earth station are given, the
off-axis and orientation angles of the earth station can be calculated without
difficulty. Let the off-axis and orientation angles of an earth station be
denoted by Qg and B o respectively, and the boresight-point coordinates of the

earth station, by xé, yé, and zé. Then, Gy and B, are represented by

—] |2 |2 ] 1
o = tan Wy T2 (x5 X))

Q
il

tan']

Be

(24 7 yg)

where xé is the x' coordinate of the orbital position, given in (A-4).
Conversely, when Qg and B of an earth station are given, its boresight-

point coordinates, xé, yé, and zé, can also be calculated. Since the distance

between a point on the surface of the earth and the center of the earth is unity,

the coordinates must satisfy, in addition to (A-5),

(x - xD%+ (y) - y)2+ (2 - 207 = 1, (A-6)

where xé, yé, and zé are the boresight-point coordinates of the center of the

earth. Since the origin of the boresight-point coordinate system (i.e., the
boresight point) is also on the surface of the earth, we have

2 12 12 _ -
é tylt ozt =T (A-7)

With the help of (A-7), we can solve (A-5) and (A-6) with respect to Xa> Yoo

and zé. The results are

X Y

>
1}
1
los)
+
o
nNo
]
(qp]

e
Yy = (xé - xé) tan a, cos B,
z! = (xé - xé) tan o, sinB

(A-8)
B = - xésinzae - xécos%se + E,
C = xé(xésinzae - 2E),
E = (yécos Bo ¥ zésin Be) sin a, cos ag.

As the .expression for xé suggests, xé has been determined as a root of a quad-
ratic equation. Out of two roots of the quadratic equation, a root that is
closer to zero (or the x' coordinate of the boresight point) has been selected;
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the other root has a more negative value and corresponds to a point that is
invisible from the satellite.

Since the relation between the two angles and the boresight-point coordin-
ates of an earth station has been established, the remaining problem is the
coordinate transformation of the earth station from the earth-center coordinate
system to the boresight-point coordinate system and vice versa.

Coordinate transformation from the earth-center coordinate (x, y, z) to the
boresight-point coordinate (x; y) z') is represented by

X! 817 a1 3 X = Xy
YT %1 %2 %23 Y=Y | o (A-9)
_ZlJ ba3] a32 ast Lz - ZbJ

where aij‘s, i=1,2,3,3=1, 2, 3, are the coefficients of coordinate transfor-

mation, and Xps Y and z, are the earth-center coordinates of the boresight point
on the surface of the earth, calculated by (A-1) and (A-2) with the latitude and
Tongitude of the boresight point, 6, and $p- Since both coordinate systems are
Cartesian with the same length of unit vectors, the following orthonormal relations

among the coefficients aij's hold:

1 when i =3 ,
iq@ieq F Bin@im F BinBan =8 L.
a11a31 a12a32 a13aJ3 613 0 when i%j ,
(A-10)

1 when i =j ,

14815 t Ap48p5 T 834835 =045 =

0 when 1 ¥ j

The inverse transformation from the boresight-point coordinate to the earth-center
coordinate is represented by

(x - x| —a a a ] [ x'—
b 11 21 31 .
Y=Y | T |2 22 | |V (A=11)
[ Z -2 ] | 313 %3 a33] [ 7
Determination of aij's will follow.

6) represented by (A-4) in the boresight-point coordinate

system is represented as point (xo, Yoo zo) in the earth-center coordinate system,
we obtain, from (A-11),

. . )
Since point (Xo’ Yo Z
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apy = (xg = %)%y s

a1 = g = ypixg s (A-12)

413 © (Zo - zb)/xo

Thus, three coefficients, ayys 100 and ay3s have been determined.

Since the y' axis is parallel to the equatorial plane, we have the relation
that

z = z, when x'=0and z' =0 . (A-13)

From (A-11) and (A-13), we obtain
355 =0 . (A-14)
Thus, 353 has been determined as the fourth coefficient.

Two coefficients, CPe and a5,, are determined concurrently. From (A-10) and
(A-14), we have

a173p7 + 819859 = 0

2 2
a1 tayy =

Solving this set of equations, we obtain

_—- Jf_’7?_——__75
a1 =t ap/VapT ta,

_ vf"??""‘?
a9 = rap/Vay tag,

Since the positive z' axis is on the north side of the x'-y' plane, the angle
between the positive z axis and the positive z' axis is less than 90°, and so is
the angle between the x-y plane and the x'-y' plane. Therefore, the signs of x'
and y' are the same as what are obtained by rotating the x-y plane. This dictates
that a1 and 250 must have an identical sign. We obtain

) v[——75—_—-_75
a1 = - app/VapT Fa

~ v[_—7?—__——7{
3y = ap/VagT gt

(A-15)
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Thus, we have determined 351 and 3,5, as the fifth and sixth coefficients.
From (A-10) and (A-14), we obtain

ays = 1 - 2]

Since the z' axis is on the north side of the x'-y' plane, or z and z' must have an
identical sign, we obtain

ag; =V1 - a]32 . (A-16)

Thus, 233 has been determined as the seventh coefficient.

