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INTRODUCTION AND SUMMARY

This report gives a quantitative description of the uplinks,
crosslinks, and downlinks of a general high altitude satellite sys-
tem. The analysis was performed at intervals during 1973 and 1974,
in support of the Electronic Systems Division (ESD) responsibility
to define a high altitude, crosslinked system of satellites for
the Air Force Satellite Communications (AFSATCOM) II program.
Specific quantitative results provided as a result of this effort
have been incorporated in previously published reports. The
computer programs have also been employed for determining test sites
having low elevation angles in AFSATCOM I testing. The present
report documents the detailed analysis and associated computer

programs, and provides further examples.

Efforts to define an AFSATCOM II system have required analysis
of medium altitude (3,000 to 20,000 nmi), high altitude (20,000 to
250,000 nmi), and highly eccentric (eccentricity >0.7) orbits.
Various system concepts also employed satellite to satellite links
or crosslinks as shown in Figure 1. While there were some computer
programs available for problems in each class of orbit, there were
severe limitations on their utility in context of the AFSATCOM sys-
tem problem. Close analysis of such a general satellite communica-
tion system (uplinks, crosslinks, and downlinks) has been going on

only for the past few years.

Principal, significant results of the work described in this

report are:
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® Analytic solution for high altitude lunar perturbations,
which has allowed study of a wide range of orbit para-
meters because of the resulting programs are less costly
to run than previously used numerical integration pro-

grams.

This led to a conclusion in a particular case that 1l2-day

i- retrograde orbits have stability comparable to 10-day posigrade
orbits,

e Computer programs, which offer the following extensions in

comparison to other programs known to us:

1. Unified uplink, crosslink, downlink analysis in a

single program.

2. Programs which handle high eccentricity orbits
efficiently.

6 Allowance for incorporation of vector antenna radia-

tion patterns for precise received power at the ground

terminals,

4, Low central processing unit (CPU) time requirements
to run the programs. For example, less than 30
seconds CPU time (IBM 370/158) is required for uplinks,
crosslinks, and downlinks for two ground stations and
10 satellites.

® Coverage of multiple satellites.




Part I of the report includes a simple two-body analysis (satel-
lite, earth), which is a good basis for the communications engineer
in designing orbital links of 3000 to 20,000 nautical miles (nmi)
altitude. General Keplerian orbits are analyzed with the aid of a
notably efficient iterative solution to Kepler's equation.

Part II considers orbital altitudes between 20,000 to 250,000
nmi. Analysis of higher eccentricity orbits was achieved through
use of a Taylor series expansion of eccentric anomaly, which
allows both analysis of a higher eccentricity and lower CPU time

than standard methods.

Analysis of high altitude orbits had been previously carried out
[1]

using a numerical integration program. For altitudes greater

than approximately 20,000 nmi, lunar and solar perturbations signi-
ficantly disturb the satellite orbit.* Results had shown that retro-
grade equatorial satellite orbits are more stable than posigrade orbits.
A new approach was adopted of combining perturbed orbital elements

to provide an analytic solution to orbit perturbation and resulting

stability.

Derivation of the rate of change of semi-major axis has provided
physical insight into the mechanism which causes satellites moving
retrograde with respect to the moon's motion to be more stable than
those moving posigrade. This result had been inexplicable previously.

As noted above, the low running cost of the program has allowed more

extensive analysis of orbits for stability. As in Part I, the uplink,

crosslink, and downlink analysis is reduced to a program.

R SN AT
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Examples of the use of Part I and II programs are given in Part
III. Computer programs are listed and described in Appendices 1
through 9. The table of contents identifies the author of each
program. A portion of the above programs was used to generate a
succinct program for coverage in a multiple satellite system (Example
3 in Part III and Appendix 9).

The programs are intended for actual communications link analy-
sis. The positions of all stations and satellites are retained in
vector form in the programs so that antenna gain patterns can be
added later for specific link calculations. It is expected that these
programs will be useful in high altitude satellite communications
planning. In addition, the low CPU time of the attached programs
may allow a spacecraft with limited processing capability to autonomously

calculate its own available communications links.

L1
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MEDIUM ALTITUDE ORBITS

Orbital altitudes between approximately 3000 to 20,000 nmi
(medium altitude) allow the possibility of an especially simple
orbit analysis. A non-rotating coordinate system is chosen as a
3 basis for the analysis to avoid any acceleration problems inherent
in the coordinate system which would arise if Doppler rates
were added to the analysis later. The coordinate system is shown
in Figure 2; it is a Cartesian system with the x axis pointing to

the vernal equinox and the origin at the geocenter. The x -y

plane is the equatorial plane. This coordinate system translates
with the earth as it moves around the sun, but does not rotate.
Aries (the direction of the x~axis and the vernal equinox) is so

far away that movements of the earth around the sun cause insignifi-

cant changes in direction of the axes.

In Figure 2, note that all four sites are moving. The ground
stations are rotating with the earth at 15°/hr, and the motion of
the satellites is determined by Kepler's laws,

A convenient starting point for an orbital analysis (time = T =
0 hrs) can occur when earth coordinates equal celestial coordinates.
This occurs at 12 noon Greenwich mean time (GMT) on March 21, Imme-
diately after, the inertial longitude of an earth station will be

greater than the earth coordinates,
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X (TO ARIES)

ONE WAY TO LINK GROUND STATIONS | AND 2 IS SHOWN. THE
COORDINATE SYSTEM 1S STATIONARY, BUT ALL FOUR SITES ARE
MOVING, THE ORBIT OF SATELLITE SI CAN BE COMPLETELY
DESCRIBED FOR KEPLERIAN ORBITS BY

W, RIGHT ASCENSION, DEGREES

i, = INCLINATION WITH RESPECT TO THE EQUATORIAL PLANE, DEGREES

Wp = ARGUMENT OF PERIGEE, DEGREES

Te, = TIME OF PERIGEE , HOURS

a = SEMIMAJOR AXIS, NAUTICAL MILES (OR, IN KM BY MULTIPLYING THE
SEMIMAJOR AXIS BY 1.852)

e = ECCENTRICITY, WHERE O <e<I| AT e¢=0, THE ORBIT IS CIRCULAR

"

Figure 2 GEOMETRY OF A TWO SATELLITE, TWO GROUND STATION SYSTEM
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1.1 MOTION OF THE SATELLITE

Only elliptical orbits are considered here, because a circular
orbit can be considered a degenerate ellipse. Kepler's laws of
planetary motion can be abbreviated as:[2]

1. The orbit of a satellite is an ellipse, with the earth's
center (geocenter) at one of the foci:

R= P cos 9
1+e (1-1)

The parameters are shown in Figure 3,

2. In the coordinate system of Figure 4 (called the prime
system in the remainder of the discussion), the radius vector of

each satellite sweeps through equal areas in equal times:

Rzé- constant = \/Z;_ where U = Gm, (1-2)

= earth's gravitational
constant.

3. The squares of the periods of the satellites are to each

other as the cubes of the semi-major axes of their respective orbits:

el T2
_i3._§3 (1-3)
1 2

After extensive analysis, these three laws can be interpreted as
a single equation (Kepler's equation):

15
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T APSIDAL AXIS—=
4

THE COORDINATE SYSTEM IS AT ONE FOCUS (GEOCENTER) OF THE ELLIPTICAL
ORBIT

Figure 3 RELATION OF TRUE ANOMALY 8 TO ECCENTRIC ANOMALY E

\ 4 ’/

A

X LINE OF NODES

Figure 4 ROTATIONS THROUGH THREE EULER ANGLES AND THEIR RELATION
TO THE SATELLITE ON THE X' AXIS
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M=E - e sin E (1-4)

where M = mean eccentric anomaly = n(t-tp)
n = mean angular rate
t = time, hrs
tp = time at perigee
e = eccentricity

and E = eccentric anomaly.

The relation of eccentric anomaly E to true anomaly 6 can be
seen in Figure 5. The argument of perigee is conveniently located
here on the apsidal axis. The true anomaly is shown as the angle
from perigee, measured from the focus at the earth's center., Serious
problems arise when ¢ (t) is desired, even for these simple
Keplerian orbits. Many extended analyses have been attempted to de-
scribe the progression of the satellite through its ortit as a func-
tion of time. Moulton[3] developed one short result of an impor-
tant analysis which is useful for eccentricity < 0.,5. Eccentricities
greater than 0.5 were desired for this analysis and for most of

these programs, however.

A direct attack on Kepler's equation (Equation (1-4) has been
employed. Although the Kepler equation 1is transcendental, an ini-

tial guess at eccentric anomaly
E, =M+ e sin M (1-5)

enables one to take a second, much more accurate estimate,

e 2 M+ e (sin El - (e cos El) El
2 1l - e cos (El)

(1-6)

17
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THE DOUBLE PRIME COORDINATE SYSTEM IS STATIONARY, WITH THE x" AXIS ON
THE LINE OF NODES (EQUATORIAL PLANE AND ORBITAL PLANE)

6= TRUE ANOMALY

R= GEOCENTRIC DISTANCE OF SATELLITE

Wp = ARGUMENT OF PERIGEE
7 E = ECCENTRIC ANOMALY
| A ¢" =W +86

Figure 5 MOTION IN THE ORBITAL PLANE
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This estimate for E2 is the result of linearizing Kepler's
equation by means of a Taylor series expansion, All terms beyond
the first power in El are neglected, More estimates for eccen~-
tric anomaly can be similarly made (e.g., E3 as a function of E2).
When differences of successive approximations are adequately small,
E3 can be accepted as the solution for E. The true anomaly ¢ is

related[Z] to the eccentric anomaly by

- = cos E - e i
8 SR ( l -e cos E> =T}

This true anomaly will be needed to accurately determine the
time-varying position of the satellite on its prescribed ellipse.

The range from the geocenter is given as

a (1 - 422

R Y e coh g (1-8)
These relations (Equations (1-5) to (1-8)) are implemented in
subroutine ELLIP of the computer programs., The iterations for E are
surprisingly fast; representatively, they are as fast as Moulton's
esoteric development, which was meant expressly to free the early
twentieth century analyst from laborious computations. The advan-
tage over Moulton's development is that the programs can handle
eccentricity from 0 to 0,99, The subroutine ELLIP can be forced
into seven iterations at e = 0,99, This iterative technique requires

less CPU time than a standard procedure.lh] In the subroutine,
M becomes

z = 311%53521 = mean angular rate, radians,

19




Also, ¢'s = Wp + 6 since 6 is measured from the argument of perigee,
but ¢'s is measured from the line of nodes where the orbital plane in-

tersects the equatorial plane.
1.2 COORDINATE TRANSFORMATIONS

In the previous section, it was found convenient to describe
angular motion (true anomaly 6) in the plane of the satellite, How~
ever, after a position (or a velocity) in the satellite plane has
been found, it should be converted back into an inertial coordinate

system, which is required for correct interstation vectors.

Fortunately, a coordinate transformation that compares directly

(5]

to the needs here has been extensively analyzed. This trans-
formation makes use of the Euler angles. The first Euler angle

occurs with a rotation about the z axis, See Figure 6, where the
nomenclature of Goldstein is used. This first rotation through W

will correspond to right ascension for this analysis.

The second rotation occurs about ¢ ; again, this rotation is coun-
terclockwise., This rotation is an angle i, where i here corresponds
to orbital inclination. Finally, a rotation (¢'s) in the orbital

plane can occur which is measured from the line of nodes., See Figure 4,

The three rotations define a new (PRIME) coordinate system
(x',y',z'). For the purpose of this analysis, the x' axis is a

radius vector from the geocenter to the satellite.

The transformation of a vector x' in the prime coordinate sys-

tem to the inertial system can be expressed in matrix form as

x'=Ax

20




Z,;

Figure 6 THE FIRST ROTATION OF EULER ANGLE W ABOUT THE 2Z
AXIS
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and A is the product of three separate matrices, B, C, and D. Omit

Goldstein's intermediate steps,

cos ¢'s cos W - cos i sin W sin ¢'s, cos ¢'s sin W + cos 1 cos W sin ¢'S,
+ sin W sin 1
A = -sin ¢'s cos W - cos i sin W cos ¢'s -sin ¢'S sin W + cos 1 cos W cos ¢'s,
A}
cos ¢ - sin i

sin i sin W, - sin i cos W, cos 1 (1-9)

and the inverse transformation from satellite coordinates to the
inertial frame is of more immediate interest:

x= A—l xl
(A subroutine UNPRIM will later use the matrix A directly for a

local satellite coordinate system., UNPRIM will be used specifically
for crosslink pointing angles in program SATLUNAE.)

A_1 is found from the transpose of A because the magnitude of
A is unity. The elements of A-l are then

i a,, = cos ¢'s cos W - cos 1 sin W sin ¢'8

11

= - 1 - ]
312 sin ¢ & cos W cos 1 sin W cos ¢ "

a13 =gin 1 sin W

e (] (]
a,, = cos ¢ . sin W+ cos 1 cos W sin ¢ "

22




= e ' A\ ]
a22 sin ¢ . sin W + cos 1 cos W cos ¢ -

a4 = =sin 1 cos W

ay; = sin 1 sin ¢'s

az, = sin 1 cos ¢'s

ay; = cos 1 (1-10)
The subscripts refer to row and column.

All of these elements except a g 3y, and 444 are inserted into
the attached subroutine PRIME., They are omitted because there is no

z component for satellite coordinate,

An example of the cafiing of subroutine PRIME can be useful, If
the position of Satellite #8 in its own coordinate system is spe-
cified by x' = R8, y' = 0., z' = 0,, this information must be sent to
PRIME along with the three angles specifying the coordinate transforma-
tion. The angle of the satellite from the line of nodes is FSP, the
right ascension is W8, and the inclination is x18 for the purpose of
this example. The attached programs call PRIME in the following way.

CALL PRIME (FSP, w8, x18, R8, 0., xs, ys, zs).

input variables output variables
The output variables xs, ys, and zs represent position in inertial

space, The position will be useful in getting crosslink and downlink

vectors,

23
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A slightly different form of coordinate conversion will be re-
quired for range rate. When it is discussed later, it should not be
confused with the prime coordinate system in which the x' axis is
pointed through the satellite. It will use a stationary x" axis
pointed along the line of nodes.

1.3 DOPPLER ANALYSIS

In a central force field such as that assumed for Keplerian
orbits, the velocity of a satellite is dependent only on the magnitude
of its radius vector once its initial conditions have been determined.
Similarly, it is also determined by 6 (its angle measured from perigee)
since R(8) is determined by the Keplerian ellipse, Expressions directly

related to velocity[zl are

(27A e ) . -
R = = Sin 6 (1-11)
T Vl-e”
and
; 2m (1 + e cos 9)2
H = > (1-12)
T (1-e°) /2

The geometry 1s given by Figure 6,
where ¢'s = 6+ wp, wp = argument of perigee

and (é;) = 9 s

The x'" axis is stationary and lies in the equatorial plane.

24
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Further, the derivatives of the position vector (with the x'" axis
now lying along the line of nodes and the y" axis 90° ahead in the
orbit plane) can give the x" component of velocity and the y" compon-
ent of velocity. The symbel ¢'s is later changed to FSP so it can be
more directly related to the FORTRAN programs,

x" component = (EE%BD(ﬁ cos (¢'s) - R 6sin (¢'8)) nmi/sec (1-13)
and
y" component = (33%6)(ﬁ sin (¢'8) + R 6 cos (¢'s)) nmi/sec (1-14)

To convert these velocity components to components in the inertial
system, the general coodinate conversion (PRIME) can be called, but
with ¢; = 0, because the x" axis does not rotate with the satellite
in this case, Velocity components are found in the subroutine DOPE of
the attached programs. This stationary x" axis was not required for

range rate but will be desirable if R is analyzed.

The velocities of the earth stations are straightforward.

. -W
Xy =-——(76 Re sin 6

1 sin ¢1

W

yl=—§6—0—0'Re sin 6 cosqbl

1

where

15°/hx

W= 57.296

earth rotation rate, rad/hr * f

WiGaaate o ot 15 RN ST

*Note that the distinction between solar hours and sidereal hours 1is
not retained here because only three place accuracy 1s desired in the
answers,

25
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il = 0 because rotation is about the z axis,

The background for velocitites of satellites and earth stations
is now concluded. The relation of velocities to uplink and crosslink
Doppler shift is of more interest to the communications engineer than

velocities per se.

The relation of a Doppler shifted frequency to the transmitted
(6]

frequency is shown by Jackson to be
v
F'=———E-—- (1-—-R-cose)
1-'R o 3
2 (1-15a)
c

Where Ve is relative velocity between transmitter and re-

ceiver and 6, is the angle between the relative velocity vector and

3

the pointing vector between transmitter and receiver,

This expression includes the (relativistic) transverse Doppler
shift which may be of interest for crosslink Doppler. For VR K¢
Equation (1-15a) becomes

v,2 v

F' =F(1+1/2%-) (1= == zom §.)
¢ & ] (1-15b)
or
vRZ F
AF = Doppler shift = F (1/2 —) = -y (vR cos ej)
c2 (1=15¢)
26
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The two components are called transverse Doppler shift and ordi-
nary Doppler shift, respectively. At synchronous altitude, the trans-

verse Doppler shift can be of the order of (first term of Equation
(1-15¢))

2
(35 x 10° Hz) (1/2(1'655 ““1/3§° J = 1,89 Bz at & band,
1.6198 x 10° nmi/sec

This is so small, even with a millimeter wave carrier, that
tranverse Doppler is dropped for the remainder of the discussion
and in the computer programs (Appendices 1-9).

The ordinary Doppler shift is
F .
F =~ C (vR cos uJ)
In order to get (cos Gj)’ the relative velocity vector Vv

is found by taking differences of velocity components in the inertial
frame:

VR= (= x) T+ (v, -5) T+ (2, -2k

By v or analysis,

- (cos GJ) - Vp oo Pl2

where

P12 = unit vector which points from transmitter to receiver,
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(x, = x;) I+(y2-y1)3+(z2-z1)i

Ro

- (y=3%) (xymx) + ()73 (57,7y)) + (2p72)) (2,-2)

Ri2

(1-16)

and the one-way Doppler shift can be found by substituting this result,
Equation (1-16), into

= F
AF = = (vR cos 6,).

3

This calculation is done in the attached programs after the sub-

routine DOPE is called.

1.4 ELEVATION ANGLE

The elevation angle for the ground station antenna is important
to the communications engineer in many ways: (1) it serves as a check

for satellite visibility; (2) it can give an estimate of mean atmospheric

attenuation of signal strength and (3) its derivative is useful in an
estimate of antenna slewing rate. Only the elevation angle is treated

{ here, and not its derivative.

Elevation angle is found by noticing the following geometry, which
is in the plane of the ground station position vector and the satellite

position vector (Figure 7).