From (A-10) and (A-14) we have
17813 * 31333 = 0

and, therefore, we obtain

331 = - 393y3/333 (A=17)
Thus, a3 has been determined as the eighth coefficient.
Similarly, from (A-10) and (A-14), we obtain
a3p = = 21313/333 (A-18)

Thus, a3, has been determined as the ninth and last coefficient.
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APPENDIX B: FORTRAN LISTING OF THE MNEBSA SUBRQUTINE PACKAGE

The following listing includes, in the first two pages, the 1isting of a check
program, CKMNEB, that illustrates how to call the MNEBSA and MNEBTL subroutines.
The CKMNEB program produced, among others, the results shown in Tables 1 and 2 in
the text. (The CKMNEB program is also written in ANSI Standard Fortran except
the PROGRAM statement. The SECOND function called by this program is the internal
clock of the computer of the U.S. Department of Commerce Boulder Laboratories; it
is included in neither intrinsic functions nor basic external functions of ANSI
Standard Fortran.)

PROGRAM CKMNEB(OUTPUT,TAPE6=0UTPUT)
C PROGRAM CHECK FOR MNEBSA AND MNEBTL
C DECLARATION STATEMENTS
DIMENSION LSA(4)
DIMENSION OLON(4) s NE(4)}ELON(5054)sELAT(50,54)
DIMENSION ELN1(3),ELT1(3)
EQUIVALENCE (ELN1(1),ELON(1,1)), (ELTI1(1)»ELAT(1,1))
DIMENSION ELN2(6)sELT2(6)
EQUIVALENCE (ELN2(1)sFLON(1,2))s (ELT2(1),ELAT(1,2))
DIMENSION ELN3(10),ELT3(10)
EQUIVALENCE (ELN3(1),ELON(1,3))s (ELT3(1),FLAT(1,3))
DIMENSTION ELN4(10),ELT4(10)
EQUIVALENCE (ELN&{1),ELON(1,4))s (ELT4(1),ELAT(154))
DIMENSTION EOFA(S50),FORA{(50), TLRC(50)
DATA ND/&/
DATA LSA(1)/6HBRRB /> OLON(1)/-101.6/
DATA NE(1)/3/,
1 ELN1(1), ELN1(2), ELN1(3)/
2 -59,60s ~59.40, =59.,60/,
3 ELT1(1), ELT1(2), FLTY(3)/
4 13.30» 13.20, 13,10/
DATA LSA(2)/6HCAN/3 [/, OLON{(2)/-145.0/
DATA NE(2)/6/>s
1 ELN2(1)» ELN2(2), ELN2(3), ELN2(4), ELN2(5), ELN2(6)/
2 =-106,00, =95,00» -89.00, =-95,20, =-95.,20, -106.00/,
3 ELT2(1)» ELT2(2)» ELT2(3)s ELT2(4)» ELT2(5), ELT2(6)/
4 70.00» 70.00» 5690, 52.80) 49.00, 49.00/
DATA LSA(3)/6HUSA/ET/s OLON(3)/-115.0/
DATA NE(3)/107/»
FLN3(1), ELN3(2)s ELN3(3), ELN3(4), ELN3(5), ELN3(6),
ELN3(7), FLN3(B8), ELN3(9)» ELN3(10)/ _
=69.,20y -68.,40y <66+90» =69.90, =75.50s -81.80,
-85.80y =87.60s =-90.50» <-88.00/»
ELT3(1), ELT3(2)» ELT3(3), ELT3(4)s ELT3(5), ELT3(6),
ELT3(7)s ELT3(B), ELT3(9), ELT2(10)/
47.00, 47.30, 44,80, 41.50, 35.60, 24460,
30,20, 38470» 46.60» 47.50/

PNV D WN
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DATA LSA(&)/6HUSA/PT/s OLON(4)/-175.0/
DATA NE(4)/10/,
1 ELN&(1), ELN&(2)s FLN4(3), ELN&(4), ELN&4(5), ELN4(6),
2 ELN&(7), ELN&4(B)y FELN4(Q9), FLN4(10)/
3 =116,00, -114,60, -115.80, -114,00, -114.,80, -124.70,
4 =122.805 -124+20y =120470y =117.10/»
5 ELT4(1)y ELT4(2), ELT4L(3), ELT4(4)s ELT4(5)y ELT4(6),
6 ELT4{(7)s ELT4(B)s ELT4(Q), ELT4{(10)/
7 49,00, 45,50, 46,20, 42.00, 32.50, 48,40,
8 ‘09000! ‘?00‘90) 3‘9060’ 32050,
DATA BWMN,PTER,CAER/Ceb5504152.0/
DATA NAME/GHCKMNEBR/
C CALCULATION
10 DO 36 JD=1,ND
OLONJ=DLON(JD)
NEJ=NE(JD)
20 TO=SECOND(CP)
CALL MNEBSA(DLONJSNEJ,ELON{1,J3D),ELAT(1,JD)>»
1 BWMN,PTER, OAER
2 BLON,RLAT,BWMA,RWMI,ORANSAREA)
TM1=SECONDI(CP)-TO
TO=SECOND(CP)
CALL MNEBTL(DLONJS)NEJSELON(1,JD)»ELAT(1,JD)>
1 PTER,DAERyBLONBLAT»BWMA,BWMI,ORAN,
2 EOFAL,ECRA,TLRC)
TM2=SECOND(CP)~TO
a0 WRITE (As6030) NAMESLSA(JID)»OLONJISNEJsBRWMN,PTER»OAER,
1 BLCN,ALAT, RWMA,BWMI,ORANS, AREA
31 WRITE (656031) PTER,OAER
WRITE (656032) (JsELDON(JyJD)SELAT(J5JD)>
1 ECFA(J)YSEORA(J)» TLRC(J)»J=1sNEJ)

WRITE (6,6033) TM1,TM2

39 CONTINUE

sTop

C FORMAT STATEMENTS
6C30 FCRMAT(1H1,A655X,

1
2
3
4
5

15HSERVICE AREA = ,86,5X, 6HOLON =, FB4295Xs 4HNE =513/7///
3X922HMINIMUM ELLIPSE (BWMN=,F4,2,7Hs PTER=,F&.2)

THy OAER=yF&4.251H)//

5Xs6HBLON =,FB8.2/5Xs6HBLAT =,FB8,2/5X,6HBWMA =,F8,2/

5Xs 6HBWMI =,FBe2/5Xy 6HORAN =,FB,2/5X6HAREA =,FB8,3)

6031 FORMAT(1X///3Xs22HTOLERANCE CHECK (PTER=,F4,.2,

N W

7Hs DAFRe,F&4,251H)//

24Xy 14HEARTH STATICNS/

11Xy 4OHLONGI- LATI- OFF=- DRIEN- TOLE=/

11X, 40HTUDE TUDE AXIS TATION RANCE/
11Xs40H ANGLE ANGLE /
4Xy1HI» 6Xs 40H(ELNDN) (ELAT) (EOFA) (EQRA) (TLRC)/)

6032 FORMAT(1XyT45F12.25sF8425F9¢35FF.25F8,3)
6033 FORMAT(1X//7/3Xs28HCOMPUTATION TIME OF MNEBSA =yF6e3s2H S//

1

3Xy 28HCOMPUTATION TIME OF MNEBTL =,F6.392H S)

END
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SUBROUTINE MNEBSA(OLONSNESELON,ELAT,BWMN,PTER,DAER,

1 BLONsBLATSsBWMA,BWMI, ORANy AREA)
THIS SUBROUTINE DETERMINES THE MINIMUM ELLIPTICAL BEAM OF A
GEOSTATIONARY SATELLITE ANTENNA, GIVEN THE ORBITAL POSITION OF
THE SATELLITE AND THE LOCATIONS OF THE EARTH STATIONS,
THFE INPUT PARAMETERS ARE

OLON LONGITUDE OF THE ORBITAL POSITION (IN DEGREES),

NE = NUMBER OF EARTH STATIONS (MUST NOT EXCEED 50)»

ELON = ARRAY OF DIMENSION NE THAT CONTAINS THE LONGI-
TUDES OF THE EARTH STATIONS (IN DEGREES),
ELAT = ARRAY OF DIMFNSION NE THAT CONTAINS THE LATI-

TUDES OF THE EARTH STATIONS (IN DEGREES),

BWMN = MINIMUM BEAMWIDTH (IN DEGREES),

PTER = POINTING ERRCR (IN DEGREES),

DAER = ORIENTATION-ANGLE ERROR (IN DEGREES).

WHEN A NEGATIVE VALUE IS GIVEN TO PTER OR OAER, ITS ABSOLUTE
VALUE WILL BE USED AS PTER OR ODAER.
THE OUTPUT PARAMETERS ARE
BLON = LONGITUDE OF THE BORESIGHT POINT ON THE SURFACE
NF THE EARTH (IN DEGREES),
BLAT = LATITUDE OF THF BORESIGHT POINT ON THE SURFACE
OF THE EARTH (IN DEGREES)»

BWMA = MAJOR-AXIS REAMWIDTH (IN DEGREES),

BWMI MINOR-AXYS BEAMWIDTH (IN DEGREES),

ORAN = ORTIENTATION ANGLE OF THE ELLIPSEs TsEe» IN A
PLANE NORMAL TC THE BEAM AXIS, THE ANGLE MEAS-
URED COUNTERCLOCKWISE FROM A LINE PARALLEL TO
THE EQUATORIAL PLANE TO THE MAJOR AXIS OF THE
ELLIPSE YO THE NEAREST DEGREE (IN DEGREES),
AREA (OR SOLID ANGLE) OF THE BEAM
(IN DEGREES SCUARED).

THIS SURRODUTINE CALLS THE MNEBBN AND MNEBBR SUBROUTINES.

THIS SUBROUTINE ASSUMES THAT THE VECTOR FROM THE SATELLITE
ORBITAL POSITION TO ANY EARTH STATION DOFES NOT CROSS THE SEMI-
PLANE OF THE 90 DEGREES EAST LONGITUDE.

DECLARATION STATEMENTS

DIMENSION ELON(NE)»ELAT(NE)

COMMON/MNEL1/XE(50),YE(50)s ZE(50)

DIMENSION JLNP{10),JLTP(10)

DATA JLIN1,NR1/128,6/, JLIN2,NR2/32,5/

DATA RO»Z0/6462395040/

PI AND RADIAN-TO-DEGREE RATIO
10 PI=2,0%ATAN2(1.050.0)

RAD=PI/180.0

EARTH-CENTER COORDINATES OF THE ORBITAL POSITION
20 XO=COS(RAD*OLON)*RO

YO=SIN(RADXOLON)*RO
EARTH~CENTER COORDINATES CF THE EARTH STATIONS

DD 21 JE=1,NE

COSELA=CNS(RAD*ELAT(JE))
XE(JE)aCOSELA*COS(RAD*ELON(JE))
YE(JE)=COSELA*SIN(RAD¥ELON(JE))
ZE(JE)=SIN(RAD*ELAT(JE))

21 CONTINUE

AREA
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C RANGE OF BORESIGHT POINT
30 BLONMNsSELON(1)

IF(RLONMN,GT.90.0) BLONMN=BLONMN-360.0

BLONMX=BLONMN

BLATMN=ELAT(]1)