The geocentric angle A13 can be found by taking the dot product

-

R1 » Rls:

i MG SEu e 2o
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Ao = o (1-17)
R R
e s
with the aid of the law of sines, the elevation angle
=i Rs
D1S = sin (sin AlS) R—- - n/2 (1-18)
18
is found. A sign check for DlS is still necessary because the obtuse

angle (Dls +7/2) in Figure 7 is read as (m/2 - Dl) by the computer,
It cannot distinguish between sines of the first and second quadrants,

Azimuth angle calculations are also included in the program AZl

(Appendix 8).
1.5 CROSSLINK POINTING ANGLES

The angles are found for a vector §89 in a coordinate system
centered at Satellite #8., The coordinate system has axes parallel
to the inertial coordinate system. This kind of coordinate system
makes sense only if the satellite has to know the directions of
the inertial axes anyway. Otherwise, the coordinate system is a
local satellite coordinate system (shown as angles TUl2 and FU1l2
of the program SATLUNAE in Appendix 6).,

The angles are found in terms of local longitude and colatitude.

z =2
Colatitude qu g2 = cos—1<¥§§L——§;> (1-19)
s S1, S2
1 Yag =Y
Longitude gbgl gp = tanm 1<~;§—27}:s—1-> (1-20)
W 52 Sl
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These angles are found near the end of the main part of the
programs. Again, some sign tests must occur because the computer
has trouble with correct quadrants. Another problem, which is merely
4 inconvenient, remains: Longitudes less than -360° sometimes occur,
If this is too inconvenient for the user, a two-line logical check
E | can be done as on lines 662 and 664 of the program AZl1 (Appendix 8).

Crosslink visibility is also calculated in the attached programs.
15,25 30d (RyQ); if

this angle is greater than half the subtended earth angle, the cross—
link is declared visible (CVIS = 1 in the programs).

It is found by checking the angle between R

1.6 MEDIUM ALTITUDE PROGRAMS

Four FORTRAN IV computer programs, all based upon the flowchart
listed on Blocks 1 and 2 (Figures 8a and 8b) have been written to
E | examine various relations regarding satellite links for a maximum of
ten satellites and two ground stations., The four programs may be di-
& vided into two categories according to the manner in which input data
is supplied to the program: those for which input data are supplied

by answering input prompting questions during program execution at

a Time Sharing Option (TSO) terminal and those for which input data are

e e st

supplied by changing the data statements within the program before exe-

cution.

All four programs require the following input data:

1. The semi-major axis in nautical miles for each satellite.
2, The eccentricity for each satellite.

3. The right ascension in degrees for each satellite.

4, The argument of perigee in degrees for each satellite.

5. The time of perigee in hours for each satellite.
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IC-45,726

\ SET VALUES OF EARTH ST,
g (7013, O (T(2), Fl2))
SET VALUES OF SATELLITE J,J%1,2,--10,
Dﬁ) )
EW) TPUJ) MIN RADIANS
wis) X1 ()
DO 900 4+ 1,10

FOR 2 EARTH STATIONS,
1 COLAV‘W“ OF EARTH
ITUDE OF EARTH uncou

\v(Jl + W(J)/37 296
+18.987410°%) . Al)¥2
DO 700 K = 1,2

DO 3001+ 1,29

CALL ELLIP

i A~ SEMIMAJOR AXIS TP - TIME OF PERIGEE
{ Xg !:CINVIICIYV X1~ INCLINATION

w- RIGHT ASCENS|

WP-ARGUMENT OF PERNEE

i | RADIAN © 57.296°
TAU-PERIOD OF SATELLITE J ROTATION

i CHANGE COORDINATES OF EARTH STATION K
TO RADIANS

AND EQUATORIAL PLANE

DETERMINE R, RANGE FROM GEOCENTER TO
SATELLITE J& FSP, ANGLE MEASURED IN ORBIT
PLANE, REFERRED TO NODE OF ORSIT PLANE

(WITH GEOCENTER AS ORMSI

DETERMINE (kS,vS,ZS), THE INERTIAL
CARTESION COONDINATES O'MIAYII.I.IYI 4

+ AN EXAMPLE OF AN INERTIAL COORDINATE
SYSTEM IS ONE THAT WAS THE X-AXIS
TOWARD THE VERNAL EQUINAX

FS:37 296 (ARCTAN(YS/

i FS-SUBSATELLITE LONGITUDE

(S)con (P)
0 #in (S) win (P)
Z7:3440cos'S)

ACC:[ARCcos((XS X +YS v+ 252)/(3440-R)]1/2

1
RGE + [(xs-x)" + (vs-v)*]1/2 il

[0+ 37.29¢ Tancsintsinacc) n/raE) - v /2] ]

=)

[Esoz=8s]
CALL DOPE &
L u(uu-uuv.w.m..vun]

s)

(Xv, ¥V, 2v) + (

XTe-(3440:13/57.296) sin (8) sin (P)/ 3600
Y1+ (3440~ 13/37 296) s (3) cos (P)/ 3600

[o07 tixv-xrixs-x)+(vs-v)+23-21)/mee ]

L DOP + (- DOT (3001 10%)) /1 61984

)

1 TS - SUBSATELLITE COLATITUDE

#(X,Y,Z) - INERTIAL CARTESIAN COORDINATES
OF EARTH STATION

i ACC -~ ANGLE BETWEEN EARTH STATION K AND
SATELLITE J FROM CENTER OF EARTH

VMOE - RANGE FROM EARTH STATION K TO
SATELLITE J

1D-ELEVATION ANGLE FROM EARTH STATION K
TO SATELUITE 4

VAT, YT - RELATIVE VELOCITY OF EARTH

STATION K RELATIVE TO INERTIAL FRAME

; DOP - DOPPLER SHIFT EXPERIENCE A
SATELLITE J DUE TO SIONAL VlM.ﬂ“’lD
FROM EARTH STATION K

Figure 8a FLOWCHART, BLOCK |
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IC -45,727

00 3001:1,28

i M1 AND M2 ARE 2 OF THE 10
SATELLITES FOR WHICH THE
CROSSLINK VALUES wiLL OE
COMPUTED

i TAU-PERIOD OF ROTATION
OF SATELLITE Mt
TAU2 - PERIOD OF ROTATION
OF SATELLITE M2

SET VALUE OF M1 AND M2
ML

TAU = (6.987 x107%)-A(M4)3/2
TAUZ :(5.987 107 )-A(M2)3/2

i Rl - HOURS

CALL ELLIP

DETERMINE R, RANGE FROM GEOCENTER TO
SATELLITE M1 8 FSP, ANGLE MEASURED IN
ORBIT PLANE [REFERRED TO NODE OF ORBIT
PLANE AND EQUATORIAL PLANE]

CALL ELLIP L

DETERMINE R2, RANGE FROM GEOCENTER TO
SATELLITE M2 8 F2P, ANGLE MEASURED IN
ORBIT PLANE [REFERRED TO NODE OF ORBIT
PLANE AND EQUATORIAL PLANE ]

CALL PRIME

DETERMINE (XS,YS,Z8), THE INERTIAL
CARTESIAN COORDINATES OF SATELLITE
M1

CALL PRIME J

DETERMINE (X2,Y2,22), THE INERTIAL
CARTESiAN COORDINATES OF SATELLITE
M2

[mz:Tixe-xs)te (v2-vsrt« (z2-29)11"F ) QIF S RANGE BETWEEN SATELLITES

F12257.296 [ARCTAN (Y2-v8)/(x2-x3N] |  fi%\ T 2]~ FOINTING ANGLES

M2 (THE LOCAL COORDINATE SYSTEM
CENTERED AT M1, WITH AXES PARALLEL
TO THE GEOCENTRIC INERTIAL SYSTEM)

1712 (B F12) - POINTING ANGLES
BETWEEN SATELLITES M1 AND M2

FIZ*FI2+457.298 ¢

[[1s2:57.206tarccos z2-2s)/mian |

FOR SATELLITE M!, DETERMINE
(XV, . ZV), WHERE (XV,YV,ZV)s(XS,Y:

FOR SATELLITE M2, DETERMINE
(XV2,YV2,2V2), WHERE (XV2,YV2,2V2) *
(x2,v2,22)

M‘l- [(xv2-xv)(x2-x8)+(YV2 - YV)(Y2-VS) +(2Vv2-ZV)(Z2-29)] /mi2 ]

1 DOPI2 - DOPPLER SHIFT EXPERIENCED
AT SATELLITE M2 DUE TO SIGNAL
TRANSMITTED FROM SATELLITE M1

DOP 12+ [-DOT & (30210%)] /1 61984 x (0% __]

END

Figure 8b FLOWCHART, BLOCK 2




6.
7.
8.
9.
10,
11,

The inclination in degrees for each ground station,
The colatitude in degrees for each ground station,
The longitude in degrees for each ground station.
The uplink frequency in Hz,

The downlink frequency in Hz,

The crosslink frequency in Hz,

All four programs, using the above-mentioned input data, compute the

following:

1.

2.

3.

5.
6.
7.

9.

10,

The range in nautical miles between each satellite and each
ground station.

The elevation angle in degrees from each ground station to
each satellite.

The uplink Doppler shift in Hz for each satellite and each
ground station,

The downlink Doppler shift in Hz for each satellite and each
ground station.

The subsatellite colatitude in degrees for each satellite,
The subsatellite longitude in degrees for each satellite.
The range in nautical miles between two satellites for all
pairs of satellites.,

For all pairs of satellites, the pointing angles in degrees
between a first satellite and a second satellite (with the
local coordinate system centered at the first satellite and
having axes parallel to the geocentric inertial system).

For all pairs of satellites, the one-way crosslink Doppler
shift in Hz experienced at a second satellite due to a signal
transmitted from a first satellite.

The crosslink visibility between two satellites for all pairs
of satellites,
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1l.6.1 SATE (Appendix 1)

The first program listed has been entered on TSO, and may be
executed either in the foreground* with the output printed at the
terminal or in the background with the output printed on the
high speed printer. Input data is entered in this program by

changing the data statements within the program before execution.

1.6.2 SATD (Appendix 2)

The second program listed i1s simply the double precision
version of SATE; that is to say, SATD has the same attributes
as SATE except for the fact that it has a precision of approximately
16 decimal digits as opposed to the precision of approximately
seven decimal digits of SATE. Because of this increased accuracy,

SATD has a running time longer than that of SATE.

1.6.,3 SATVIZE (Appendix 3)

The third program listed has also been entered on TSO but, un-
like the two above-mentioned programs, is on-line foreground execu=-
table only with output being printed at the terminal, Also, the
necessary input data in this program are entered during program exe-
cution merely by answering the input prompting questions supplied by
the program., For the casual user, default values and points for
stopping various parts of program execution have been incorporated

within the program.

*To run this program in the foreground, lines 10 to 40 inclusive
must be deleted first,
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1.6.4 SATVIZD (Appendix &)

The fourth program listed is merely the double precision
version of SATVIZE. Because of its increased precision, SATVIZD,
like SATD, has a running time longer than that of its single

precision counterpart,
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PART II

HIGH ALTITUDE SATELLITES WITH LUNAR PERTURBATIONS

Conventional three-body (earth-moon-satellite) perturbation
analysis can consume great amounts of computer time with concomitant
expense, For example, the carefully planned and very extensive
Lincoln Laboratory Planetary Ephemeris Program (PEP) can perform
numerical integrations of satellite motion, including the perturba-
tions of the satellite orbit by many non-terrestrial bodies. The
implicit penalty of this program is its expense. The disadvantages
of numerical integration become even more marked for a multiple
satellite communications system. For these reasons, and to account
for long term lunar perturbations, programs incorporate existing
short analytic (i.e., closed-form) results. Dr. M., Ash's elegant

(1]

and useful analytic results for variation of right ascension,
argument of perigee, and eccentricity are combined with a short
approximate result for the time rate of change of a semi-major
axis which we developed. A changing semi-major axis can account
for the difference in stability of posigrade and retrograde

orbits.

The programs discussed and listed in this section (Appendices
5-7) are the only ones known to us that can be used to estimate
orbital stability with modest computation time, while noting the

difference between posigrade and retrograde orbits,

2.1 ANALYSIS

One way to avoid extensive computations for the position of a

satellite in a non-Keplerian orbit is to describe the fundamental
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motion at any time as Keplerian with defined orbital elements. How-
ever, these orbital elements can be allowed to change as a function
of the perturbing forces. When the Keplerian motion is elliptical,
the corresponding orbital elements for perturbed motion are called

"osculating" elliptic orbital elements.,
With a few changes to the nomenclature of Ash,

a = semi-major axis

e = eccentricity

I = inclination with respect to lunar plane

2 = right ascension of ascending node on lunar plane

W_ = argument of perigee

= mean anomaly

e gravitational constant times lunar mass
u

= gravitational constant times mass of earth

n = ul/z a-3/2 = mean motion, rad/hr

§ = true anomaly

p = semi-latus rectum

=——B———-=
E® % a con " radius from geocenter
p = lunar radius

= g6 + W
1 P

Further, if ﬁ; §, and W are the three orthogonal perturbation force
components (R along radius vector from geocenter, S close to the
velocity vector, and W completing the right handed coordinate system)
for a lunar mass spread into a torus at lunar altitude, Ash derived

the relations for R, S, W given by Equations (2-1), (2-2) and (2-3).
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When Equations (2-1), (2-2), and (2-3) are substituted into Gauss'
form of the equation of the osculating elements and extensive opera-
tions are performed, Ash finds the change of right ascension, eccen-
tricity, and argument of perigee. Change in semi-major axis and

inclination were deemed negligible.

 f The changes in right ascension, eccentricity, and argument of

perigee per orbit were found to be:
o
_ - m 3 3 as2 I 135 . 315 2
AW =27 (u)(_;l_) cos I [4 + (=) [ 128 T 128 cos I]

a4 | 2625 7875 2. . 735 4 &
+ (o) [ 2048 ~ 1024 <°S I+ ~Soig ©°S I] + l (2-4)

Ae = -7 (um) (_a_)3 e sin(2W ) - %é sin?1
o P

. | Z( 305 315 .2 2205 A

, 315 _ 315 2205 2-5
& i (g) [ 138, 36 0 U F gy W08 I] * l e
2 o=x B @ |3~ sin’w stnr
e p u _ﬁ; 2 p

41 e 45 315 2 225 315 2 2
3 + (p) [— 32+ g, sin Wp + (53 g sin Wp) cos'1
+ 2202 40% y  cos™ 4o (2-6)
64 P
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The changes represented by Equations (2-4), (2-5) and (2-6) can

be very useful for long term (secular) changes in orbits as a function

of lunar perturbations. The computational order which should be
followed is:

1. AW§ should be computed from Equation (2=6) from an

2,

3.

initial value of argument of perigee Wo. A new value
of Wp is then found from (Wo + Wb). Sometimes, how=
ever,;dwp is identically zero and a stable argument of
perigee exists; this can happen at high inclination

angle (XI) and large semi-major axis (a). Program
PERTP, Appendix 5, calculates the stability of

argument of perigee in a subroutine ARGPER.

Wp is then substituted into Equation (2-5) to find Ade
per orbit, This is done in PERTP on line 630 (App. 5).

The change of right ascension is calculated from Equation
(2-4). This is done in PERTP on line 620 (App. 5).

PERTP 1s also more comprehensive; this will be shown in the

following estimates of change in semi-major axis.
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2,2 ESTIMATED CHANGE IN SEMI-MAJOR AXIS

A surprising difference in long term stability of posigrade
compared to retrograde orbits was identified by Ash[zl. For
example, l2-day retrograde orbits appear approximately as stable as
10-day posigrade orbits over a two-year interval., This difference
in stability does not appear in Equations (2-1), (2-5), and (2-6)
after the development of perturbations due to a torus of lunar

matter,

Clearly, at least one major physical concern has been deleted
from the development for Equations (2-4), (2-~5), and (2-6). This
is the interaction time between the satellite and the moon, which
would show a difference between posigrade and retrograde orbits,

Figure 9 gives a planar diagram of lunar perturbation.

If the satellite is in a circular orbit about the earth, it
becomes convenient to consider the tangential impulse and the radial
impulse imparted to the satellite from the moon. By symmetry, it can
be seen that the satellite loses about as much tangential impulse as
it passes the moon as when it approaches., However, the impulse

along the radial direction is always positive,

Radial force GM

per unit mass Fr i——JEji (cos Gm) (2-7a)
rij
wheie
rij = distance between satellite and lunacenter
G = gravitational constant
6. =8, Ry for 6 20,15 rad (2-Tb)
- i
(Rm Rs)
M = lunar mass
m
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Further,
rij can be noted to be Rm-Rs
cos 6
m
for 6, Zo.15 rad, and Equation (2-7a) becomes
GMm 3 Rs
Fr ® ———3—cos e . (2-8)
(R -R_) R -R
m s m s

The first order change in radial velocity is related to radial
impulse by

total time

av - f Frdt (2-9)

o

Equaticns (2-8) and (2-9) can be integrated, yielding a closed
form solution, and this opportunity to save CPU time will be adopted.
If an angle Oae is chosen as appropriate to the position at which
noticeable lunar perturbations begin, the time until the earth,
satellite, and moon are lined up (maximum lunar perturbation force)
is Beo(tus-tum). Using the small angle approximation, Equation (2-7b),
and substituting Equation (2-8) into Equation (2-9) yields:

2 GM
m

1 " R 1/3 sin (s . s )
AV = - s eo x
. u?el (Rm-Rs) Rm-Rs
2 R
Cos” (8 ’ s ) +2 (2-10)
eo =
m s

wherewrel = relative angular velocity of satellite and moon. This

is shown explicitly later in Equation (2-16).
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Equation (2-10) has been implemented in subroutine MOON of PERTP
(Appendix 5). The limit of integrationm, eeo’ is entered as TE = 0,3
radians on line 1210, This is felt to give an underestimate of lunar
perturbations, because a tidal displacement actually occurs during
the radial impulse. The radial velocity of Equation (2-10) must be
related to orbital energy, and hence to semi-major axis (a) as soon
as the satellite leaves the influence of the moon.

The vis viva integral is the relation between orbital energy

and semi-major axis for a simple central force field and has the
form

- % for elliptic motion (2-11)

where

V = total velocity
u= Gme
m, = mass of earth

R = geocentric distance.

When Equation (2-11) is rewritten

)

the left side is recognized as total orbital energy, or

ﬁ-e-g(-
2 r 2

® =

45

e - i - i




T

(total energy) = %

I LS

After rearranging Equation (2-13) and differentiating the expression
of (a), a function of (total energy), one finds

& g4, 4 (total energy) . (2-14)
2 (total energy)

Changing Equation (2-14) to an incremental form and substituting
AVr2 for change in total energy gives
7

@v,) 2 2

Gm
e

A a = . (2"'15)

Since AVr is proportional to interaction time, the square of
AVt in Equation (2-15) implies that the instability of the semi-
major axis increases in a nonlinear way with the lunar interaction
time. The actual interaction time depends on a vector difference of

angular velocities, (tds-a%m). The relative angular velocity can be
approximated by

w

2 2
el = (ag cos I - “h) + (a% sin I) (2-16)

where again I is the inclination angle of the satellite with respect
to the lunar plane.