BLATMX=RBLATMN

DD 31 JE=2,NE
ELONJSELON(JE)
IF(ELONIGT.90.0) ELONJ=ELONJ=360,.,0
BLONMN=AMINL(ELONJ, BLONMN)
BRLONMX=AMAXI(ELONJ, BLONMX)
ELATJ=ELAT(JE)
BLATMN=AMINI(ELATJ,BLATMN)
BLATMX=AMAXYI(ELATJyBLATMX)

31 CONTINUE

OLONI=Q0OLON

IF(OLONT.GT.90.0) CLONI=0LON=-360.0

BLONMN=AMINLI((OLONTI+BLONMN) /2,0,BLONMN)

BLONMX=AMAX1((OLONT+BLONMX) /2,0, BLONMX)

BLATMN=AMINI (BLATMN/2.0,BLATMN)

BLATMX=AMAXY(BLATMX/2.0,BLATMX)

C SEARCH FOR MINTMUM ELLIPTICAL BEAM WITHOUT POINTING ERROR,
C DRENTATION-ANGLE ROUND OFFy AND DRIENTATION-ANGLE ERROR

40 PDTMI=1,0E+6
DD 69 IR=1,NR1
IF(IRWNE.]1) GO 10O 42
41 JUNCT=INT((BLONMN+RLONMX)/2.0+360.,5)*10
JUNMN=JINCT-INT((BLONMX-BLONMN)/25,.6)%128
JULNMX=JUNCT4+JLNCT=JLNMN
JUNIN=JLIN]
JLTCT=INT((BLATMN+RLATMX)/2.0+180.5)*10
JLTMN=JLTCT=INT{(BLATMX-BLATMN)/25,6)%128
JLTMX=JLTCT+JLTCT-JLTMN
JLTIN=JLIN]
GO TO 50
42 JUNMN=JLNMI=-JLNIN
JLNMY=JLNMI+JLNIN
JUNIN=JININ/2
JLTMN=JLTMI-JLTIN
JLTMX=JLTMI+JLTIN
JLTIN=JLTIN/2
50 DC 59 JUN=JLNMN, JLNMX, JLNIN
IF(IRLEQ.1) GO0 TO 52
JLNFLG=1
DO 51 JJLN=1,NJLN
TFUJUNGEQLJLNP(JILN)Y) GO TO 52
51 CONTINUE
JLNFLG=0
52 BLONJ=FLOAT(JLN-3600)7/10.0
DO 58 JULT=JLTMN,JLTMX,JLTIN
IF{IR,EQ.]) GO TO 54
IF(JLNFLG.EQ,0) GO TO 54

22



DO 53 JJLT=1,NJLT
IF(JLTSEQ.JLTP(JILT)) GO TO 58
53 CONTINUE
54 BLATJ=FLOAT(JLT~-1800)/10.0
CALL MNEBBN(XOsY0OsZOsNEs XEs YE,»ZE,BLONJ,BLATY,
1 ' CAs» AR, PDT)
IF(PDT.GELPDTMI) GO T0 58
JUNMI=JLN
JLTMI=JLT
0AMI=0A
ARMI=AR
PDTMI=PDT
58 CONTINUE
59 CONTINUE
60 IF(IR.EQ.NR1) GC TO 69
NJLN=Q
DO 61 JUN=JULNMN, JLNMX»JUNIN
NJUN=sNJLN+1
JULNP(NJLN)=JLN
61 CONTINUE
NJLT=0
DO 62 JLT=JLTMN,JLTMY,JLTIN
NJLT=NJLT+1
JLTPUINJLT)=JLT
62 CONTINUE
69 CONTINUE
BLONO=FLOAT(JLNMI-26CC)/10,0
BLATO=FLOAT(JLTMI-1800)/10.0
ORANO=DAMI
ARO=ARMY
C FURTHER SEARCH FOR MINIMUM ELLIPTICAL BEAM WITH THE POINTING
C FRROR, DORIENTATION~ANGLF ROUND OFF, AND CRIENTATION-ANGLE
C ERROR
70 PDTMI=1.0E+6
JLNMI=BLONO*10.,0+360C.5
JUNIN=JLINZ
JLTMI=BLATO*10.0+1800,5
JLTIN=JLINZ
DC 89 IR=1,NR2
JULNMN=JUNMTI-JLNIN
JUNMX=JLNMI+JLNIN
JLNIN=JLNIN/2
JLTMN=JLTMI-JLTIN
JLTMX=JLTMI+JLTIN
JLTIN=JLTIN/?2
DO 79 JLN=JLNMN, JLNMX,JLNIN
TIF(IR.EQ.1) GO0 TO 72
JULNFLG=]
DO 71 JJLN=1,NJLN
TF(JLNSEQJJLNP(JJLN)) GO TO 72
71 CONTINUE
JLNFLG=0
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72

73
74

78
79
80

81

82
89

BLONJ=FLOAT(JLN=-3600)/10.0
DO 78 JLT=JLTMN,JLTMX,JLTIN
IF({IR.EQ.]) GO TO 74

IF(JLNFLG.EQ,O) GO TO 74
DO 73 JJLT=1,NJLT :