The remaining considerations which have gone into the subroutine
MOON are:
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1. The total region of possible interaction of the satellite
with the moon is approximately limited (to ANG) if the
inclination angle is large and,

2. Change of (a) per year is proportional to the number of
times per year in which interaction happens, orAa/yr
Olrer®

Even with the second item included for completeness, however,
a distinct difference between the stabilities of posigrade and retro-
grade orbits is seen in only a few seconds of CPU time. When the
effects of subroutine MOON are included in PERTP and a variable to
represent instability

V5 =a (1L + e)/ao(l + eo) (2-17)

is generated to represent normalized apogee distance, a 10-day orbit A
at inclination 0° has approximately the same value for V5 (1.003)
as a 12-day orbit at inclination 180°,

It appears that the gross secular results for orbital insta-
bility[ll

requirements,

have been qualitatively reproduced with very modest CPU

The reader will notice that a running change in units has
occurred in these programs. At the time these lunar perturbation
programs were generated, a new Federal interest was expressed in
metric units. Semi-major axis (a) is expressed in the program of
Example 2 and Appendices 5-7 in kilometers. The relation between
nautical miles and kilometers is:

1.852 x (length in nautical miles) = length in kilometers.
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2.3 PROGRAM PERTP (Appendix 5)

Program PERTP calculates a new semi-major axis (a, km),
eccentricity (E), right ascension (W), and normalized apogee
distance V5. It does this from estimated lunar secular perturba-
tions, Iterations in orbital elements are performed every 10 days
for a total of 400 days.

CALCOMP plots are generated (e.g., V. vs time in days).

5
This program gives an estimate of orbital stability implicit

in the variable V5. When V5 increases to approximately 1.01 in

400 days, the orbit's stability is very questionable. This stability

has qualitative agreement with Ash's numerical results,
2.4 PROGRAM SATLUNAE (Appendix 6)

Program SATLUNAE combines a variation of SATE and a subroutine

LUNA. To save CPU time for orbits which are to be perturbed by

the moon for a long time (say, T > 3 years), integrated versions

of Equations (2-4), (2-5), and (2-6) were prepared for subroutine
LUNA. The equation for argument of perigee offered two choices:
either (1) it kept rotating, or (2) it was assigned a stationary
value immediately as in the ARGPER subroutine of PERTP., If it

kept rotating, an average value of angular velocity was assigned

by using sin, w= 1/2.

The order of calculations in LUNA was as follows:
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1. A linear estimate of growth in semi-major axis (a)

was done, so that A (AB in the program) could be used
for later calculatioms.

2, Argument of perigee was estimated as either stationary
or rotating, which gave the possibility of two integrals
for the eccentricity calculation.

3. If a stationaryup existed, a simple exponential
growth in eccentricity resulted. This is similar to
the result of the 1974 Ash report[zl. A less simple
result occurred (on line 3020) if u$ kept rotating.
Lines 3020 and 3030 are deceptive in their simplicity,
and to see the complexity one should substitute the
various c's, Many of the c's are not constants, but

are functions of the orbital elements,

Right ascension and normalized apogee distance are finally esti-
mated, The results show a satisfying but not exact comparison to
an iterated (not integrated) change in orbital elements. A pro-

gram which iterates the orbital elements appears as SCOREE (Appendix 7).,
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PART III

EXAMPLES

3.1 EXAMPLE 1

Figure 10 gives an illustration of the 10 satellites chosen for
this example; they are a running example throughout this section,
These 10 satellites are examined here with program SATE. They appear
again in Example 2, where lunar perturbations are examined, and in a

coverage problem of Example 3. The 1C satellites give an idea of

the capability of these programs and are not intended as a specifically

useful satellite communications system. Satellites #1 and #2 are

(7]

Aerospace Type A satellites selected to give polar coverage.
These 12-hour orbits differ in right ascension (W) by 90° in order
to give the same ground trace. Satellites #3, #4, #5, and #6 are
synchronous equatorial satellites., Satellites #7, #8, #9, and

#10 are in 4-day polar orbits. The orbital elements are entered
in program SATE on lines 160 to 240 (Table 1). The ground station
coordinates are entered on line 250; Lexington, Massachusetts

and San Diego, California, are entered as ground stations 1 and 2,

Lines 160 and 170 list the semi-major axes of the satellites in
nautical miles, in order of increasing altitude. Line 180 gives the
respective eccentricities., Lines 190 and 200 give the right ascen~
sions in degrees, Line 210 gives arguments of perigee in degrees.
Lines 220 and 230 give the time at perigee in hours, and line 240
gives orbital inclination in degrees. Line 250 gives colatitudes
of Lexington, Massachusetts, and San Diego, California; then, the

longitudes of the same sites.
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TABLE 1

ORBITAL ELEMENTS ENTERED IN SATE

00150  Dimension A(10), E(10), W(10), WP(10), TP(10), XI(10), B(4)
00160 Data A/14342., 14342,, 22767., 22767., 22767., 22767.,
00170 3 57369.2, 57369.2, 57369.2, 56369.2/

00180 Data E/.725, 725, Oy 0.5 0sy 0., 0., Oey 0., 0./

00190 Data W/o., 270.,, O., 0., O., O,,

00200 4 0., 0., 0., 0./

00210 Data WP/-90., -90., 0., 0., O., O.,, O., 0., O., 0./

00220 Data TP/O0., -6., -3., =9., -15., =21.,

00230 1 0., -24,, =48., =72./

00240 Data xI/63.435, 63.435, 0., 0., O,, O., 90., 90., 90., 90./
00250 Data B/47.54, 57.23, 288.73, 242.8/

As an important aside, it should be noted that the communica-
tions designer does not really care as much about orbital elements
as he does about the subsatellite traces which he will require in
order to get adequate satellite visibility. The designer can tell
that Satellite #1 was at -90° longitude (90° West longitude) at
T = 0 hrs because TP = 0, WP = =90°, and W = 0. The subsatellite
"starting point' of a satellite with TP # 0 requires some calculation.
Satellite #2, with TP = -6 hrs, was at perigee 6 hours before the
computation began. It is therefore halfway through its 12-hour
orbit at T = 0 hrs, and is at apogee. Since the right ascension
is 270° and the argument of perigee is -90° for Satellite #2, the
perigee occurred at 180° longitude in celestial coordinates,
However, perigee occurred 6 hours previously for Satellite #2;

the earth advanced 1/4 revolution in that period, or perigee
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occurred over 270° East longitude on the earth., Since this is
involved, a simple check for the communications engineer is
available on the computer output which gives the subsatellite

trace.

The computer output of SATE gives the time history of all combi-
nations of links. It is not a graphical output, but a compensatory
feature is its 28-second CPU time on a 370/158 for 25 hours of data,
A sample link from Satellite #1 to Lexington, Massachusetts, is
shown on Table 2., From left to right, the columns are satellite
number, time in hours, range in nautical miles, elevation angle in
degrees, uplink Doppler shift (Hz) for a 300 MHz signal, downlink
Doppler shift (Hz) for a 245 MHz signal, subsatellite longitude,
subsatellite colatitude, and ground station number. It is seen
that range increases until a maximum is reached at 6 hours for the

first apogee.

No earth harmonics for the potential field have been intro-
duced for Table 2, so this near earth orbit should not be

examined beyond two orbits or 24 hours.

The 55 possible crosslinks are also listed in the computer output.

A crosslink from Satellite #l1 to Satellite #3 is examined in Table 3.
This represents a highly eccentric Aerospace Type A orbit crosslinking

to a synchronous satellite. From left to right, time is given in hours,

range in nautical miles, L12 and Cl2 are the longitude and colatitude
of the crosslink pointing vector (in the inertial coordinate system),

crosslink Doppler (Hz) is given for the 60 GHz crosslink[g]

, and CVIS
gives a visibility check on the crosslink. CVIS = 1 means the cross-
link exists; CVIS = 0 if the earth blocks the crosslink. The first

maximum for crosslink range is seen to occur at 6 hours and 27822
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nautical miles. Crosslink Doppler peaks at 1,39 MHz at 12 hours.
A more convenient and intuitive crosslink pointing system will be
given later in program SATLUNAE.

These results were given in single precision. Because elevation
angle was required only within 0,3° and earth harmonic terms were
omitted, greater accuracy was not felt to be justified here. Single pre-
cision can lead to a strange result for crosslink Doppler between two
coplanar satellites in circular orbit; the required zero Doppler shift
is calculated to be a fraction of a Hz because it is the result of a
subtraction of two large numbers. Another embarrassment for single
precision can occur in crosslink pointing angles. The tangent of
angles near 90° may be read as tan (90°). If these inconveniences are
to be avoided, the double precision program SATD (Appendix 2) can be
used.
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3.2 EXAMPLE 2

The orbital configuration of Figure 10 is used again in Example 2,
but this time the stability of the orbits relative to lunar perturba=-
tions is to be checked. The orbital elements of Figure 10 are entered
into program SATLUNAE (Appendix 6), but unlike the previous example
the semi-major axis is entered in km, The initial semi-major axes
are 26561 km, 42164 km, and 106247 km respectively for the 12-hr,
24~hr, and 4-day orbits.

The first part of the output of SATLUNAE is an estimate of new
orbital elements after a long period of lunar perturbation. Although
SATLUNAE is meant for very long periods, like five years, 365 days is
the period used for this example. The estimate for the new

orbital elements after one year is shown in Table 4a.

The semi-major axis for the 1l2-hour satellites is seen to be the
same as the initial value, but the eccentricity has increased from
0.725 to 0,745, This jump in eccentricity is due to the entry of the
fourth column, WPE. WPS is a stationary argument of perigee which was
set immediately in the computer program SATLUNAE., This stationary
argument of perigee allows the eccentricity from the program to start
growing immediately, although real satellite eccentricity does not
immediately grow. Therefore the new eccentricity E1l should be con~
sidered an upper bound. The new right ascension W is only slightly
changed from the original 0° for Satellite #1., The normalized apogee

distance V5 has increased 1.2% in one year.
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TABLE 4a

FUTURE SEMI-MAJOR AXIS, ECCENTRICITY, RIGHT ASCENSION,

ARGUMENT OF PERIGEE, AND NORMALIZED APOGEE DISTANCE V

5
ABIG El W WPS V5
26561.0 0.745798409 -0.360600 44,963928 1.0120573
26561.0 0.745798409 269.639160 44,963928 1.,0120573
42164.2 0.0 -1.655902 0.0 1.0000038
42164.2 0.0 -1,655902 0.0 1.0000038
42164.2 0.0 -1.655902 0.0 1.0000038
42164.2 0.0 -1,655902 0.0 1.0000038
106249.1 0.0 -0.000002 39.585815 1.0000191
106249.1 0.0 -0.000002 39,.585815 1.0000191
106249.1 0.0 -0,.000002 39.585815 1.0000191
106249.1 0.0 -0,000002 39,585815 1.0000191

Surprising stability appears in the V
#3 through #10,

colum for Satellites

This is because the initial eccentricity was 0.

A more reasonable estimate of stability can be found if a non-zero

value for initial eccentricity is used.

eccentricity value be 0,05,

Table 4b lets the initial

The synchronous Satellites #3 through #6 are still stable since

V5 retains a value close to unity., However, it is seen that the &4-day

polar satellites show a 1.4Z increase in normalized apogee distance.
Questionable stability is indicated.
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TABLE 4b

SATELLITES #3 THROUGH #10, INITIAL ECCENTRICITY = 0,05

ABIG E1l W WPS V5
26561.0 0.745798409 -0.360600 44,963928 1.0120573
26561.0 0.745798409 269.639160 44,963928 1.0120573
42164.2 0.050000001 -1.655902 0.0 1.0000038
42164.2 0.050000001 ~-1.655902 0.0 1.0000038
42164.2 0.050000001 -1.655902 0.0 1.0000038
42164,2 0.050000001 -1.655902 0.0 1.0000038

106249.1 0.065072298 -0,000002 39.585815 1.0143747
106249.1 0.065072298 -0.000002 39,.585815 1.0143747
106249.1 0.065072298 -0.000002 39,.585815 1.0143747
106249.1 0.065072298 -0.,000002 39.585815 1.0143747

SATLUNAE then goes through link calculations with the new orbital

elements.

These are largely omitted here, since they are reminiscent

of the output from SATE. One other crosslink calculation does occur

here, however, which makes it worthwhile to include one crosslink,

Crosslink angle in a local satellite coordinate system is shown in
Figure 11 and it is included as TU12 and FU12 in Table 5; this table
is part of one output table of SATLUNAE.

Except for the columns FUl2 and TUl2, Table 5 was discussed in
TU12 and FUl2 are discussed in Figure 11.

is a local co-elevation angle and FUl2 is a local azimuth angle.

Example 1.
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Program SATLUNAE can also be run repeatedly to get entire regions
of stability, An example of the stability analysis appears in
Figure 12, which gives a topology of stability that results from an
initial eccentricity equal to 0.005. The curves should be read as a
contour map with the orbital instability increasing to the right.
Each curve represents a constant stability line. The curve labelled
0.3% change in normalized apogee distance per year shows that 10-day
posigrade (I = 0°) orbits approach the same stability as 8-day polar
orbits and 12-day retrograde (I = 180°) orbits. On Figure 13 it is
seen that initial eccentricity is very important to the orbital
stability of satellites outside the lunar plane. The initial
eccentricity (0.05) of Figure 13 gives greatly increased instability
at I = 90° as compared to Figure 12. Since stability of these orbits
is a strong function of initial eccentricity, launch techniques pro-
ducing low initial eccentricity should be employed for high altitude
orbits,
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3.3 EXAMPLE 3

Two of the initial problems which face a satellite communications
designer are: (1) Given a set of satellites, at what points on the
earth can an observer see a satellite? (2) If many satellites are
involved, at what spots on earth are no satellites visible? Preferably,

the designer should see a graphical output of covered/uncovered areas.

In seeking an answer to (1), one might get swamped by information
from the 180° x 260° projection which forms the Mercator projection.
The really interesting locations in a good satellite system might be
those which can see no satellite at all., Identification of these
uncovered locations yields a fast, comprehensible output. It is
with this idea of limited output that program NOLINKE (Appendix 9)
was generated. With 10 satellites in Keplerian orbits, it examines
a 12 x 24 grid of possible ground stations (covering the 180° x
360° Mercator projection in 15° increments) for elevation angle to
all ten satellites. It performs a printout at a given coordinate
only if elevation angle to each of the 10 satellites is less than

some minimum acceptable elevation angle (EM).

The lines 10 to 70 of NOLINKE (Appendix 9) represent the
orbital elements of 10 satellites, The four DO LOOPS, progressing
from outside to inside, are time (RI), colatitude (T), longitude
(F), and satellite number (L). So, at each (T, F) all satellites
are considered. Elevation angle (D) to each satellite is generated
at each location. A print statement is allowed only if all
satellites have been considered and if no satellite is visible
(SATNO = 0).

This limited output can be very helpful to the designer of a

many satellite system.
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The program NOLINKE runs in the foreground on TSO,

output allows this to be done conveniently,

The limited

For example, the orbital,

elements implied by Figure 10 can be typed into lines 20 to 70, a
minimum elevation angle = 35° typed into line 210, and the resultant

output (at T = 0 hrs, 1 hr) is shown on Table 6.

Tl and F1

are ground station colatitude and longitude at which no satellite is

observed. No. is the number of satellites observed at these loca-
tions, T is time in hours.

TABLE 6

AN OUTPUT OF NOLINKE

Tl F1l NO. T
60,000 90,000 0.0 0.0
60.000 270,000 0.0 0.0

120.000 90,000 0.0 0.0
120.000 270,000 0.0 0.0
60.000 90,000 0.0 1.000
60.000 270,000 0.0 1.000
120,000 90,000 0.0 1.000
120,000 270,000 0.0 1.000

Although only four locations appear at each hour, 12 x 24 = 288

calculations were done worldwide to see if elevation angle require-

ments were met,

The locations and times of Table 6 were the only

places which did not meet the required 35° elevation angle,
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No output occurs for NOLINKE for a 6-hour period if a 25° eleva=~
tion angle is required. Therefore, this 10-satellite system meets a

25° minimum elevation angle requirement.
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CONCLUSIONS AND RECOMMENDATIONS

An analysis has been presented which gives fast, convenient com-
putations for range, Doppler, crosslink data, and pointing angles for
a two ground-station, 10-satellite system, With the programs listed,
data on all ways to link one ground station with the other via the
satellite are given on one computer output. The writers are not aware
- of the existence of other complete link solutions on one output,
Three place accuracy is representatively given. Completely general

Keplerian orbits are allowable with O < eccentricity <0.99.

The coverage of a 10-satellite system is quickly found in a
program with very limited output.

In continuing the emphasis on low computation time, analytic
results for orbital stability as a function of lunar perturbations
were used to generate a very efficient program. It can be used as a
first economical estimate of high altitude orbital parameters after

many years of lunar perturbations., Figures 12 and 13 were also

R o

included to indicate stability regions.

None of the listed FORTRAN programs requires more than one minute
CPU time on an IBM 370/158 computer.

In the future, it is recommended that real signal propagation be

interposed between the stations. This could include ideal antenna gain

S

patterns and regions of ionospheric disturbance to yield estimates of

~
el N i . s i A i s

the received signal/noise ratio. A '"point ahead" capability should

also be added to the crosslinks; this can be done conveniently with

the existing velocity calculations.
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NOTATION

Definition

semi-major axis; invariant for
Keplerian orbits

average semi-major axis

initial semi-major axis (be-
fore lunar perturbations)

elements of Euler rotation
matrix

future semi-major axis, subject
to lunar perturbations

Euler rotation matrix

inverse of A

geocentric angle between sub-
satellite point and ground

station 1

FORTRAN program which includes
azimuth calculations (App. 8)

semi-minor axis

velocity of light = 1,6187 x
10° nmi/sec

7!

P

NG T BLANK-NOT FILM:D
e PRECELIIG " AGE BLAN fl

Comment

Nautical miles,
except in pro-
grams for lunar
perturbations,
where a is en-
tered in km,

1 nomi= 1,852 ka
Subscript 1 is
used to denote
satellite 1, etc.
Average taken over

a period of lunar
perturbation.

Not used here,
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.
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elevation angle from ground
station to satellite, degrees

denotes small changes in orbi-
tal elements (e.g. Ae=small
change in eccentricity)
eccentricity; for the ellipti-

cal Keplerian orbits considered
here 0<e<1.

future eccentricity, subject to
lunar perturbations

eccentric anomaly

carrier frequency, Hz

Doppler shifted carrier fre-
quency, Hz

lunar radial force/unit mass of
satellite (scalar)

angle measured from the line of
nodes in the satellite plane

same as FSP

gravitational constant = 6,6732
x 1011 pewton meter 2/kg?

orbital inclination angle with
respect to equatorial plane

unit vectors in x, y, and 2z
directions, respectively

orbital inclination with re=-
spect to lunar plane
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The programs with
the iterative sub-
routine ELLIP work
for 0<e<0.99

E.y E,, eeo used
for successive
approximations to
eccentric anomaly.