IF(JLTEQ.JLTP(JILT)) GO TO 78
CONTINUE

BLATJ=FLOAT(JLT-1800)/10.0
CALL MNERBR(XD,Y0,20,NEy XE» YE, ZE>»
"~ ORANO,ARO,PTER, DAER,BLONJ,BLATJS
OAs AR, PDT)
IF(PDT.GELPDTMT) 60 TO 78
JUNMI=JLN
JUTMI=JLT
OAMI=0A
ARMI=AR
POTMI=PDT
CONTINUE
CONTINUE
IF(IRLEQ.NR2) 60 TN 89
NJLN=0
DO 81 JLN=JLNMN, JLNMX, JLNIN
NJLN=NJLN+1
JLNPINJLN)=JLN
CONTINUE
NJLT=0
DO 82 JLT=JLTMN, JLTMX,JLTIN
NJLT=NJLT+1
JLTPINJLT) =JLT
CONT INUE
CONTINUE
BLON=FLOAT(JLNMI=3600)/10.0
BLAT=FLOAT(JLTMI-1800)/10.0
BWMA=2,0%SQRT(PDTMI/ARMT) /RAD
BWMI=aBWMAXARMT
ORAN=OAMI
BWMA=AMAXT (BWMN,BWMA)
BWMI=AMAX1(BWMN,BWMT)
IF(BWMALLE BWMN AND . BWMICLE.BWMN) DRAN=0,0
AREASRWMAXBWMI*PI /4,0
RETURN
END
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SUBROUTINE MNEBTL(OLCN,NE,ELON,ELAT,PTER,QAER,

1 BLONsBLAT,BWMA, BWMI, ORAN,

2 ECFA» EORASTLRC)

THTIS SUBROUTINE CALCULATES THE TOLERANCES, AND OTHER RELATED
VARIABLES, OF EARTH STATIONS, RELATIVE TO AN ELLIPTICAL BEAM
OF A GEOSTATIONARY SATELLITE ANTENNA,

THE INPUT PARAMETERS ARE

OLON = LONGITUDE OF THE ORBITAL POSITION (IN DEGREES)»

NE = NUMBER OF EARTH STATIONS (MUST NOT EXCEED 50},

ELON = ARRAY OF DIMENSION NE THAT CONTAINS THE LONGI-
TUDES OF THE EARTH STATIONS (IN DEGREES),

ELAT = ARRAY OF DIMENSION NE THAT CONTAINS THE LATI-
TUDES DOF THE FARTH STATIONS (IN DEGREES),

PTER = PNINTING ERROR (IN DEGREES),

DAER = ORIENTATION-ANGLE ERRDOR (IN DEGREES),

BLON = LONGITUDE OF THE BORESIGHT POINT DN THE SURFACE
DF THE EARTH (IN DEGREES),

BLAT = LATITUDE OF THF BORESIGHT POINT ON THE SURFACE
OF THE EARTH (IN DEGREES),

BWMA = MAJOR-AXIS BEAMWIDTH (IN DEGREES),

BWMY = MINOR-AXIS BEAMWIDTH (IN DEGREES),

ORAN = NRIENTATION ANCGLE OF THE ELLIPSE, JT.Eep IN A
PLANE NORMAL TC THE BEAM AXIS, THE ANGLE MEAS-
URED COUNTERCLOCKWISE FROM A LINE PARALLEL TO
THE EQUATORIAL PLANE TO THE MAJOR AXIS OF THE
ELLIPSE (IN DEGREES).

THE DUTPUT PARAMETERS ARE ALL ARRAYS OF DIMENSION NE WHERE THE
CALCULATED VALUES OF THE FOLLOWING VARIABLES ARE TO BE STORED.

EOFA = DFF-AXIS ANGLE OF THE FARTH STATION,

EDRA = ORIENTATION ANGLE OF THE EARTH STATICON, I.E.»
THE ANGLE MEASURED COUNTERCLOCKWISE, IN A PLANE
NORMAL TO THE BEAM AXYS, FROM A LINE PARALLEL
TO THE FQUATORIAL PLANE TO THE PROJECTION OF
THE VECTOR FROM THE BORESIGHT POINT TO THE
THE EARTH STATION,

TLRC = TOLERANCE OF THE EARTH STATION, I.E.» THE
DISTANCE RETWEEN THE EARTH STATION AND THE
CIRCUMFERENCE CF THE ELLIPSE, EXPRESSED IN
THE ANGLE SEEN FROM THE SATELLITE ANTENNA,

ALL IN DEGREES.
THIS SUBROUTINE CALLS THE MNEBOA SURROUTINE,
DECLARATION STATEMENTS

DIMENSION ELON(NE)»ELAT(NE),

1 EOFA(NE)>EORA(NE)s TLRC(NE)
COMMON/MNEL/XE(50)sYE(50),ZE(50)
COMMON/MNE2/ALFA(S0)sBETA(50)

DATA R0»Z0/6.623G,0.0/

RADIAN=-TO-DEGRFE RATIO
10 RAD=ATAN2(1.050.0)/9C.0
EARTH-CENTER COORDINATES COF THE ORBITAL POSITION
20 XO0=COS(RAD*DLON)*RD
YO=SIN(RAD*QOLON)*RO
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EARTH-CENTER CODRDINATES OF THE BORESIGHT POINT
30 COSBLA=COS{RAD*BLAT)
XB=COSRLA*COS(RAD*BLON)
YB=COSBLAXSIN(RAD*BLON)
IB=SIN(RAD*BLAT)
FARTH-CENTER COORDINATES OF THE EARTH STATIONS
40 DO 41 JE=1,NE
COSFLA=COS(RAD*FLAT(JE))
XE(JE)=sCOSELA*®COS(RAD*ELON(JE))
YE(JE)=COSELA*SIN(RAD*ELON(JE))
ZE(JEY=SIN(RAD*ELAT(JF))
41 CONTINUE
OFF=AXIS AND ORIENTATICN ANGLES OF EARTH STATICNS
50 CALL MNEBOA(XO,YO»Z0sXBsYBsZBsNEsXE»YESZE» ALFALBETA)
SEMTI-AXIS BEAMWIDTHS
60 A=RAD%BWMA/2,0
B=RADXBWMI /2,0
ASQ=A%A
BSQ=R*3
TOLERANCES DF EARTH STATICNS
70 DO 79 JE=1,NE
DMN=1,0E+6
D0 72 JDE=1,3
OAJ=RADX (DRAN+CAERXFLDAT{JOE=-2))
YEDP=ARS (ALFA(JE)*COS(RETA(JE)=-DAJ))
TEDP=ABS(ALFA(JE)*SIN(BETA(JE)=DAJ))
YLDP=sAMINLI(YEDP,A)
Y2DP=A/BR*SQRT(AMAXI(C.0»BRSQ-ZEDP%%2))
po 71 JyYDP=1,101
YDP=Y1DP+(Y2DP-Y1DP)*FLOAT({JYDP~-1)7100C.0
ZDP=B/A*SORT(AMAX1(0,0,ASQ-YDP*%x2))
DMN=AMINI(SORT((YDP-YEDP)**2+(2ZDP~-2EDP)*%*2),DMN)
71 CONTINUE v
72 CONTINUE
EOFA(JE)=ALFACJE)/RAD
EORA{JE)=BETA(JE)/RAD
SGN=1,0
IF(((YEDP/A)Y**24+(ZEDP/B)*%*2) 4GTele0) SCN==1,0
TLRC(JE)=SGNXDMN/RAD-ABS{PTER)
79 CONTINUE
RETURN
END
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SUBROUTINE MNEBBN(XCsYDsZDsNESXESYE,ZESBLON,BLAT,
1 OAMs ARM, PDTM)
THIS SUBROUTINE CALCULATES) FOR A BORESIGHT PQOINT, THE MINIMUM
VALUE (MINIMIZED OVER THE ORIENTATION ANGLE AND AXIAL RATIOD
VALUES) OF THE PRODUCT OF THE SEMIMAJOR AND SEMIMINOR AXES OF
THE FLLIPTICAL BEAM 0OF A SATELLITF ANTENNA, CALCULATION DOES
NOT INCLUDE THE POINTING ERRORy, ORIENTATION=ANGLE POUND OFF,
DR ORTIENTATION-ANGLE ERRCR.,
THE INPUT PARAMETERS ARE
X0» YDs» 20
= FARTH-CENTER CCORDINATES OF THE SATELLITE
ORBITAL POSITICON,
NE = NUMBER OF EARTHE STATIDNS (MUST NOT EXCEED 50)»
XE, YE, ZE
= ARRAYS OF DIMENSTION NE CONTAINING THE EARTH-
CENTER COORDINATES GOF THE EARTH STATIONS,
BLON = LONGITUDE OF THE BORESIGHT POINT ON THE SURFACE
OF THE EARTH (IN DEGREES),
BLAT = tATITUDE OF THE RORESIGHT POINT ON THE SURFACE
DF THE EARTH (IN DEGREES).
THE OQUTPUT PARAMETFERS ARE
DAM = OPTIMUM VALUE DF THE ORIENTATION ANGLE OF THE
ELLIPSE (IN DEGREES),
ARM = (OQPTIMUM VALUE CF THE AXTIAL RATIO,
PNDTM = MINIMUM VALUEF OF THE PRODUCT OF THE SEMIMAJOR
AXIS AND SEMIMINNR AXIS OF THE ELLIPTICAL BEAM
({IN RADIANS SQUARED).
THIS SUBRODUTINE CALLS THE MNEBOA SUBROUTINEF,
DECLARATION STATEMENTS
DIMENSION XE(NE)YSYE(NE),ZE(NE)
COMMON/MNE2/ALFA(S0)sBETAL(50)
COMMON/MNE3/YDPSQL{50)»ZDPSQ{(50),DMMY(200)
DATA NOA,ANDA/1024,1024.0/7s JDAINO,NRO/128,8/
DATA NARyANARZ71024,10244.0/7s JARINOsNRA/128,56/
PI AND THE RADIAN-TO-DEGREE RATID
10 PI=2,0%ATAN2(1.0,0,0)
RAD=PI/180.,0
EARTH=CENTER COORDINATES CF THE BORESIGHT POINT
20 COSBLA=CDS(RAD*BLAT)
XB=COSBLAXCOS{RAD*BLON)
YB=COSBLA*SIN(RADXBLCN)
I8=SIN(RAD*BLAT)
OFF=AXIS AND DRIENTATION ANGLES OF THE EARTH POINTS
30 CALL MNEBOA(XDsYOsZOsXByYBsZBsNESXESYESZESALFASBETA)
MAIN DO-LOOPS (2) WITH RESPECT TD THE DORIENTATION ANGLE
40 PDTMI=1,0FE+6
DD 59 IRD=1,NRO
IF(IROWNE,1) CGC TO 42
41 JOAIN=JOAINO
JOAMN= JOAIND
JOAMX=NDA
GO TN 45
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42