Becomes XI in
FORTRAN programs,
Numbered subscripts
refer to satellite
number.




nautical
mile (nmi)

n

NOLINKE

PERTP

P12

e

Rya

mean anomaly
mass of earth
mass of moon
GM

M
m

1.852 km (exact)

mean angular rate, rad/hr

a coverage program of very
limited output for ten satel-

lites (App. 9)

M= n(t-tp)

angle in satellite plane measured

from line of nodes in the lunar

plane

semi-latus rectum

FORTRAN program which cal=-
culates effects of lunar per-
turbations on orbital elements

(App. 5)

unit vector from transmitter

to receiver

geocentric distance of satel-
lite at a given instant of time
(nmi for programs without lunar
perturbations, km for those

with)

d (R
dt

earth radius = 3440 nmi

distance from transmitter to

receiver
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Rs1, s2

RI

w
=

SATD

SATE

SATLUNAE

SATVIZD

SATVIZE

SCOREE

TP

e e e —————————

distance from ground trans-
mitter 1 to satellite

distance from Satellite #1 to
Satellite #2

time index (hrs) in programs
(T in analysis)

lunar perturbation components
in Ash analysis

FORTRAN program which calculates
ground-satellite relations
(e<0.5) in double precision
(App. 2)

FORTRAN program which cal-
culates ground-satellite rela-
tions (0<e<0,99) in single pre-
cision (App. 1)

Note that solar
hours are not
distinguished

from sidereal

hours because only
three-place accuracy
is desired in re-
Bults.

like SATE, but includes long term
estimates (25 years) of lunar per-

turbations (App. 6)

like SATD, but interactive with
the user (App. 4)

like SATE, but interactive with
the user (App. 3)

like SATE, but includes effects
of lunar perturbations on orbi-
tal elements for periods up to
a few years (App. 7)

time in hours

time at perigee, hours
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T period for Keplerian orbit

(subscripts are added for
particular satellites)

; TU12, FU12 crosslink angles in a local
4 satellite coordinate system
6 true anomaly
- . a ()
? ¢ dt
ej angle between relative velocity vector
and pointing vector
e1 ¢2 spherical coordinates associated
3 with ground station 1
6
S1, S2;
051 $2 inertial spherical coordinates TU12, FU12 are
i associated with crosslink vec~ wusually more con-
tor (called L12, C12 in com- venient than
puter output) ®s1, s2° %s1, s2.
) angle of satellite with respect
. to earth-moon vector
eeo bounding angle for lunar pertur-
bations (representatively, 0.3
radians)
8 angle of satellite with respect
= to moon-earth vector
VR relative velocity between trans-
mitter and receiver
Vr satellite radial velocity
v potential energy in vis viva integral
V5 normalized apogee distance = final

apogee/initial apogee

1>

—

S———

S——




vis viva integral

rel

=?

X,Y,2Z,

X',Y',z',

gives relation between potential and
kinetic energy for Keplerian orbits

right ascension for Keplerian Subscripts are used
orbit, degrees for particular
satellites.

argument of perigee for Keplerian
orbit, degrees

stationary argument of perigee,
subject to lunar perturbations

earth rotation rate - 15°/solar
hour = 15,04°/sidereal hour

angular rotation rate of satellite
about earth, rad/hr

angular rotation rate of moon
about earth, rad/hr

vector difference of Wy Wy Weo determines
the time of in-
teraction of satel-
lite and moon,

one of three lunar perturbation
components used by Ash (others,
R, S)

inertial Cartesian cocrdinate
system, with x pointed toward
Aries (X,Y,Z, associated with
ground station 1)

a moving coordinate system in
the satellite plane
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a stationary coordinate system
in the satellite plane

coordinates of satellite in
inertial space axis of a re-
lated coordinate system which
lies along Z axis

77

The double prime
system will be con-
venient 1if Doppler
rates are later added
to the programs,
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APPENDIX 1

PROGRAM SATE

This background version of SATVIZE is usually more valuable than f
SATVIZE for more than two satellites or two ground stations. The high
speed printer allows the extensive output to be more quickly and neatly

e o i

e

finished than the terminal output of SATVIZE,

R A o

Orbital elements are entered on lines 160-240, The ground sta-
tion latitudes are entered consecutively for the ground stations,
then the longitudes (East). For example, the locations of Lincoln,
Massachusetts (47.54° colatitude, 288,73° E. Long.) and San Diego, i
California (57.34° colatitude, 242.8° E. Long.) are entered as: :

DATA B/47.54, 57.23, 288.73, 242.8/ 240

83

'PHEC&'DI.“B Plam s o
. e A&!-’t BLJ

— T

e u - s N




//TSOL2CA JOB (63A0,DA1,DFSK),'CHRISTOPHTR P',NOTIPY=TSCU20, 90000010
// TINE=1 00000020
// EXEC FORTGCG 00000030
//FORT.SYSIN DD = 00000040
€ THIS SATELLIT® VISIBTILIT™Y PROGRAM TS WRITTEN FOR A MAXIMUM OF 00000050
C TFN SATTLLITTS AND TWO GROUND STATIONS. 00000060
C THE ARRAYS CONTAIN THE FPOLLOWTNG INPORMATION FOR FACH SATELLITE: 00000070
C A--SFMIMAJOR AXIS IN NAUTICAL MILES 00000080
C BE--ECCENTRICITY 00000C20
C W--RIGHT ASCENSION IN DEGRETES 00000100
C WP--ARGUMENT OF PFRIGEF IN DEGRRFS 00000110
C TP--TIMF OF PERIGFT IN HOUPS 00000120
C XI--INCLINATION IN DEGREES 00009130
C APRAY B CONTAINS THF COLATITUDE AND LONGITUD® FOR FACH GROUND STATION.00000140
DIMENSION A(19) ,7(10) ¥ (10) ,WP(10), TP (10) ,XI(10) ,B (4) 00000150

DATA A/147342,,104342.,22767.,22767.,22767.,22767., 00000160

3 §7269,2,57369,2,57369.2,5736°.2/ 00000170

DETK B 1250125 40460% i o€ 0000 00530407 0000018C

DATR W/C.o2704,2083:733,;283.733,0,0., 00000190

B 0 00e 06 0/ 00000200

DRATE QP /<90. ;=30 00 30 i 600 50440 0:40:7 0009021C

DATR TRAC . =67 005661922V ¢ 00000220

T 0. ,=2%: <G8, ,-T2./ 00000230

DATA YI/63.435,63.435,23.4,23,4,0,,0,,99,,90,,90,,90,./ 07007240

DATR B/153.0635,26.565,27C. 0%/ 00000250

~ NUMS IS THF NUMPER NOF SATELLITES TO BE CONSID®RED. 00000260
T NUMG IS THT NUMBE® CF GPOUND STATIONS TO BRE CONSIDFRED. 00000270
NUMS=4 nnooo280
NUMG=2 00000290
P=3.101592F 00700309

£2=3040. 09000310

RTD=57, 20877981 00000320
WRAD=15,0/3TD 00000330

€ CL IS THE VTLOCITY OF LIGHT IN NAUTICAL MIL3S PER SECOND. 00000340
CL=1.619R4%10, x%5 00000350

C TP IS THY UPLINK FREQUENCY TN HZ. 00000360
C FP1 IS THF DOWNLINK FRTQUENCY IN 43z. 0000C370
FR=300,0%10,*%6 00000380
FR1=245,0%10 ,%%6 00000390
CON=6.9RT* 1N xx (- 6) 00000400

DO 9C0 J=1, NUME 00000419

W(J)=W(J) /RTD nN00N0U20

WD (J) =WP (J) /RTD 00000430

XT (J) =XT (J) /PTD 00000440

C TAU IS THT PTRIOD OF POTATION N¥ SATELLITE J. 00000450
TAU=CON®A (J)*%1.5 0000060

DD 700 K=1,NUMG 00000470

WRITE (6 ,10) 00000480

10 FORMAT(TH ,*SAT',SX,'HRS',12X, 'RANGE",9X,*ANGLE",8X, *UPDOPPLEROCONOUQ0
10 ,8Y,'DNDOPPLER',Q%, *SURLY,9X,* STIRC' ,6X," STATION' ,//) 00000500

T=B (K) /FTO oceens10

G=B(K+2) /RTD 0n00N520

C I IS THT HOUR, 00000530
ey S00 I=1,25 00000540

eI=1 00000550

C SUBPOUTIN® TLLIP COMPUT®ES THE RANGE PROM GEOCENTER TO SATELLITE J AND 00000560
C THE ANGL® MTASURED IN ORBIT PLANP;REFFRRED TO NODE OF ORBIT PLANE 000CC570
C AND FQUATORTAL PLANF. 00000580
CALL ELLIP(RI,E(J),WP(J),TP (J),A(J) ,TAU,PSP,R) 00000590

> SURROUTIN® PRIME COMPUTES THT INFRTIAL CARTESIAN COORDINATES OF THE 00000600
C SATPLLIT® J (WITH GFOCENTEP AS THE ORIGIN). 00000610
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CALL PRIMT(FSP,W(J),XI(J),R,0.,XS,¥S,2S) 00000620

C PS IS THE SUBSATELLITF LONGITUDE IN DEGREES. 00000630
PS= (ATAN (YS/XS) -WRAD#RI) *RTD 00000640
IF(XS.LT.C.) FS=FS4pP*pTD 00000650
11 IP(PS.LT.-36C.) PS=FS+360, 00000652
IF(FS.LT.-367.)G0 TCO 11 00000654
C TS IS THF SUBSATELLIT® COLATITUDF IN DEGREEZS. 0900660
TS=RTD*ARCOS (25/R) 00000670
F=G+WRAD*RI ceco00680
C (X,Y,2) ART ™HE INPRTIAL CARTESIAN COOKDINATPS OF GROUND STATION K. 00000690
X=RE*STN(T) *COS (F) 00009700
Y=RF*SIN (T) *SIN(F) 00000710
Z=RE*COS (™) 00001720
C ACC IS THE ANGLT RTTWFEN GROTUND STATION K AND SATELLITE J FROM THFT 00000739
C CENTFR OF THE FAPTH. 0C000740
C RGE IS THFT RANGE FROM GROUND STATION K TO SATELLITF J IN NAUTICAL 000€9750
C MILFS. 00700760
ACC=APCOS ((X*XS+Y*YS+¢2%2S)/ (RE*P)) 0000077¢
PGT=( (XS-X) *%2+4 (YS-Y) #%24 (2S-Z) **2) **x .5 0000C78¢C
ARG=SIN(ACC) *R/RG?T 0000079¢C
IF (ARG.GT.1.0007CCC)ARG=1.7000"00" nDN00NBO0
C D IS THE ELEVATION ANGLE IN DSGRETSS PROM GROUND STATION K TO 0CH0081C
€ SATELLITE J. 00000820
D= (ARSIN (BRG)=P/2.)*RTD N000C830
RT=SQRT (R¥R-P T*R7) 00000840
TF(RGE.LE,RT) D=-D 00000850
C SUBROUTINE DOPE COMPUTES THF COMPONENTS OF SATTLLITE V®LOCITY. 0000860
CALL DOPZ(R,T(J),A(J),TAU,FSP,WP (J),W(JI),XI(J), XV,YV,2V) 00009870
T (XT,YT) ARF THT COMPONFNTS OF THF RELATIVE VELOCITY OF GROUND 0C000880
C STATION K. 0000089C
XT=-HRANXRE*STN (T) *SIN (F) /3600, 00000900
YT=WRAD*RT&STN (T) *COS (F) /3600, 00000910
POT= (XV-XT)* (XS-X)+ (YV=-YT) * (YS-Y) ¢ZV*(25-2) 00000929
DOT=-DOT/RGT £0000930
C UPDOP IS THE UPLIMK DOPPLFP SHIFT IN HZ. 00000940
C INDOP TS TH® DOWNLINK DOPPLER SHTST IN HZ. 00000050
UPDOP=DNT*FR /CL 09000960
DNDOP=DOT*FR1/CL 00000970
WRITE (€ ,20)J,RI,RGF,D,UPDOP,DNDOP,FS,TS,K 00000980
20 FORMAT(IH ,13,F%,1,P17,.3,914.3,917.3,P"7.3,F13.3,F13.3,110) 00000990
500 CONTINOE 00001000
WRITE (€,25) £0001C10
25 FORMAT(1H ,//) 00001020
700 CONTINMT 00001030
9on CONTINUE 0001040 3
WRITF (6, 30) 00001050 %34
an FORMAT(YH ,////7) 00001060C 3
L=NUMS-1 n0001070
IF(L.FQ.0)GO TO 350 0000108¢
2 FP IS THE CROSSLINK FRFQUENCY IN HZ. 00001090
FP=60,%1N0 %%x9 0n9c1100
€ M1 IS THE FIRST SATFLLITE. 00001110
C M2 IS THF SECOND SATELLITE. 00001120 :
D0 350 M1=1,L 00001130 14
TAU=CON®A (M 1) **1,5 00001140 e
v=M14+1 00001150 L
po 250 M2=N,NUMS 00701160
WRITP(6,40) 00001170
un PORMAT(1H ,2X,'HRS',12X, *RANGE®, 11X,'L12',12X,°C12*,11X, 00001180
. Y CRDOPPLER® ,hX,'CVIS',6X, 'SAT1',6X, 'SAT2',//) 00001190
TAU2=CON®p (M2)%*1,5 00001200




pE 309 1=1,25 ceoc1210

RI=T 00001220

C NOVIZ DETFRMIN®ES CRCSSLINK VISIRILITY WHERE 0 MFANS NO VISIBILITY 00001230
C ANC 1 MFANS VISIBILITY. €20C1240
NOVTIZ=1 00001250

CALL TLLIP(PI,F(M1),WP(M1),TP(M1),A(%1),TAU,FSP,R) 00001260

CALL ELLIP (RI,T(M2),WP(M2),TP(¥2) (A(M2),TAU2,F2P,R2) 00001270

CALL PKIME(¥SP,W(M1),XT(M1),R,0.,XS,YS,2S5) 00001280

CALL PRIME(F2P,W(M2),X1(M2),R2,0.,X2,Y2,22) 00001290

TC1=X2-XS 00001200

€2=Y2-YS 00001310

TC3=22-2S 00001320

C R12 IS THF RANG® BETWEFN TWO SATELLITFS YN NAUTICAL MILES. 0ecnc1330
C F12 AND T12 ARE THY POINTING ANGLZS BETWFEN TWO SATSLLITES IN DEGREES.000C1340
R12=(TCI1*%24TC2#**24TCI%*2) x% 5 0000135¢C
F12=PTD*ATAN (TC2/TC1) 00001360
IF("C1.LT.C.) F12=F124P%RTD 00001370
VIZ=(-XS*TC1-YS*TC2-ZS*TC3) /(R12%R) 00001380
IF(VI2.GT..99999999)V12=,999999929 0N001390
DEL=RRCOS(VIZ) 00N01400
DELM=APSIN(RF/R) 000”1410
IF(DPFL.LE.DELM) NOVIZ=C 00N01420

T12=ARCOS (TC3/E12)*=:TD f00C14320

CRLL DOP®(P,%(M1) ,A(M1),TAU,FSP,WP (M1),% (M1),XI (M1),XV,YV,2ZV) CO001440

CRLL DOPF (R2,% (M2),R(42),TRU2,F2P,YP(M2) ,W(M2),XT(M2},S2,02,V2) 00001450
DOT=(S2-XV)*TCT1+ (U2-YV)*TC2+ (V2-2V) *TC2 ceoc1u60
DOT=DOT/R12 00001470

C ©ToP¥2 IS THE CROSSYIINE DOPPLE® SHIPF® IN HZ. 000C1480
DOP12=-DOT*=PR/CL 0C001490C
WRIT2(6,50)RI,*12,F12,T12,50P12,N0VIZ,R),H2 00001500

&¢ FORMAT (TH ,*S.V,F17.3,.F14.3,215,.3,F20,3,19, 19, 10) c0C01510
300 CONTINUE 0700152¢C
WRITE(6,6%) 00001530

6N FORMAT ('H ,//) 00001540
250 CONTINOF 00001550
350 CONTIND® 00001560
FND 000C1570
SUBFOUTINE PRIME (FSP,WS,X1IS,XPS,YPS,XS,YS,ZS) 00001580
A11=COS(FSP) *COS(WS)-COS(XIS) *SIN(WS)*SIN (FSP) 00001590
212==SIN(PSP) *CCS (WS) =COS (X IS) *SIN(WS)*COS (FSP) 00001600
A21=COS (FSP)*STN(WS)+COS (XTS)*COS (WS) *S IN (FSP) 00001610
A22=-SIN(FSP) *SIN (WS) ¢COS(XIS)*COS(WS)*COS(FSP) 00001620
231=STN(XIS) *SIM(FSP) 00001630
A32=SIN(XIS)*COS (FSP) 00C01640
XS=A11*XPS+A12*%YPS 0C001650
YS=B21#XPS4pAZ2*YPS 00001660

J ZS=P31%XPS+A32*YPS 00001670
| RTTURN 000016890
END 00001690
SUBROUTINF ©°LLTYP(T,=,WP,TP,A,TAU,PSP, ") 00001700
P=3.1U15%2¢€ 00001710
2=2,%P% (T-TP) /TAN 00001729
P2=2.%P 00001730

2 IF(Z.GT.P2) 2=2-P2 00901740
IP(Z2.5T.22) 60 TO 2 00001750
E1=Z+E*SIN (Z) 00001760

B2= (Z4T*(SIN(P1))=(E*COS(E1))*21)/(1.-5%COS (BV)) 00001770

0=n, 00001780

u BAI=(Z4E* (SIN(F2) )=~ (T%COS (F2))*22)/(1.-E*COS(22)) 000017490
0=0+1. 0nN001800
DE=F3-E2 00001810
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DE2=DE**2

E2=F3

IF (DE2.GT..00000001)GO TO &

TH=2RCOS ( (COS (E2) =B)/ (1. -E*COS (22)))
IF(Z.GT.P) TH=2.*P-TH

FSP=WP+TH

R= (A% (1.-P*%2)) /(1. +P*COS (FSP-WP) )
RETURN

END

SUBROUTINE DOPE(R,®,A,TAU,*SP,d#P,WS,XIS, D,¥YD,ZD)
P=3. 1415926

T=FSP-WP

RD= (A®E%2.%P/ (TAU* (1, -R#%2) %%_5))sSIN(T)
TD=(2.%*P/TAU) *( (1.-F%%2) %% (=1.5)) * (1. +E*COS (T) ) #*2
XPC=RD*COS (FSP) ~R*TD*STIN (FSP)
XPC=XPC/3600,
YPC=RD*SIN (PSP) +P*TD*COS (FSP)

YPC=YPC /2600,

CALL PRIME(?.,¥S,XIS,XPC,YPC,XD,YD,ZD)
RETURN

END

AL R A A 22 A Dt A R R L R R L L LR R L S T Rt e e Y]
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00001820
00001830
00001840
00001850
00001860
00001870
00001880
00001890
000C1900
00001910
0000192¢
000G1930
00001940
00001950
00001960
00001970
00001980
0000199¢C
00002000
00002010
00002020




APPENDIX 2

PROGRAM SATD

Unlike SATE, SATD runs in double precision. It is rarely used
except to check crosslink Doppler for low-eccentricity satellites
within a given constellation. Differences of large velocities can

be found accurately with SATD, and accurate crosslink Dopplers result,
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//TSOU2"A JOB (H360,DA1,DESK) ,'CHRISTOPHER P! ,NOTIPY=TSOU20, 00000010
// TINE=3 00000020
// EXEC FORTGCG 00000030
//FORT.SYSIN DD = 00000040
C THIS SATELLITE VISIEILITY PROGRAM IS WRITTPN FOR A MAXIMUM OF 00000050
C TEN SATFLLITES AND TWO GROUND STATIONS. 00000060
C THE ARRAYS CONTAIN THF FOLLOWING INFORMATTYON POR EACH SATELLITE: 00000070
C A--SEMIMAJOR AXIS IN NAUTICAL MTILES 00000080
C E--ECCENTRICITY 00000020
C W--RIGHT ASCENSION IN DEGKREES 00000100
C WP--ARGUMENT OF PFRIGET IN DEGREES 00000110
C TP--TIMF OF PERIGEE IN HOURS 00000120
C XI--INCLINATION IN DFGRFES 0000013¢C
C ARRAY B CONTRAINS THF COLATITODE AND LONGITUDE FOR TACH GROUND STATION.00000140
IMPLICTT RTAL*8(A-H,0-2) 00000145

DIMENSION A(1C) ,E(17) ,%W (10),WP(10),TP(17),XI(19),B (4) 00000150

DATA A/22767,,22767,,22767.,22767., 36140, 36,3F140.36, 00000160

3 36140. €, 26140, 36, 14342,3,143042.3/ 00000170

DATE B/ 0 YeeBas VoaPinNgataut, .65,:65/ 00000189

DATA W/243,733,243,733,243,733,243.733,243.733,243.733, 00000190

u 243,733,243.733,243,733,243.733/ 00000200

PATA WP/C.,0.,*.,C.,0.,0.,0.,0.,-92.9,-90.0/ 00000210

DATA TP/0.,-€.,-12.,-18.,0.,-12.,-24.,-36.,-.75,-6.75/ 00000220

DATA XI/23.4,23.4,23.4,23.4,113.4,113,8,113.4,113.4,63.4,63.4/00000230C

DATR B/U47.54,57.23,2R88,72,2u2,8/ no0002u0

C NUMS IS THF NUMBEF OF SATELLITES TO BE CONSIDEKED. n000025¢
C NUMG TS THF NUMBER NF¥ GROUND STATIONS ™0 BT CONSIDFRED. 00000260
NyUMS=17 00000270

NUMG=2 00000280
P=23.1415926 00000290

RE=3440, cC000300
RTD=57.29577951 f0000310
WRAD=15,0/RTD 00000320

C CL IS THF VELOCITY OF LIGHT IN NAOTICAL MILES PFR STCOND. 00000330
CL=1.6198Ux1(C ,**5 00000340

C FR IS THE UPLINK FREQUENCY IN HZ. 00000350
C FPP1 IS THE DOWNLINK FRFQUENCY IN HZ. CC000360
FR=300.0%10.%%*6 0000C370
FR1=2US,0%11,%%6 00000380
CON=6,987%10 %% (-6) 000003990

DO 900 J=1,NUMS n0000u00

W(J) =W (J) /PTD 00000410

WP (J)=WP(J) /PTD 000C0u420

XI(J) =XI(J)/RTD 00000430

€ TAU IS TH® PFRIOD OF ROTATION OF SATELLITE J. 00000uy40
TAU=CON®A (J)**1,5 00000450

DO 770 K=1,NUMG 00000460
WRITE(6,10) 00000470

e FORMAT(1H ,'SAT',S5X,'HRS',12X,'RANGE',9X, " ANGLE' ,8X, ' UOPDOPPLEROOCOOUSBOD
1',8X,*DNDOPPLER',©X,* SUBL',9X,*'SUBC',6X,'STATION',//) 00000490
T=B(K) /RTD 00000500

G=B (K+2) /RTD 00000510

C I IS THF HOUPR, 00000520
po 500 1=1, 25 00000530

PI=1 0c0005u40

C SUBPOUTINE CLLIP COMPUTES THF PRANGS PROM GEOCENTER TO SATELLITE J AND 00000550
C THE ANGLF MFASURED IN ORBIT PLANF;REPERRED TO NODE OF ORBIT PLANE 00000560
C AND EQUATOPTAL PLANF. 00000570
CALL ®LLIt FI,E(J),%P(J),TP(J),A(J),TAD,FSP,R) onoecsso

C SUBROUTINE PRIME COMPUTES THE INERTIAL CARTESIAN COORDINATES OF THE 00000590
C SATFLIIT® J (WITH GEOCENTER AS THE ORIGIN). 0000C600

90
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CALL PRIME(PSP,W(J),XI(J),R,0.,XS,¥S,25) 00000610
C PS IS THE SUBSATELLIT® LONGITUDE IN D®GRFES. 000€0620
©S= (DATAN (YS/XS) -WRAD*RI) *RTD 00000630
IP(XS.LT.N.) FS=PS+P*RTD 00000640
C TS IS TH® SURSATELLITE COLATITUD® IN DEGREES. 00000650
TS=RTD*DARCCS (2S/R) 00N00660
F=G+WRAD*RI 00000670
C (X,Y,Z) APE THE INERTIAL CARTESIAN COORDINATES OF GROUND STATION K. 00000680
X=RE*DSIN (T)*DCOS (F) 00000690
Y=RT*DSIN (T)*DSIN (F) 00000700
Z=RE*DCOS(T) 000€0710
~ C ACC IS THE ANGLE BETWEZEN GROUND STATION K AND SATELLITE J FROM THE 060000720
C CENTEP OF THE TARTH. 00000730
C RGE IS THET RANGE FROM GROUND STATION K TO SATELLITZ J IN NAUTICAL 00000740 f
C MILES. 00000750
ACC=DARCOS ( (X*XS+Y*YS+2*2S) /(RE*R)) 00000760 |
RGE=( (XS=X) *%24 (YS-Y) *%2+ (ZS-2Z) *%2) #*.5 00000770 i
ARG=DSIN(ACC)*R/RGZ neorN780 L
4 IF(ARG.GT.1.0000C00)ARG=1.00000C00 00000790 *1
C D IS THE ELEVATION ANGLE IN DEGREES FROM GROUND STATION K TO €0000800 |
C SATELLIT® J. 00000810 |
D= (DARSTN (ARG)=P/2.)*PTD 00000820 {d
RT=DSQRT (R*-RE*R F) 00000830 i
TP (RGF.LF.RT)D=-D 00700840 |
C SUBROUTINE DOPF COMPNWT™ES THF COMPONINTS OF SATELLITE VELOCITY. 00000850 |
CALL DOPF(R,F(J),A(J),TAU,FSP,WP (J) ,W (J) (XI (J),XV,¥V,2ZV) 0N000860 ]
C (XT,YT) ARE TH® COMPONENTS OF THE RFLATIVFE VELOCITY OF GROUND 00009870 1
C STATION K. 00000880 o
XT=-WRAD*PFP*DSTN(T) *DSIN (F) /3600, 00000890 5
YT=WPAD*RE*DSIN(T)*DCOS (F)/3670. €0000900 i
DOT=(XV-XT)* (¥YS=X) 4 (YV-YT)* (YS-Y) ¢ZV*(25-72) 00000910 !
DOT=-DOT/RGF 00000920 g
C UPDOP IS THE UPLINK DOPPLER SHIPT IN HZ. 00000930 o1
C DNDOP IS THE DOWNLINK DOPPLER SHTYFT IN HZ. 0C00N940
UPDOP=DOT*FR/CL 00000950
DNDOP=DOT*FR1/CL 00000960
WFITE(6,20)J,PI,®GE,D,UPDOP,DNDOP,FS,TS,K 00000970 i
20 FORMAT('H ,13,F%.1,F17.3,F14.3,¥17,3,°17,.3,F13.3,F13.3,110) 00000980 |
500 CONTINUE 00000990
WRITF(6,25) 00001000
25 TORMAT(1H , //) 00001010 $
700 CONTIND® 00001020 £
900 CONTINU® 00001¢30
WRITE (6, 30) 00001040
3n FORMAT ('H ,/////) n0001050 h
L=NTMS-1 00001060 f
TF(L.FQ.0)GO TO 350 00001070 ;
C PR IS THF CROSSLINK FREQUFNCY IN HZ. 00001080 i
FR=2.83%10,** 13 00001090
» C M1 IS T™HE FIRST SATELLITE. 00001100
? C M2 IS THE SECOND SATELLITE. 00001110
DO 350 M1=1,L 00001120 i
i~ TAU=CON®*A(M1) **1,5 00001130
1 : N=M1+1 00001140
4 D0 250 M2=N,NOUMS 00001150
b WRITP(6,U0) 00001160
B un FORMAT (1H ,2X,'HRS',12X, *RANGF!, 11X, L12%, 12X, C12%, 11X, 00001170
. 2 ' CRDOPPLER' ,6X,'CVIS! ,6X,*SAT1',6X,'SAT2',//) 00001180
TAU2=CON*A (M2) **1.5 00001190
DO 360 1=1,25 00001200
g RI=I 00001210
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NOVIZ DETERMINES CROSSLINK VISIBILITY WHERF 0 MEANS NO VISIBILITY
AND 1 MFANS VISIBILITY.
NOVIZ=1
CALL SLLIP(®I,® (M1),NP("1),TP(M1),A(NT),TAU,FSP,R)
CALL ELLIP(RT,F (M2),WP(M2),TP(M2) ,A(M2),TAU2, F2P,R2)
CALL PRIME(FSP,W(M1),XI(M1),R,0.,XS,YS,2S)
C*LL PRIME(F2P,W(M2),XI(%2),R2,0.,X2,Y2,22)
TC1=X2~XS
TC2=Y2~YS
TC3=22~2S
R12 IS THT RANGE BETWEEN THWO SATELLITFS IN NAUTICAL MILES.
F12 AND T12 ART THT POINTING ANGLES 3FTWEFN TWO SATELLITFS IN DEGREES.
R12=(TC1**24TC2**24TC3%%2) %%, 5
F12=RTD*DATAN (TC2/TC1)
IF(TC1.LT.N.) F12=F12+P*RTD
VT Z=(-XS*TC1-YS*TC2-2ZS*TC3) / (F12*F)
IP(VIZ.GT..0Q09Q9QQ)yIZ=, 09999090
DEL=DARCOS(VIZ)
DELM=DAPSIN (FE/P)
IF (DPL.LF.DELM) NOVIZ=0
T12=DARKCOS (TC3/R12)*=7D
CPLL DOPE(R,E(MY) ,A(M1),TAU,FSP,WP (M1),W (M1),XI (M1),XV,YV,ZV)
CALL DOPF (P2,%(M2),A(M2),TAU2,P2P,WP(M2),W(M2),XI(M2),52,U2,V2)
DOT= (S2-XV)*TC1+ (U2-YV) *TC2+ (V2-2V) *TC3
DOT=DOT/R12
DOP12 IS THE CROSSLINK DOPPLEP SHIFT IN HZ.
DOP12=-NOT* FR/CL
WRITF(K,S0)RT,212,F12,712,D0P12,NOVIZ,M1,H2

5C FOPMAT(1H ,¥5.1,717,3,F14,3,F15.3,F20.3,19,11¢C, 117
200 CONTINUF
WRITE(6,6N)
€0 FORMAT (1H ,//)
250 CONTINUE
350 CONTINUF
END

SUBROUTINT PPIME (FSP,WS,XIS,XPS,YPS,XS,¥S,2S)
IMPLICTT REAL*8 (A-H,0-2)

211=DCOS (FSP) *DCOS (WS) -DCOS (X IS) DS IN (HS) *DSIN (FSP)

A12=-DSIN (FSP)*NCOS (WS)~DCOS (XIS) *DSIN (WS) *DCOS (FSP)

A21=DCOS (FSP) *DSIN (WS) +DCOS (XIS) *DCOS (WS) *DSIN (FSP)

222=-DSIN(FSP) *DSIN(WS) +DCOS (XIS) *DCOS (WS) *DCOS (PSP)

321=DSIN (XIS)*DSIN (FSP)

A32=DSIN (XIS)*DCOS(FSP)

¥S=A11%XPSeA12%YPS

YS=R21%#YPS+R22%YPS

ZS=A31*XPS4+A3I2*YPS

RETU RN

END

SUBROYJTINF FLLIP(T,%,WP,TP,A,TAU,FSP,R)
IMPLICI™ RTAL*P (A-H,0-2)

P=3.1415026

2=2.%p* (T-TP) /TAU

SSM=DSIN(5, *2)

SEM=DSIN (6.%2)

STM=DSIN (7.#%2)

CS5N=DCOS (5. *2)

CEM=DCOS (6.%2)

C7M=DCOS (7 .%2)

SM=DSIN(2Z)

S2M=DSIN (2.%7)

53M=DSIN (3.%2)

009201220
cc001230
00001240
00001250
00001260
00001270
00001280
00001290
00001300
00001310
€0001320
00001330
00001340
00001350
00001360
00001370
00001380
00001390
00001400
00001410
00001420
00001430
00001440
0000145¢C
00001460
00001470
0nne1480
00001490
00001500
00001510
00001520
0€001530
0000154C
00001550
00001560
¢n001570
00001575
00001580
00001590
0000160C
0000C161C
00001620
00001630
00001640
00001650
00001660
00001670
00001680
00001690
00001695
00001700
00001710
0000172¢C
00001739
00001740
00001750
00001760
00001770
00001780
00001790
00001800
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SUM=DSTIN (U.=2)

CM=DCOS(2)

PSP=Z42 . *E*SH+1,25% (F*#%2)*S2M¢ ((2#%3) /12,) *(13.%S3M~-3,%5M)
PSP=FSP+WP+ ((E**U) /96,.) * (103, %SUN~-UL *S2N)

FE= ((T4%5) /960.) * (1007, *S5M-6U45, *SIN+50 ,*SN)
F6=((°**6) /960.)* (1223.*S6M-902,%5UM+85,%52M)

F7= ((E**7) /32256.) * (47273.*STH-U1699.%S5584¢5985 . %S3M+TUC, *CH)
FSP=PSP+FS+F6¢+F”

R=(A* (1.-E*%2)) /(1. +F*DCOS (PSP-WP))

PETURN

END

SUBROUTINE DOPE(P,F,A,TAU,FSP,WP,WS,XIS,XD,YD,ZD)

IMPLYCIT REAL*8(A-H,0-2)

P=3.1415926

T=FSP-WP

RD= (A*E*2. %P/ (TAU*(1.-E*%2) %% ) )*DSIN(T)
TD=(2.%*P/TAU) *( (1. -Ex*2) % (-1_,5)) *(1,+E*DCOS (T))**2
YPC=RD*DCOS (FSP) =R*TD* DS IN (FSP)

XPC=XPC/360"7.

YPC=RD*DSIN(FSP) +R*TD*DCOS (FSP)

YPC=YPC/360C.

CALL PRIMF®(C.,WS,XIS,XPC,YPC,XD,YD,2D)

RT TURN

END

00001810
00001820
0C001850
00001840
00001850
00001860
ocoo187C
00001880
ococ189¢0
00001900
0000191¢C
0000192¢C
00001925
n0001930
00001940
00001950
00001960
00001970
07001980
0000199C
00002000
00002010
0000202C
€C9202030
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APPENDIX 3

PROGRAM SATVIZE

SATVIZE 1s an interactive FORTRAN program which queries the TSO
user for the number of satellites, number of ground stations, orbi-
tal elements of each satellite, locarion of each ground station, and
frequencies. Default values are included in the program to allow

the undecided user a chance to study the form of the output,

Arbitrary Keplerian elements can be entered, with 0 < eccen-
tricity <0.99.
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DIMENSION A(11),T(11),W(11),¥P(11),TP(11) ,XT(11),C(3) ,RL(3) 0€000010

J1=C r0000020

DATE B/0. 22767 ,,22767.,22167.,22767.,36%40,36,36140, 36, 00000930

1 361u0.36,361L0,26,14302,3,14342,.3/ cecooocul
BATA B0 Yoo law Yeulos Ve ol pelio oty ol ge 1/ 00000050

DATA W/243,733,243.733,243.732,243,733,243,7233,243,.733,243,73300000060
2,203,733,283.733,243.733,243.733, 000CN070
DA™A WR/P.,0.,0.,0.,0.,0.,0.,C.,0.,-90.",-90,0/ 00000080

DATR TR/O. 2 cg=60 o= 120 6= T80 Do = V205 =2M, 5 =36/ o=+ 75 ,=60T5/ 00000090

DATA XI/23.4,23.4,2%.46,23.4,23,4,113.4,113,4,713.464,113.4,63.4,000001C0

162, 4y 00000110
DATA C /0. ,47.58,57,23/ 00000120

DATA RL/0,..,28R,73,242.87 €0000130

WRITF (6,119) 00000140

11¢ FORMAT(1H ,///) 010000150
WRITZ (6, 115) 00000160

115 FORMAT(TH , '"THIS SATFLLITE VISIBILITY PROGRAM IS WRITTEN FOEK AT2000170
1 MAXIMOM OF 17 SATELLITFS AND 2 GPOUND STATIONS.',//) 0co000180
WRIT=(6, 120) noccn1e0

120 PORMAT(1H , 'FO® TRCH SATELLITE THT TOLLOWINS DATA MUST BE SUPP00000200

ALTED:',/,' SEMIMAJOF RXIS',/,' ECCENTRICITY',/,' RIGHT ASCENSION',00000210
1/,' ARGUM®NT OF P3FTGEE',/,' TIME OF PTEIGFPTY,/, ' INCLINATION',//) 00000220

WRITE(6,125) 00000230

125 TAIMET(1H ,'T0P EACH GROUYT STATION THZ FOLLOWING DATA MUST BOC000240
1% SOPOLTED:',/,' COLATTTUTE',/,' LONGITUDF', /) 00000250
WRITT(6,142) 00000260