45

46

IF(IRONE,2) JOAIN=JOAIN/2
IF(JOAINGLEL]) GO 7O 59
JOAMN=JOAMI-JOAIN/2
JOAMX=JOAMN4JOAIN
DO 58 JOA=JOAMN,JOAMX, JOAIN
OAJsFLOAT(MOD(JDASNDA))/ANOAXPI
DO 46 JE=1,NE
YOPSQUJE)=(ALFA(JE)*COS(BETA(JE)-DAJ) ) *%2
IDPSQ(JE)=ALFA(JE)*¥2-YDPSQ(JE)
CONTINUE

C INNER DN-LOOPS (2) WITH RESPECT TO THE AXIAL RATIO

50

52

53

54

55
56
58
59
60

DO 56 IRA=1,NRA
IF(IRALNE.1) GO 10O 52
JARMN=JARINQ ’
JARMY=NAR
JARIN=JARINO
GO TO 53
IF(TRALNE.2) JARIN=JARIN/2
JARMN=MAXO(1,JARMI-JARIN/2)
JARMYX=MINO(JARMI4+JARIN/2,NAR)
JARIN=JARMX~-JARMN
IF(JARINGLEQ.OD) G0 T0 56
DO 55 JAR=JARMN,JARMX,J ARIN
RAR=ANAR/FLOAT(JAR)
RARSQ=RAR*RAR
RSOMX=0,0
DO 54 JE=1,NE

RSQMX=AMAX] (RSQOMX,YDPSQ(JE)+ZDPSQUJE)*RARSQ)

CONTINUE
PDT=RSQMX/RAR
IF(PDT.GE.PDTNMI) GO TO 55
JOAMTI=JOA
JARMI=JAR
PDTMI=PDT
CONTINUE
CONTINUE
CONTINUE
CONTINUE
DAM=FLOAT(MOD(JOAMI,NOA))/ANDA*180,0
ARM=FLDAT(JARMI)/ANAR
PDTM=PDTMI :
RETURN
END
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SURROUTINE MNEBBR(XC»YOsZNsNESXFEyYESZE,

1 DRAO» AROs PTFRSDAER,BLONSBLAT,

2 OAM» ARM, PDTM)
THIS SUBRDUTINE CALCULATES, FOR A BORESIGHT POINT, THE MINIMUM
VALUE (MINIMIZED OVER THFE CRIENTATION ANGLE ANN AXTIAL RATID
VALUES) OF THE PRODUCT OF THE SEMIMAJNR AND SEMIMINDR AXES OF
THE ELLTIPTICAL BREAM DOF A SATELLITE ANTENNA, CALCULATION DOES
INCLUDE THE POINTING FRRCR, ORIENTATION-ANGLE ROUND OFFs AND
ORIENTATION~ANGLE ERROR.
THE INPUT PARAMETFERS ARE

X0y YO, 20

= FARTH~-CENTER COORDINATES 0OF THF SATELLITE
ORBITAL POSITICN,
NE = NUMBER 0OF EARTH STATIONS (MUST NOT EXCEED 50)»
XE» YE» ZE
= ARRAYS 0OF DIMENSION NE CONTAINING THE FARTH-
CENTER COORDINATES OF THE EARTH STATIODNS,
OPTIMUM VALUF OF THE ORIENTATICN ANGLE OF THE
ELLIPSE WITHOUT POINTING ERRORs ORIENTATION=-
ANGLE ROUND DFFys AND ORIENTATION=-ANGLE ERROR
(IN DEGREES),
ARO = DPTIMUM VALUE OF THE AXIAL RATIO OF THE ELLIPSE
WITHOUT POINTING ERRORy ORIENTATION=-ANGLE ROUND
NFFy AND ORIENTATION-ANGLE ERROR,

ORAO

PTER = POINTING ERRCOR (IN DEGREES),

DAER = DNRIENTATION-ANGLE ERROR (IN DEGREES),

BLON = LONGITUDE DF THE RORESIGHT POINT ON THE SURFACE
OF THE EARTH (IN DEGREES),

BLAT = LATITUDE OF THE BORESIGHT POINT ON THE SURFACE

OF THE EARTH (IN DEGREES).,
THE QUTPUT PARAMETERS ARE
0AM = OPTIMUM VALUE CF THE ORIENTATION ANGLE OF THE
ELLIPSE (IN DEGREES),
ARM = OPTIMUM VALUE COF THE AXIAL RATIO,
PDTM = MINIMUM VALUE CF THE PRODUCT OF THE SEMIMAJOR
AXIS AND SEMIMINOR AXIS OF THE ELLIPTICAL BEAM
(IN RADYANS SQUARED),
THIS SUBRNDUTINE CALLS THE MNEBOA SUBROUTINE.
DECLARATION STATEMENTS
DIMENSION XE(NE)s YE(NE) »ZE(NE)
COMMON/MNE2/ALFA(50)sBETA(50)
COMMON/MNE3/YDPSQ(505,3)52ZDP(50,3}
DATA NRO/11/
DATA NAR,ANAR/1024,1024.0/s JARINOsNRA/64»7/
RADIAN-TO-DEGREE RATIC
10 RAD=ATAN2(1.050.0)/9C.0
EARTH-CENTER COORDINATES OF THE BORESIGHT POINT
20 COSBLA=COS(RAD*BLAT)
XB=COSBLA*COS(RAD*BLON)
YB=COSBLAXSIN(RAD*BLON)
ZB=SIN(RAD*RLAT)
OFF—-AXIS AND NORIENTATION ANGLES OF THE EARTH STATIONS
30 CALL MNEBOA(XO»YO0»ZO0sXBsYBsZBsNEsXEsYE»ZE»ALFA,BETA)
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C MAIN DO-LO0OP WITH RESPECT TO THF ORIENTATION ANGLE
40 PDTMI=1.0E+6
DO 59 TIR0O=1,NRO