142 FAPMAT(1H ,'APDITTONAL DATA WHICH MUST RE SUPPLIED:',/,' UPLINCO0OO0270
1% FREQUENCY',/,' DOWNLINK F2TQUENCY',/, ' CROSSLINK FRPQUENCY',//) 00000280
WRPITET(E, 120) 00000290

130 FORMAT ('H ,'™HT USTR IS ASKED TO ANSWFR SEVFRAL QUESTIONS.',/,00000300

1Y IF THE USEP DOFS YOT KYO¥ THT VALU® O a¥ INPUT VARIABLF,',/,' HOCOO00310
12 SHOULD ESNTFR THT® NUMB®R 490.7. A DTFAULT VALUF WIIL THEN BE USFN0000320
m,*',/,% THS USTR IS E®XPECTED,HOWEVFP,TO SPECIFY THE NUMBER OF SATE000C0330

1LLITFS ANL GROUND STATIOMS TO BT CONSIDERZIN,',////) 0000024C
WRITE(6,1L5) 00000359

145 PORMAT(1H ,'HOW MR2NY SRTTYLLITES ART TO RT CONSIDERED? ENTER INCQ0O00360
TTPGER WITH RIGHTMOST DIGIT IN COLUMN 2.7Y) 000C¢0370
READ 1590, M 00000380
WPITE(6,135)M™ 0000390

125 FORMAT (1H ,13) 000004CO
WRITE(6,155) 00000410

155 FORMAT(TH , "HOW MANY GFOUND STATIONS ART T0 BF CONSIDERED? ENT00000420
1ER INTFGFR IN COLUMN 2.°') 00000430
READ 150, N 00000640

WRITZ (6,135) N 00000450

150 FOPMAT (12) noooNue60
WRTITT (6, 25) 00000470

WPITE (6,25) 00000u80

WRITE (6,95) 00000490

9¢€ FOPMAT(1H ,'ENTZR FOLLOWING DATA IN DFCIMAL FCRM ANYWHERE IN TO0000500
THE FIPST 20 COLUMNS.',//) 00000510
WRITP (6,149) 00000520

140 FOFMAT (1H ,'WHAT IS THE SEMIMAJOP AXIS VALUT IN NAUTICAL MILES0000053C
1 POR SATFLLITE 1?7) 00000540

Do 101 I=1,M 00000550

K=T+1 00000560

RTAD 179, A(I) 00000570
IF(A(I).NE.UOD.D)GO TO 605 00000580

A(T) =A(X) 00000590

J1=1 00006060C

WRITE(F,305) &(I) 00000610
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305 FORMAT(1H ,F2°.8) 00000620
IP(I.SQ.M)GO TO 1C1 CCe00630
PRINT 310,K 00000640
319 TORMAT(1H , 'FOR SATELLITE',I3,92) 00000650
101 CONTINUE 00000660
WRITF (6,315) 00000€70
315 FORMAT(1H ,/,' WHAT IS THT ECCENTRICITY OP SATFLLIT® 127) 00000680
DN 103 I=1,M 00000690
K=T41 N000NT00
®Epp 170, T(I) 00000710
IF(F(I).NE.GNA_")GO TO 610 00000720
F(I) =F (K) 00000730
J1=1 00000740
610 WRITE (6,305)F (I) 00000750
. IF(I.ZQ.M)GO TO 103 00000760
) PRINT 310, K 00000770
103 CONTINUE 00000780
WRITF (6, 320) 00000790 :
320 FORMAT('H ,/,' WHAT IS THE RIGHT ASCENSION VALUE IN DEGREES F000000800 i
1R SATELLITF 12¢) 00000810 3
O 104 T=1,M 00000820 :
K=T+1 00000830 3
PERD 170, W(I) 00000840 i
IF(W(I).NE.UN0.0)GO 0 615 00000850
L § W (I) =¥ (K) 00000860 I3
: J1=1 0000870 i1
| 61% WRITT(E, 305) W (T) 00000880 '
3 I®(I.7Q.M)GO TO 104 00000890 t
‘ PRINT 210, K 000C0900 I
104 CONTINUE 00000910 &
. WPTTE (£,325) 000€0920 i3
325 FORMA™ (1H ,/,' WHAT IS TH® ARGUMTNT OF PZRIGEF VALUE IN DEGREE0C0CC930 &
1S FOR SATELLITE 12°) 000009u0 i
DO 106 I=1,M 00700950 -
K=T+1 00000960 t
READ 179, WP(I) 09000970
IF(NP(I) .N2.400.0)GO TO 620 00000980 i
WP (I)=WP (K) 00000990
J1=1 00001000 |
620 WPITE (6,305)WP(T) 00001010
, IP (I.TQ.M)GO TO 106 00061C20
L PRINT 310, K 00001030
_ 196 CONTINUE 00001040
: WRITE (6,320) 00001€50
E 330 FORMAT (1H ,/,' WHAT IS THZ TIMF OF P®RIGE®™ IN HOURS FOR SATELLOCN01060
2 1ITE 1271) 00001070
i Do 107 I=1,M 00001080
K=T+1 €0001090
9EAD 170, TP(I) 00001100
IF (TP (I).NF.UNC.0)GO TO 625 00001110
TP (T) =TP (K) 00001120
J1=1 00001130
625 WRIT? (6,305) TP (I) 00001140
IP(I.®Q.M)GO TO 107 n0001150
PRINT 310, K 00001160
107 CONTINUF 00001170
WRITF (6,315) 00001180
315 FORMAT(1H ,/,' WHAT IS TH® INCLINATION VALUF IN DEGREES FOP SA00001190
1TELLITE 127) 00001200
D0 109 T=1,4 00001210

K=I+1 00001220




~
READ 179, XI(I) 000C1230
IP(XI(I).NE. U0, 0)G0 TO 639 00001240
XTI (I) =XT(K) 00001250
J1=1 00001260
630 WRITE (6,305)XI(I) 0000127¢
IF(I.FQ.M)GO ™0 1C® 00001280
PRINT 310, K 00001290
"8 CONTINUZE 00001300
WRITZ (€, 340N) 00001310
3un FORMAT(1H ,//,' WHAT IS THE COLATITUD® IN DFGREES FOR GROUND S00001320
1TTATION 12°') 00001330
Do 102 1I=1,N 00001340
K=T+1 00001350
READ 170, C(I) 00001360
IF(C(I) .NS.40C.)GO TO 635 00001370
C(I)=C (K) 0C001380
31=9 noo01390
635 WRITE(6,305)C(I) 00001400
IF(I.EQ.N)GO TQ 172 00001410
PRINT 205, K 010001420
205 PORMAT (1H , 'FOR GROUND STATION',I3,'2') 00001430
102 CONTINUE 00001440
WRITF (6,3U5) 00001450
345 FORMAT(1H ,/,' WHAT IS THE LONGITUDE IN DEGREES FOR GROUND STAQQQC1460
1TION 12") 00001470
Lo 109 I=1,N 00001480
K=TI+1 00001490
READ 179, RL(I) 00001500
170 PORMAT (F20.8) 00001510
IF(RL(I) .NE.U40C.C)GO TO FUN 00001520
RL (T)=RL(K) 00001530
J1=1 00001540
6UN WRITE(6,305)RL(T) 00001550
IF(I.ZQ.N)GO TO 109 00001560
PRINT 275, K 00001570
109 CONTINUE 00001580
WRITE (6,8uN) 00001590
240 FORMAT(1'H ,////,* ENTER THT POLLOWING DATA IN EXPONENTIAL FORMC0001600
2 (FG. 300.0%10.*%6 IS WRITTEN AS 300.0%6)*,/,*' WITH THE RIGHTMOST 00001610
2DIGIT APPEARING IN COLUMN 1C."',//) 00001620
WRITE (6,845) 00001630
gus FORMAT(1H ,'WHAT IS THE UPLINK FREQUENCY IN HZ?') 00001640
PPAD 850, FR1 00001650
850 FORMAT (E10.2) 00001660
IP(FR1.7Q.420.C)FR1=300.0%6 00001670
WRITF (6,855) FR1 Q00C1680
855 PORMAT (1R ,E20. €) 00001690
WPITE(6,860) 00001700
860 FORMAT(1H ,/,"' WHAT IS THE DOWNLINK FREQUENCY IN HZ?') 00001710
READ 859, FR2 oooe1720
IF(FR2.BQ.40C0.C) FR2=245.0%6 00001730
WEIT™®(6,855) FR2 00001740
WRITF (6,865) 00001750
865 FORMAT(1H ,/,' WHAT IS TH® CROSSLINK FREQUENCY IN HZ?') 00001760
PTAD 850, PR3 00001770
IF (FR3.FQ.UNC.N)FRI=3R, NEQ 00001780
WRITE(6,855)FR3 00001790
I7(J1.20.0) GO TO 660 00001800
WRITE(6,670) 000018%0
670 FORMAT(1H ,//,' YOU HAVE NOT USED A COMPLETE DATA SET.',/,' TH00001820

1EPEPORE, THE RESULTS ARE FOR DEMONSTRPATION PURPOSES ONLY. ') 00001830
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GO TO 675 00001840
€60 WRITE (€,665) 00001850
665 FORMAT(1H ,//,' YOUR DATA SET IS COMPLETE.') 00001860
675 WRITE (6,105) 00001870
108 FORMAT (\H ,///) 00001880
P=3.1415926 00001890
RE=3040, 00001900
PTD=57.29577951 00001919
WRAD=15.0/8TD 00001920
CL=1.6108U%10, #*5 00001930
CON=6.987%10, %% (-6) 00001940
WRITE (6, 199) 00001950
190 FORMAT (1H ,'PTSULTS LISTED IN ORCER OF APPEARANCE ARE:',/,' RAON001960

2NGF BPTWEEN GROUND STATION AND SATELLITE IN NAUTICAL MILES',/,' EL00CO0197C
2EVATION ANGLF IN DEGREES FROM SROUND STATION TO SAT®LLITE',/,*' OPL0O00C1980
2INK DOPPLER SHIFT IN HZ',/,' TOWNLINK DOPPLFR SHIFT IN HZ*,/,' SUBC0001990
2SATELLITE COLATITUD® IN PEGREES',/, ' SUBSATELLITF LONGITODF IN DEG00002000

2REES', ///) 0000201C
DO R20 IN=1,M 9000202¢

W (IN) =W (IN) /RTD £0002030

WP (IN) =WP (IN) /RTD 00002040

XI (IN)=XI (IN) /RTD 00002050

890 CONTINUF 00002060
P 900 J=1,M 00002070
TAU=CON*A (J) **1, < 0000208C

Do 700 K=1,N 00002090
WRITE (6, 10) 00002100

1 FORMAT (1H , 'SAT',SX, 'H®S', 12X, *RANGF',OX, " ANGLZ' ,8X, ' UPDOPPLER0NOQC2110
14,8%, ' DNDOPPLFR',GX,*SNBC',%X, 'SUBL"',6X, 'STATION', //) 00002120
T=C(K) /RTD 00002130

G=RL (K) /RTD 00002140

Do 500 I=1,25 n0002150

PI=1 00002160
CALL BLLIP(2Y,E(J),WP(J),TP(J),A(J),TAU,FSP,R) 0000217C

CALL PRIMF (FSP,¥{J),XI(J),R,D.,XS,¥S,2S) 00002180
©S=(ATAN (YS/XS) -WPAD*RI) *RTD 00002190
TP(XS.LT.0.) FS=FS+P*RTD 09002200
TS=RTD*ARCOS (ZS/R) 00002210
P=G+WRAD*RI 0000222¢
X=RE*SIN (T) *COS (F) 00002230
Y=RE*SIN (T)*STN(F) 00002240
Z=RE*COS () 00002250
ACC=ARCOS ((X*XS+Y*YS+Z*2S) / (RE*R)) 00002260

RGE= ((XS-X)*%2+ (YS-Y) %2+ (25-7) *%2) %5 00002270
ARG=SIN (ACC) *R /RGE 00002280

IF (ARG.GT.1.0000000) ARG=1,NCN"0000 00002290

D= (ARSIN (ARG)=P/2.)*RTD 00002300
RT=SQRT (R*R-RE*RF) 00002310

IF (RGE.LE.RT)D=-D 00002220

CALL DOPE (R, ®(J),A (J),TAU,PSP,WP(J),W (J),XI(J),XV,YV,2ZV) 00002330
XT=-WRAD*RE*SIN (T) *SIN (F) /3600. 00002340
YT=WRAD*RE*SIN (T) *COS (F) /3600, 000021350

DOT= (XV-XT)* (XS=X) * (YV-YT)* (YS=Y)+2V*(25-2) 00002360
LOT=DOT/RGE 00002370
UPDOP=-DOT*FR1/CL 00002380
DNDOP=-DOT#* FR2 /CL 00002390
WRITE(6,20)J,RI,PG?,D,UPDOP,DNDOP, TS,PS,K 00002400

20 PORMAT (1H ,I3,F8.1,717.3,F14,3,F17.3,F17.3,F13.3,F13.3,110) 00002410
500 CONTINUE 00002420
WPITE (6, 25) 00002430
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FORMAT(1H , /. 00002440
IP(J1.EQ.C)GO TO 7n9 00002450
WRITE (6,687) cCcoc2u60

FORMAT(1H ,'DO YOU WANT THIS PART OF THZ PROGRAM TO CONTINUF?'00002470
1,/,* ©"NTER AN INTEGER 7 IF THE ANSWER IS NO OR AN INTEGER 1 IF THE00002u80
1 ANSWER IS YES IN COLUMN 2.°') 00002490

READ 159, NO 00002500

IF(NO.EQ.0) GO TO 685 00002510

WRITE (6,25) 00002520

CONTINUE 00002530

CONTINUE 00002540

WRITE (6,30) 00002550

FORMAT (H ,////7) 00002560

L=M-1 00002570

IP({L.FQ.0)G0O TO 690 00002580

WRITE(6,260) 00002590

FORMAT(TH , 'THIS PART OF THE PROGRAM COMPUTES CROSSLINK VALUES00002600

7 FOR ALL PAIRS OF SATELLITF®S.Y,///,' RESULTS LISTED IN ORDEFR OF AP0Q0(02610
1PFARANCE ARF:',/,' RANGE BETWEEN TWO SATELLITES IN NAUTICAL MIL=S'0000262C
1,/," POINTING ANGL¥S BFTWEFN SATELLITES(C128L12) IN DEGREES',/,' D00002630
20PPLER SHIFT EXPERIENCED AT SECOND SATELLITE DOE TO SIGNAL TRANSMICN002640
2TTED FROM THE FIPST SATELLITE IN HZ.',/,' CROSSLINK VISIBILITY WHE000C2659
2RE 0 MEANS THERF IS NO VISIBILITY BFTWISN SATFLLITES AND 1 MEANS T00002660

2HERE IS VISIBILITY*,///) 00002670
DO 350 M1=1,L 00002680
TAU=CON*A (M 1) **1.5 00902690
N1=M1+1 00002700C
DO 25C M2=N1,M 00002710
WRITE(6,40) 00002720
PORMAT(IH ,2X,'HRS',12X,*RANGE?Y, 11X, *C12",12X,*L12",11X, 00002730

2%CEDOPPLERY ,6X,"CHIS® ;6X, *SAT1Y,6X, YSAY 2%, //) 00002740
TAU2=CON*A (M2) **1,5 00002750
DO 300 I=1,25 00002760
RI=I 00002770
NOVIZ=1 00002780
CALL ®LLIP(RI,F(M1),wWP(M1),TP(M1),A (M47),TAU,PSP,R) 00002790
CALL ELLIP(RI,F (M2),WP(M2),TP(M2),A(M2),TAO2,FP2P,R2) 000C2800
CALL PRIME=(FSP,W(M'),XI (M) ,R,N.,XS,Y¥S5,2S) 00002810
CALL PRIMN®(P2P,W(M2),XT(M2) ,R2,0.,X2,Y2,22) 00002820
TCT=X2+XS 00002830
TC2=Y2-1S 00002840
TC3=Z22-2S 00002850
R12=(TC1*%24TC2*%24TC3**2) %% 5§ 00002860
F12=RTD*ATAN (TC2/TC1) 00002870
IP(TCT.LT.0.) F12=FT12#P*RTH 00002880
T12=ARCOS (TC3/R12) *RTD 00002890
V1IZ=(=XS*TC1-YS*TC2-2S*TC3)/ (R12%R) 00002900
IP(VIZ.6T..9999999) V12=,9999999 00002910
DEL=ARCOS (V12) 00002920
DELM=ARSIN (RE/F) 00002930
IP(DEL.LE.DELM) NOVIZ=0 00002940

CALL DOP¥(R,E(M1) ,A(M1) ,TAU,FSP,NP(M1),W (N1),XT (M1),XV,YV,2V) 00002950
CALL DOPE(R2,E(M2),A(M2),TAU2,F2P,WP(M2),W(M2),XT(M2),S52,02,V2) 00002960

DOT=(S2=XV) *TCT1+(U2-YV) *TC2+ (V2-2V) *TC3 00002970
DOT=DOT/R12 00002980
DOP12=-=DOT* FR3/CL 00002990
WRITE(6,57) RI,R12,T12,F12,00P12,NOVIZ,H1,M2 00003000
PORMAT ('H ,F5.1,P17.3,P14.3,P15.3,F20,.3,19,110,110) 00003010
CONTINUE 00003020
WRITE(6,60) 00003030
100
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60 FORMAT('H ,//) 00703040
IF(J1.EQ.0)GO TO 257 00003050

WRITE (6,687) 00003060

READ 150, NO 00003079

IF (NO.%Q.7)GO TO 697 00003080

£ WPITE (6,25) 00003090
E . 250 CONTINUZ 00003100
; 350 CONTINDE 00003110
- 690 CONTINUF® 00003120
e END 09003130
4 SUBROUTINE PRIM®(FSP,WS,XIS,XPS,YPS,XS,YS,2S) 00003140
A11=COS (PSP)*COS (WS)-COS (XIS)*SIN (WS) *SIN (FSP) 00003150

A12=~SIN (FSP) #*COS (WS)-COS (XIS) *SIN (WS)*COS (FSP) 00003160

A21=COS(FSP) *SIN(WS) +COS (XIS) *T0S (NS) *SIN (FSP) : 00003170

422=~STIN(FSP)*SIN (NS)+COS (XIS)*COS (¥S) *COS (PSP) 00003180

A31=SIN(XIS)*SIN (PSP) 00003190

A32=SIN(XIS)*COS(FSP) 00003200

XS=A11*XPS+A12%*YPS 00003210

YS=A21*XPS+A22%YPS 00003220

2ZS=A31%XPS+A32*YPS 00003230

RETORN 00003240

END 00003250

SURROUTIN® FLLIP(T,E,WP,TP,A,TAU,FSP,R) 00003260

P=3.1415926 n0003270

2=2.%P* (T-TP) /TAU 00003280

p2=2, *p 00003290

2 IF (2.GT.P2)2=2-P2 20003300

s IP(2.GT.P2)GO TO 2 00003310
2 E1=24P*SIN(2) 00003320
: E2=(2Z+E* (SIN(E1)) - (5*COS (21) ) #21)/ (1. -E*COS(E1)) 00003330
Q=". 00003340

u E3=(24F*(SIN(F2)) - (E*COS(E2)) *22) / (1.-E*COS (E2)) 00003350

Q=Q¢1. 00003360

DE=%£3-E2 00003370

DE2=DE%*2 ] 90003380

£2=73 00003390

IF(CE2.GT..00009001)GO TO 4 00003400

TH=ARCOS ( (COS(F2) =F) /(1.-F*COS(®2))) 01003410

IP(Z.GT.P) TH=2.*P-TH 00003420

FSP=WP4TH 00003430

R=(R*(1.-E*%2)) /(1.+°*COS(FSP-WP)) 00003440

RETORN 00003450

$ END 00003460
;. SUBRPOUTINE DOPE(R,E,\,™AD,FSP,WP,¥%S,XIS,XD,YD,2D) 00003470
B P=3.1415926 nON03u80
¢ T=FSP-WP 00003430
R RD=(A*E*2.#P/(TAU*(1.-F*%2) #%_5)) *SIN (T) n0003500
E TD=(2.%P/TAU)* ((1.-2%%2) %% (=1,5))* (1, +E*COS (T)) **2 00003510
&, | XPC=RD*COS (FSP) ~R* TD* SIN (®SP) 00903520
R ! XPC=XPC/3600. 00003530
R YPC=RD*SIN (FSP) + R*TD*COS (FSP) 00103540
" YPC=YPC/3600. 00003550
CALL PRIME(O.,WS,XIS,XPC,YPC,XD,YD,2r) 00003560

3 ; RETURN n0003570
END ; 00003580

-
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APPENDIX 4
PROGRAM SATVIZD
This program is similar to SATVIZE but it gives results in double
precision. 1Its CPU time requirements can be more than 50% greater

than SATVIZE, so its use has been infrequent and specialized.

The subroutine ELLIP listed here should not be confused with
the ELLIP routines of the other appendices. It contains the expan-

sion derived by F. R. Moulton[3] for true anomaly, and is accurate
only for eccentricity < 0.5.

f 2
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IMPLICIT™ REAL*S(A-H,0-2) 00000005
DIMENSION A(11) ,F (1Y) ,W (11) ,WP(1T), TP(1Y) ,XI(11),C(3),RL(3) ©0000010

J1=0 00000020

DATA P/N.,22767.,22767.,22767.,227€7.,3€140.36,3€149, 36, 00000030

1 36140 .36,36100,36,142u2,3,14342,2%/ cooocnuc
DATA B/0epeVpetpetoaVgatpet ettty 00000050

DATA W/243,733,247,733,243.733,203.733,243,733,243.733,243,733C0000060
2,242,733,243,.733,243,723,242,733y/ nQ0Neno7e
DATA WP/0.,0.,0.50:,0¢00002¢9p0¢,40.,-90.0,-20.C/ 00000080

DATA TO/0.,N. ,=6.,=-12.,-19,,% ,-12,,-20,,-36.,-.75,-6.75/ 00000090

DATA XI/23.4,23,4,23.4,23.4,23.4,112,4,113.4,112,4,113,4,63,4,00000100

1¢3.uy 0000011C
DATA C /9.,47.54,57,.23/ 0000012¢

DATA PL/%.,288.73,242.8/ 00000130
WRITE(6,110) nN00CO 140

110 FOPMAT(1H ,///) 00000159
WRITF(6,115) 00000160

115 TORMAT (14 ,*THIS SATFLLITF VISTBILITY PROGRAM IS WRITTEN FOP AC0000170
1 MAXTMUM 2% 17 SATELLIT®S AND 2 GROUND STARTIONS.',//) 00000180
WPITF(6,120) 20002190

127 FCRMAT(TH , *FOR ERCH SATZILLITE THE FOLLOWING DATA MUST BE SUPPOCON0200

1LYIFD:',/,' SEMIMAJOR RAXIS',/,' FCCENTRICITY',/,' RIGHT ASCENSION',0C000210
1/,' A°GUMENT CF PERIGEE',/,' TIME OF PEIRIGEE',/,' INCLINATION',//)00000220

WRITFE (6, 129) 00000230

125 “O]RMAT (14 ,*FCR TACH GROUNLC STATION THE FOLLOWING DATA MUST BOO0OCO240
1E SUPPLTIEN:',/,' COLATITUD®!,/,¢ LONGITUDE?', //) 0c000250
WPITE(F,142) 00020260

142 TOEMAT (14 , 'ADPPITICNAL DATY WHICH MUST B® SUPPLIFP:',/,' UPLINOOOCO0270
1K FEFQUENCY',/,' DOWNLINK PREQWENCY',/,' CROSSLINK FREQUENCY',//) 00000280
WRITE(6,130) 00000290

132 TORMAT ('H ,*THT NSTR IS ASKED TO ANSWE® SEVEZRAL QUZSTIONS.',/,00000300

1* IF THT USFR DHFS NOT KVOW THE VALDE OF AN INPJT VARIABLE,',/,' H003C03190
1° SHOULD ENT®Y THT NUMBEP 400.7%. A DEFAUL™ VALUE RILL THEN BE DSFE0C000320
10.',/,' TH® US®P IS EXPFCTFD,HOWEVEP,TO SPECIFY THT NUMBER OF SATE00000330

JLLITES AND GROUND STATIONS TO BF CONSIDERTD.Y,////) 10000335
WPITT (6, 145) 00000340
165 FORMAT (1H ,'HOW MANY SATELLITES ARE® TN BE CONSITFRED? ENTER INC0NN0350
1TEGFR WITH RIGHTMOST DIGIT IN COLUAN 2.¢) 00020360
READ 150, 4 00000370
WRITE (6,13%)M 00000380
135 FORMAT(1H ,1I3) 0000039¢
WRITE(6,155) 00000400
155 PORMAT(1H , 'HOW WANY GROUND STATIONS AR® TO BE CONSIDERED? FNT00000410
1ER INTEGPF IN COLOMN 2.°Y) 0000nu20
PEAD 159, N 00000430
WRITE (6,135) W 00000440
150 FORMAT (12) 00000450
WPITE(6,25) 00000460
WRITE (6,25) 00000465
WRITE(6,95) 00000470
o5 FORMAT(1H ,'ENTER POLLOWING DATA IN DECIMAL PORM ANYWHERET IN T00000u80
THE FIPST 27 COLUMNS.',//) 00000490
WRITT(6,1u0) 0000C500
140 FORMAT(1H ,*WHA™ IS THE SENIMAJOR AXIS VALUE IN NAUTICAL MILES00000510
1 POR SATELLITE 12°) ' 00000520
DO 101 I=1,M 00000530
K=T+1 00000540
READ 170, A(I) 00000550
IF(A(I).NF,400.0)GO TO 605 00000560
A(I)=A(K) 0C0C0570
J1=1 00000580
104
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605 WRITE(€,305) A(I) €0000590
3¢5 FORMAT (18 ,P20.8) 01000600
IP(I.2Q.4)GO TO 101 00000610

PRINT 310,K £0000620

316 FORMA™ (1H , 'FOR SATVLLITE¢,I3,927) 00000630
191 CONTIND® 00900640
WRITE(6,315) €C000650

315 FORMAT(1H ,/,' WHAT TS ™HE ®CCEYNTRICITY OF SATPLLITE 129y 00000660
DO 103 I=1,H 00000€70

K=I+1 00000680

READ 172, E(Y) 0000069C
IF(E(I).NF.4C2.N0)GO TO €10 00000700

F(I) =E(K) 00000710

J1=1 00000720

€10 WRITE (6,375) T(I) 00000730
TP(I.%0.M)50 TO 103 00000740

PRINT 310, K 000C0750

103 CONTINU® 00000760
WRITZ(6,327) 00000770

320 PORMAT(TH ,/,* WHAT IS TH® RIGH™ ASCENSION VALUE TN DEGRSES F0000C0780
1R SATOLLITE 12°) n0N00790

D9 10U TI=1,% 00000800

K=T+1 €00008 10

READ 179, W(I) 00000820

IP(H(T) .N®.407.MGO TO 615 00000830

W(T) =W (K) 00000840

J1=1 00000850

615 WPIT™E(6,305) W (T) 9¢000860
I°(I.EQ.%)GO TO 104 00000870

PRINT 217, K 000C0880C

104 CONTINDT 00000890
WRITT (6,325) 02000900

25 FORMAT (14 ,/,* WHA™ IS THT ARGUMTNT OF PSPIGPF VALUE IN DEGREF0C000910
1S POR SATELLITE 12°) 00900920

DO 10F I=1,% 00000930

K=Te1 00000940

REZAD 170, WP (I) 00000950
IF(WP(I).NT.400,0)GO TO 620 00000960

WP (T)=WP (K) 00000970

J1=1 00000980

62¢C WRTTE (6, 305) WP(T) 00000990
TT(I.TQ.4)G0 TO 1€ 00001000

PRINT 310, K £0001010

106 CONTINUP 00001C20
WoITE ¢6,329) 000C1630

330 TORMAT(H ,/,' WHAT IS THE TINF OP PERIGEE IN HOURS POR SATELLCON01040
1ITT 129) 00001050

50 107 I=1,% 00001060

K=Te1 00001070

PEAD 170, TR(I) 00001080

IF (TP(I).NE.UAC,0)GO TC 625 00001090

TP(I) ="P (K) 0C001100

J1=1 00001110

625 WPITE (6,305)TP(I) 00001120
IF(I.FQ.M)GO TO 107 00001130

PRTNT 319, K 00001140

107 CONTINUE 00001150
WRITE(6, 335) 00001160

335 PORMAT(1H ,/,* WHAT IS TH® INCLINATION VALUE IN DEGREES POR SA00001170
1TELLITE 127) 00001180

DO 108 I=1,4 00001190

105
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K=TI+1 00001200
READ 170, XI(I) 00001219 .
I (XI(I).NF.UAA . 0)GO TO 63D 00001220
XI(I)=XT(K) 00001230
J1=1 00001240
61 WEITE (€,375)XI(T) 00001250 ;
! IF(I.EQ.M)50 TO 1C8 00001260 3
| PRINT 319, K 010012790
) 108 CONTINUE 00001280
] WRITE(6,340) 00001290
, 3u0 FORMAT(1H ,//,' WHAT IS THE COLATITUDE IN DFGRTES FOR GROUND S00001300 :
4 1TATION 12°7) 000C1310
8 no 102 I=1,8 00001320
K=I+1 000C1330
1 ®EAD 177, C(I) 00001340
A IF(C(I) .NE.UNN )GO TO €25 00001350
3 C(I)=C(K) 00001360
1 J1=1 00001370
3 635 WRITZ (€, 3C5)C(I) 00001389
E IF(I.FQ.N)GO TO 172 00001390
: PRINT 275, K 00001400
1 205 FORMAT (1H , '*FOR GPOUND STATION',I3,'?') 0000141C
; 102 CONTINU® 06001420
WRITE (6,345) 000C1430
3us ©“ORMAT(1H ,/,' WHAT IS TH® LONGITUDZ IN DEGREES FOR GROUND STA00CO1440
1TICN 127) 000C 1459 » |
po 179 T=1,N 00001460 !
K=T+1 00001470 |
EFED 170, RL(Y) 0000148¢C
170 FORMAT (F2C.9) 00001490 .
TF(PL(I) .NE.U0C.N)GO TC €uN 00001500
RL (I)=RL(K) 00001510
J1=1 00001520
640 WRPIT®(6,3C5)RL(T) 00001530 |
IF(I.FQ.N)GO TO 100 00001540 |
DPRINT 275, K 00001550 -
100 CONTINUT 00001560
WRI TE (6,847) 00001570
aun FORMAT (1H ,////,% ENTEF THE POLLOWING NATA IN TXPONENTIAL FORM00001580 ]
2 (FG. 300.0%*10,.%*#%6 IS WRITTEN AS 200.CDE)',/,' WITH THF RIGHTMOST 00001590 |
2NIGIT APPEARING IN COLUMN 19.7,//) 00001600 |
‘ WPITE (6,RU5) 000€1610
' eus FORMAT(1H ,'WHAT IS THF UPLINK PYREQUENCY IN HZ?') 00001620
F | RTAD 85C, FF1 00001630 _
o 850 FORMAT (D11.2) 00001640 ;
i IF(FR1.EQ.U0M 0)PR1=3C0.0D6 00001650 |
;: WRITE (6, 855) FR1 000C 1660 !
1 855 TORMAT (1H ,D2C.5) n000167C
o WRITE(6,860) 00001680
i 240 FORMAT(1H ,/," WHAT IS TH® DOWNLINK FRFQUENCY IN HZ?') 00001690
‘ READ 857, PR2 00001700
: IF(FR2.FQ.UNC.C)PR2=245.0D6 00901710
| WRI™T (6,855) FR2 00001720
{ WRITF (6,86%) 00001730 -
| 865 FORMAT(1H ,/,' WHAT IS THE CROSSLINK FPREQUENCY IN HZ?') 00001740
§ ] RPAD 850, PR3 00001750
B TP (FR3.FQ.UCN,A)FP3I=3R,NDO 00001760
| WPITP(6,855)FR2 90001770 .
! TP(J1.F0.7) 60 TO €AN 00001780
! WRTTE (6,670) 00001790
i 670 FORMAT(1H ,//,' YOU HAV® NOT USED A COMPLETE DATA SET.',/,' TH0C001800

106 4
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: 1EREFORE, THE IESULTS ART FOP DZMONSTRATION PURPOS®S ONLY.') c00C1810
K - GO TO 675 0001820
3 660 WRITF (5,665) . 0001830
E 665 FORMAT(1H ,//,* YOUR DATA SZT IS COMPLETE,?) 00001840
| 675 WRITE (6,105) 00001850
. 15 FORMAT ('R ,///) 00001860
k| P=3.1415926 00001870
E | RE=3449. 00001880
b | RTD=57.29577951 00001890
4 WPAD=15.0/RTD 00001900
S ) CL=1.619R84%10, *sE 00001910
CON=6.987%10, %% (=€) 00001920
3 WPITZ(6,190) 00001930
3 100 PORMAT (1H , 'FESULTS LISTED IN ORCER OF APPEARANCE ARB:',/,* RA00001940
3 2NGE BETWETN GROUND STATION AND SATELLIT® IN NAUTICAL MILES',/,' EL0C001950
3 2FVATTION ANGLF IN DFGREES FPOM GROUND STATION TO SATFLLITE®,/,* UPL00001960
2TI¥K DOPPLFPR SHI®T IN HZ',/,' DOWNLIKK DOPPLER SHIFT IN Hz',/,' SUB000C1970
2SATELLITE COLATTYTUDE IF DEGRE®S',/, ' SUBSATTLLITE LONGITUDE IN DEG0G001980
2RFESY, // /% 00901990
DO 89C IN=1,M 00002000
W (IN)=W(I¥)/RTD 00002010
WP (IN) =WP (IN) /RTD 00002020
XI (IN)=XI (IN)/RTD 00002030
f90 CONTINT® 00002040
DO 900 J=1,M 00002050
TAU=CON*A (J) #*1.5 00002060
DO 7RO K=1,W 00002070
WPIT™E(6,17) 00002080
1° FORMAT (1H , *SATY,SX,*HPSY, 12X, ' FANGFY, 0¥, YANGLE?, RX,  UPDOPPLER(C0002090
1¢,8X,' DNDOPPLER®,®X, 'SUBC',°X, *SUBL', €X, 'STATION', //) 00002100
T=C(K) /°TD 00002110
G=R%L(K) /RTD 0C00C2120
no S0¢ 1=1,2% 00002130
°T=1 : 00002140
CALL ELLIP(RI,T(J) ,WP(J),TP(J),A(J),TAT,PSP,P) 200C2150
CALL PRIME(FSP,W(J),XI(J),R,N.,XS,¥S,2S) 00002160
PS=(DATAN(YS/XS)-WEAD®FT) *3TD 00002170
IP(XS.LT.0.) FS=FS+P*RTD 00002180
TS=RTD*DAPCOS (ZS/F) 00002190
F=G+WRAD*F1I 00002200
Y=RE*DSIN(T) *DCOS (?) 00002210
{ Y=3T#DSIN(T)*DSIN(?) 00002220
i Z=RE*DCOS(T) 00002230
| ACC=DARCOS ( (X*XS¢+Y*YS¢Z*2S) /(RE*R)) 00002240
s i RGE=((XS=X)**2¢ (YS-Y)**2¢ (ZS=2) *#22) *#,5 90002250
' ARG=DSIN (ACC)*R /PGE 00002260
1 I?(ARG.GT.1.0NCNAAN) ARG=1,00N007C" 00002270
& D= (DARSIN (ARG) -P/2.)*PFTD 00002280
1 RT=DSQRT (R*R-RE*RF) 00002290
| IP(RGE.LE,RT) D=-D 00002300
CALL DOPE(R,F(J),A(J),TPU,PSP,UP(J) ,N(J),XI(J),XV,YV,2V) 00002310
; XT=-WRAD*RE#DSIN (T) *DSIN (P) /3€N7, 00002320
E . YT=ARAD*RP*DSIN (") *DCOS (P) /3600, 00002330
& DOT= (XV=XT) * (XS=X) ¢ (YV-YT) * (YS-Y) ¢ZV%.(25-2) 00002340
i DOT=DOT/RGE 00002350
4 UPDOP=-DOT**R 1/CL 09002360
% DNDOP=-DOT#FP2/CL 00002370
K - WRIT®(6,27)J,PT,RGE,D,UPDIP,DNDOP, TS, PS, K 00002380
i 20 PORMAT(1H ,T3,FB.1,F17,3,P14.2,P17.3,717,3,P13,3,F13,.3,110) 00002390
= 500 CONTINDE 00002400
bl
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25

680

7Co
900
685
3n

260

uc

5C
3ne

WRITE(6,25)
FORMAT(1H ,//)
IF(J1.EQ.0) GO To 700
WRITF (6,680)

00002410
0co0o0242¢0
00002430
00002440

FORMAT(1H ,'DO YOU WANT THIS PART OF THZ PROGRAM TO CONTINUE?'(00024SC
1¢/.' BNTZR AN TNTZGEZE 0 IF TH® ANSWER IS NC OR AN INTEGER 1 IP THE00002460

1 ANSWFP IS YFS TN COLUNN 2.1')
DEAD 15F, NO
IP(NO.TQ.0) GO ™0 685
WRITE (6,25)

CONTINTUE

CONTINUZ

WRITE (5,3")

FORMAT (1B ,/////)
L=M-1

IF(L.FQ.0)GO TN €9r
WP ITE (6,25")

00002u47C
00002480
00002490
00002500
00002510
00002520
00002530
00002540
00002550
00002560
€0002570