41
42

C INNER
50

51

52

53

54
55

57
58

IF{IR0,LE.2) JOA=INT(DRAQO)+IRO-1
IF{IRND,GE+3,AND,JOANILE,INT(ORAD)) JOA= JOAMI-1
IF(IRO.GEe3,ANDJOAMI.GTLINT(ORAD)) JOA=JOAMI+]1
APTER=RAD*ABS(PTER)
DN 42 JOE=1,3
DAJs (FLOAT(JOA)+ABS{OAFR)*FLOAT(JOE~-2))*RAD
DO 41 JE=1,NE
ID0P0O=ABS (ALFA(JEIXSIN(BETA(JE)-CAJ))
YDPSQUJESJOF)=ALFA(JE)*%2=7DPC**?2
IDP(JE, JOE)=ZDPO+APTER
CONTINUE
CONTINUE
DO-LNOPS (2) WITH RESPECT TO THE AXIAL RATIC
DO 58 TRA=1,NRA
IF(IRANE,]) GC T0 52
JARO=AROXANAR+0.5
JARMN=MAXO(1s JARO-JARINO)
JARMYX=MINO(JARO+JARINO,y NAR)
JARIN=(JARMX~=JARMN)/2
G0 70 53 :
IF(IRANE.2) JARIN=JARIN/2
JARMN=MAXO(1» JARMI=JARIN/2)
JARMYXsMINO(JARMI+JARIN/2,NAR)
JARIN=JARMX=JARMN
IF(JARINLEQ.O) G0 TO 58
DO 57 JAR=JARMN,JARMX,y JARIN
RAR=ANAR/FLOAT (JAR)
RSQOMY=Q,0
DO 55 JODE=1,3
DO 54 JE=1,NE
ZDPC=ZDP(JE, JOE)*RAR-APTER
RSQMX=AMAX]1(RSQMX, YDPSQUJE»JOE)+ZDPC**2)
CONTINUE
CONTINUE
PDT=((SQRT(RSOMX)+APTER) *%2)/RAR
IF{PDT.GE.PDTMI) GO 10 57
JOAMI=J0A
JARMTI=JAR
PDTMI=PDT
CONTINUE
CONTINUE
IF{TRO«GE«3.ANDJOAJNELJOAMT) GO TO 60

59 CONTINUE

60 OAM=MOD(JOAMI+180,180)
ARM=FLOAT(JARMI)/ANAR
PDTM=PDTMI
RETURN
END
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SUBROUTINE MNEBDA(XC,YDsZ0ysXBy YR ZByNESXESYESZEy

1 ALFASRETA)
C THIS SUBROUTINE CALCULATES THE OFF=AXIS AND ORIFENTATION ANGLES
C OF THE EARTH STATIONS.,
C THE INPUT PARAMETERS ARE

c X0y YN, 20
c = EARTH-CENTER CODRDINATES OF THE SATELLITE
C NRBITAL PODSITICN,
c XBs YB, ZB
C = FARTH=CENTER COORDINATES NOF THE BORESIGHT
C POINT ON THE SURFACE OF THE FARTH,
C NE = NUMBER OF EARTH STATIONS,
C XE» YE, ZF
C = ARRAYS OF DIMENSION NE CONTAINING THE EARTH-
C CENTER CODRDINATES OF THE EARTH STATIONS.,
C THE OUTPUT PARAMETERS ARE BDOTH ARRAYS OF DIMENSION NE, WHERE
C THE CALCULATED VALUES OF THE FDLLOWING VARTABLES FOR THE EARTH
C STATIONS ARE TO BE STONRED,
C ALFA = NFF=AXIS ANGLES (IN RADIANS),
o BETA = ORIENTATION ANGLES (IN RADTANS).,
C DECLARATION STATEMENTS
DIMENSION XE(NE)»YE(NE)S ZE(NE)»ALFA(NE)SBETA(NE)
C CALCULATION DF THFE CODEFFICIENTS NF CONRDINATE TRANSFNRMATION
10 Al1l1=XD-XR '
Al2=YD-YB
Al3=70-ZR ‘
XOP=SQRT(A11*A11+A12%A12+A13%A13)
All=A11/X0P
Al2=A12/XDP
Al3=A13/X0P

AA=SQRT(A11%A11+A412%A12)
A21=-A12/AA
A22=A117AA
A23=0,0
A33=SQRT(1.0-A13%A13)
A31=~A11%A13/A33
A32=-A12%A13/A33
C COORDINATE TRANSFORMATION AND CALCULATION OF THE ANGLES
20 DO 21 JE=1,NE
XEP=ALL1*(XE(JE)=XB)+A12%(YE(JE)-YB)+A13%(ZE(JE)-18B)
YEP=A21*(XE(JE)=XB)+A22%(YE(JE)=-YB)+A23%(7E(JE)-ZB)
ZEP=A31*(XE(JE)=XB)+A32*%(YE(JE)-YB)+A33%(ZE(JE)-Z8B)
ALFA(JE)=ATANZ2(SORT(YEPXYEP+ZEPXZEP), (XOP-XEP))
IF(ALFA(JE) .EQ.0.0) BETA(JE)=0.0
IF(ALFA(JE) oNE,0,0) BFETA(JE)=ATAN2(ZEP,YEP)
21 CONTINUE
RETURN
END
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