FORMAT(1H , *THIS PART OF THF PROGRAM COMPUTES CROSSLINK VALUES00002580C
7 FOR ALL PATRS OF SATFLLITFS.',///.'
1PFARANCE ARF:',/,' RANGT BETWETN TKO SATFLLTTES IN NAUTICAL MIL®S*'C0002600

1,/,' POINTING ANGL®S BPTWFEN SATEZLLITES (C126L12) IN DEGREES',/,'

RESULTS LISTFD IN ORDER OF

AP00002590
D00002610

20PPLFR SHI¥T™ TXPFRIINCTD AT SECOND SATELLITT DUE TO SIGNAL TRANSMI0N002620
2TT¥D FPROM THE FIRST SATFLLIT® IN HZ.',/,"' CROSSLINK VISIBILITY WHE0C002630
2RE C MZANS THEFT IS NO VISIBILITY BETWE®N SATELLITES AND 1 MEANS T00002640

2RFRY IS VISIPILITY',///)
To 3=2 M1=1,L
TAU=CON*RE (M 1) **1 <
N1=M1+1
Do 250 M2=N1,4
WPITFE(F,u40)

TORMAT (1H ,2X,'HERS',12X, *RANG®',11X,'C12',12X,'L12*,11X,
2 'CRDOPPLTP' ,EX,'CVTIS! AX,'SAT1*,6X, 'SAT2',//)

TAU2=CON*P (M2) *%1, S
DO 300 I=1,25

RI=1

NOVTZ=1

CELL FLLIP(RY,®(M1) ,WP(M1),TP(M1),A (M1),TAU,PSP,R)
CALL FLLIP(RI,F (M2),WP(M2),TP(¥2),A(N2),TAU2, F2P,R2)
CALL PRIME (FSP,W(M1),XI(41),R,C.,XS,¥S,ZS)

CALL PRIME(F2P,W(M2?),XTI(M2),R2,C.,X2,Y2,22)

TC1=X2-XS
TC2=Y2~-YS
mC3=22-12S

R12=(TCI1**24TC2#%24TC3%%2) *%.5

P12=RTD*DATAN (TC2/7C1)
IF(TC1.LT.0.) F12=F12¢P*RTD
T12=DARCOS (TC2/R12) *RTD

VIZ=(-XS*TC1-YS*TC2-ZS*TC3)/ (R12%*R)

IF(VIZ.GT..9999999) vIZ=,9999099

DEL=DARCOS (VIZ2)
DFLM=DARSIN (RE/R)
IF(DFL.LE.DELM)NOVIZ=0

CALL DOPE(R,E(M1) ,A(M1),TAU,FSP,WP(N1),W (M), XTI (H1),XV,YV,2V)
CALL DOPF (R2,FE (M2),A (M2),TAU2,F2P,WP(M2),W("2),XI(H2),S2,02,V2)
DOT=(S2-XV) *TC 14 (N2-YV) *TC2+ (V2-2V) *TC3

DOT=DOT/R12
COP12=-DOT**R3/CL

WRITE(6,50)®I,R12,T12,F12,D0P12,NOVIZ,H1,M2
PORMAT('H ,F5.1,F17.3,P16.3,F15.3,F20.3,19,I10,I10)

CONTINUE
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00002650
00002660
00602670
00002680
€2002690
00002700
00002710
00002720
00002730
000027uC
0002750
000C276C
00002770
¢0002780
00002790
00002800
00002810
00002820
00002830
co0c2840
00002850
00002860
0002870
00002880
00002890
00002900
0000291¢C
0000292¢C
000029 3C
00002940
0000295¢
00002960
00002970
00002980
00002990
00C03000




WRITF(6,6C) 000C3010

60 PORMA™ (1H , //) 90003020
IF(J1.EQ.")GO TO 25¢ 00003030
WRITF (6,687) 00003040
1 PTAD 150, NO 00003050
{ TP (NO.EQ.7)GO TO €90 00003060
WPITF (£,25) 0000307¢
250 CONTINUT 00003080
350 CONTINUE 00003C90
) 690 CONTINUE 00003100
END - 000063110
SUBEOUTIN® PRIMF (FSP,WS,XIS,XPS,YPS,XS,YS,2S) 00003120
TMPLICIT PFAL*R (A-H,0-7) 00003125
A11=DCOS (FSP) *DCO S (WS) =DCOS (XIS) *DSTIN (WS) *3SI N (FSE) 00003130
A12=-DSIN(FSP) *DCOS (¥S) ~LCOS (XIS) *DSIN (WS)*DCOS (FSP) 00003140
A21=CCOS(FSP) *DSIN (WS) ¢ DCOS (X TS ) *DCOS (WS) *DSIN (FSP) 00003150
A22=-DSIN (FSP) *DSIN (WS) +DCOS (XI <) *DCOS(WS) *DCOS (FSP) 00003160
A31=DSIN(XIS) *DSIN(PSP) 00003170
A22=DSIN (XTS)*DCCS (FSP) 00003180
XS=A11%XPS+A12%YPS €0003190
YS=A21%XPS¢A22*YPS 00003200
2S=131%XPS+232% YPS 00003210
RETURN 00003220
END 00003230
SUBROUTINF FLLIP(T,Z,WP,TP,1,TAU,FSP,R) 00003240
IMPLICIT PEAL*S (A-H,0-2) 00003245
P=2,1415926 70003250
2=2 ,%2% (T-TP) /TAD 00003260
SEM=DSIN (5. *2) : 0000327C
SEM=NSTN (6. *2) 00003280
STM=DSIN (7.*2) €0002290
i CEM=DZ0S (5.*2) 00003300
CE6M=DCOS (6. *2) 00003310
i CTH=TCOS(7.%2) ! 00003320
i SM=DSIN (2) 00003330
i S2M=DSIN (2.*2) 00003340
S3M=DSIN (3.%*Z) 00003350
SUM=DSIN (L.*2) 00003360
CM=DCOS (2) 00003370
PSP=742 ,#THSH 41, 25% (Pa%2) #S2Ne ((E*%3) /12.) *(13,.%S3M -3, %SH) 00003380
PSP=FSP4WD+ ((F**4) /96.) * (102, #SUN-UU +52M) 00003390
F5= ((T*%5) /960.) (1027, *SS5H-6U5, #5345 %EN) 00003400 |
F6=((E*%6) /960, )% (1223, #S6M=002, *SUM+85, *S2M) 00003410
F7= ((P*%7) /32256.) % (47273 .#STN-41699 .S58+ 5085 %S3MeTU9, *CH) 00003420
PSP=FSP4F54FP64F" 00003430
R= (A% (1.-F*%2)) /(1. +E*DCOS (FSP-WP)) 00003440
RFTURN 00003450
®ND 00003460
SUBROUTINE DOP®=(P,¥,A,TAU,"SP,WP,WS,XIS,XD,YD,2ZD) 00003470
IMPLICIT RTAL*8(A-FH,0-2) 00003475
P=3.1415926 00003480
T=PSP-Wp 00003490
RD= (A®E#2.%P/(TAUS (1.-S%%2) %% 5)) ¢DSIN(T) 00003500
™D=(2.%P/TAU) *((1.-Fe%2) 8% (=1,5)) % (1, +E£DCOS (T))**2 00003510
XPC=RD*DCOS (FSP) -P*TD* DSIN (PS P) 00003520
XPC=xPZ/3600, 00003530
YPC=PD*DSIN(PSP) +R#TD*DCOS (¥SP) 00003540
YPC=YPC /360N, 00003550
CALL PRINE(C.,WS,XIS,XPC,YPC,XD,YD,2D) 00003560
RPTURN A 00003570
109
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APPENDIX 5

PROGRAM PERTP

PERTP calculates the secular changes in argument of perigee,
right ascension, eccentricity, and semi-major axis as a function
of lunar perturbations. A normalized apogee distance (VS) is
plotted on the CALCOMP plotter as a function of time.

Unlike Appendices 1 through 4 which require distances in nauti-
cal miles, PERTP requires distances in kilometers.
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//PFRTP JOE (6360,D%1,DFSK),'“DELMAN F',NOTIFY=TSC141,
// CLASS=F,TINF=2,TYPRUN=FOLD

/*SETUP TAPE PLYXYX

// EXEC FORTGCLG

A/TORT,.SYSEIR DD =

NnnNnNNnnnNnnnN

19

15

THIS PROGRAM PFODUCES THE SECULAR VARIANCE OF ,AN INITIALLY,
HIGH ALTITUD® NRBIT, AND AT TH® SAME TIMF GENFRATES STABILTITY OF
PCCENTRICTTY, PIGHT ASCENSION AND ARGUMENT OF PERIGET. IT ALSO
PPODUCFS THF TVER CHANGING SEMI-MAJO® AXIS.

AND THEN,USING THE CALCOMP PLOTTTR
PKODUCTS PIOTS FO® DIFFFFENT ANGLES
OF INCLINATION,GRAPHING V5 VS. DAYS.
ALL VALUTS IN THIS PROGEAM HAVE BFEN
CONVERTED TO THE M®TRIC SYSTFM,
WHERF 1 NAUTICAL MILF=1.852 KM.

DIMENSTON TBUF (207C),XAPRRY (42) ,YRRRAY (42)
CON=2.77218%1N0 %% (- 6)

PI=3.1415024

DTQ:K" _‘_)CR‘T"OS‘]

RHO=3833€4, 0000

DO 207 J=45,135,45

23=J

XI=RJ

RO=256452.9n95

TAU=CON*AC**1.5

V= (20, /TRU) =10,

®?0=.15

¥E0=A0® (1. +70)

XI=XI/F7D

w=C.

Wp=45,

W=W/2TD

WP=WP/RTD

CALT APGPSE (AOQ,XT,WP,WS,V1)

IF(V1.G™.0.) WP=WS

XID=XI*P™D

WEITF (6,10)

FORMA™ (1H ,9X,'7',17%,*Wp?,15X,'4PD*, 17X, DE?,11X,* V5" ,15X,
1 YDWPD!,CY,¢XT , FX, DAYS?)

WRIT® (6,15) XTD

FORMAT (1H , 105X, F6.2)

naANE T=1,40

pPI=T

TF(I1.7Q. ") F=%0

DAYS=RI*19,

XARPAY (I) =DAYS

IF(I.GT.1) A0=A

CALL MOON(A0,XT,R)

UPA3=PI* (1./81.)% ((A/RHO)**3)

A2=( (A/RHO) *%2)

AU= ((A/RHO) %=%U)

CT2=(COS(XI))**2

CIU=(COS(XT)) #xu

SP2= (SIN(WP)) **2

SI2=(SIN (XT))**2

PART=((-135./129.) +(315./128.)*C12)
PAR2=((2625./20UB.) =(7875./1024.,) *CI2+(17325. /2048, ) *CI4)
PAR3=((315./12°.) = (315./1€.)*CTI2+(2205./128.) *CI4)
PARU=(3.-(15./2.) %SP2%<T2)
PARE=((225./32.)=(315./8.) *SP2)
PARE=((-U5./22.)4(315./6U,) *SP2+PARS*CI2¢ (2205./6U,) *SP2%CT4)
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00000010
00000020
0000003¢C
00000040
00000050
0C00006C
00000C70
0coo008¢C
00000090
000C010CC
00000110
00000120
00000130
00000140
00000150
0090016¢C
00000170
00000180
00000190
00000200
00000210
00000220
0c00023¢C
00000240
00000250
00000260
0001270
ocoon280
0000029C
00000300
00000310
0000032C
00000330
20000340
00000350
00003360
0900C370
c0000380C
00000390
ococeuoC
0000C410
c0000u420C
00000430
00000440
00000450
00000460
00000470
00000480
0Q0C0ou99
01000500
n0000510
€0N00520
00000530
00000540
0C000550
00000560
00000570
00000580
00000590
00000600
00000610




T v y;

DW==-2%UPA2%COS (XI) * ((2./4.) +A2*PAR14+ (AU*PAR2) ) *V 00000620
DE=-UPA3*E*SIN (2*RP)* ((-15./4.) *ST2+A2%PAR3) *¥ 00000630
DWP=UPA3%* (PARU+A2*DRAPE) &V 00000640
W=WeDW 00000650
3 E=F4DF 00009660
> V5= (A% (1. %)) /VEO 00000670
K WP=WP4DWP 00000680
’ WD=W*pPTD 00000690C
WPD=WP*RTD 00000700
DHD=DW$RTD 02000710
CWPL=DWP*RTD 00000720
; YARPAY () =V© 00000730
F WRITE (6,20)E,WD,WPD,DE,VS,DWPL, DAYS 00000740
20 FOPMAT(1H ,6E17.7,F17,2) 00000750
100  CONTINU®S 00000760
WRIT® (,25%) 00000770
25  PORMAT (1H ,//) 00000780
CALL PLOTS (IBUF,2CCF,6) 00000790
CALL PLOT (7.0,1.7,-3) 00000800
CALL SCAL®(XARSAY,12.0,40,1) 60000810
CALL SCALE(YARPRY,8.0,40,1) 00000820
CALL AXIS(C.0,0.",12HTIMF IY¥ DAYS,-12,10.° 00000830
1 ,0.0,XARPAY (41),XARPAY (42)) 0r00N8U0
C  DFLTA APOGEF, IS THT NFW SEMI-MAJOR AXIS 00000850
C TIM®S, THE N®W ECCENTREICITY PLUS ONE, DIVIDED 00000860
C BY THT INITTAL VALUT OF THZ STNI-MAJOR AXTS €0000870
C TIMRS, THE INITIAL FCCENTRICITY PLUS ONE; 00000880
T OR IN FQUATINN FORM, (A%(1.4F))/ (AD*(1.+%0)) 00000890
CALL BXIS(".0,".0,12HFTLTA APOGFE,+12,9,0 00000900
1 ,970.7,YARRAY(41) ,YAREAY (42)) 00000210
CALL LINP(XARRAY,YARRAY,UC,1,0,() 00007920
CALL PLOT (V8.0 ,-3C.N,=2) 00C00930
200  CONTINU® 00000940
CALL PLOT(12.%,0.0,999) 00000950
PT TURN : 60000960
FND 00000970
SUBPCUTIN® ARGPTR(2O,XI,WP,WS,V1) 00000980
PI=3.14159265 00000990
RHO=3R33€4.0000 00001000
PTN=57,295770%1 00001010
vi=n, 00001020
: ws=", 00001020
- . A2= (AO/RHO) *#*2 00001040
& | vi=X1 00001059
E IF(V4.FQ.N.)VU=.0001 00001060
2B NUM==3,4A2% ((45./32.) - (225./32.)* (COS (VU) ) **2) 07001070
e ! DEN=-7,5% (SIN (VU4))**2+n2% ((315./64.)=(315./8.)*%(COS (VU)) **2 00001080
! 1 +(2205./64.) *(COS(VU4)) **2) 00001090
PAT2=NUM/DEN 00001100
IF(RAT2.LE.M.)RPTU®N 00901110
IP(PAT2.GT.1.)RETUPN 0000112¢
PRG=SQRT(RAT2) 00001130
. WS=ARSIN (APG) 00001140
J a vi=1, 00001150
. , RFTURN 00001160
P |k END 00001170
e | SUBROUTINT MOON(AO,XI,A) 00001180
o/ PI=2,14159265 00001190
- P2=P1/2 00001200 )
TP=, 3 00001210 :
MUF=,3986%10,%%6 00001220 &
k|
3§
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s 1ot

Wl

s RM=283364,0000 00001230
4 C2=(14.8998%10,*%3) /((RM=-A0) **2) 00001240
: WS=630,7828* (4A0%x*x(=-1.5)) 00001250
1 WM=2.66381% (10, %% (-6)) 00001260
3 W= (WS*COS (XT) -WM) 00001270
< IF(W.LT.C.)W==-W 00001280

WREL=( (W) *%24 (WS*STIN(XT))**2) 00001290
WREL=SQRT (WRTL) 00001300

il
o

L RAT=A0/ (PM-R0) 00001310
b DAR=.33323233%STIN (TEXRAT) * ((COS (TE*RAT) ) *%2+2,) 00001320
: DVR=2. *C2*PAR/(WREL*RAT) 00001330
> DA= ((DVR) **2) * (AO**2) /MUF 000C1340
; V=SIN(XI) 00001350
b TF(V.2Q.C.)V=,000C"20CCT 00C01360
: ANG=TT/V 00001370
b IF(ANG,.GT.P2)ANG=P2 00001380
DAD=86UNC. * (WREL*ANG/ (PI*%2)) *N} 60001390
DADY=365.*DAD 00001400
3 RATA=DADY/AO 00001410
i A=AO+'0,.*DAD 00001420
5 RETURN 00001430
END necoc1aun
3 //LKED.SYSLIB DD DISP=SHR 0001450
i // DD DPSN=SYS1.CALCCMP,PTSP=SHR RO0CILED
//GO.PLOTTAPE DD DSN=PLOT,DISP=(,KETP), 0C001470
// ONIT=(TAPE?,,DEFEP),DCB=DEN=1, 00001480
00001490

// VOL=SER=PLXXXX,LABRFL=(,N1)

SRR SRR ARR ISR S SRR ER LR AR AR AR A XA AR AL RS RE L ARE A AR SN ERAE R X RRERGFRRANR RS RS RNy
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APPENDIX 6

PROGRAM SATLUNAE

SATLUNAE has the same purpose as SCOREE, (App. 7), but approx-
imate integrations rather than the time iterations of SCOREE are
used. Its utility, then, is for time > 5 years or when very strin-
gent CPU requirements are imposed.

The future time of interest for the perturbed elements is
entered on line 350 in days.

SATLUNAE also includes a more convenient crosslink pointing
angle coordinate system then SATE. See Figure 11, TU12 and FU1l2

are chosen in a local satellite coordinate system.

¥
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//TS042"A JOB (6260,D31,NPSK) ,*CHRISTOPHER P!, NOTIFY=TSO42C,

// TIME=2

// TXEC FNORTGCG

//FOPT.SYSIN DT *

C THIS SATELLITZ VISIBILTITY PROGFAM IS WRITTEN POR R PAXIMUM OF
TFN SATELLITES AND TWO GROUND STATIONS.

TH® ARRAYS CONTAIN THF FOLLOWING IVFORMATION FOR EACH SATELLITE:

(2
C
C A--SFMTIMAJOR AXIS IN KM

€ E==ECCENTRICITY

C W--RIGHT ASCENSION IN DRGRFFS

C WP--ARGUMENT OF PERIGFF IN DEGRFES
C TP--TIME OF PFPIGTE IN HOUES

C XI--INCLINATION IN DEGREFS

C

ARRAY B CONTRINS THE COLATIT™UCE AND LONGITUDE YOR EACH GROUND STATION.

DINTNSTION A(19) ,EC (10) WO (1), WP (10),TP(10),XT (10),B (4)
DATA A/26561.,26561, 42164, ,U2164,,02164,,062164.,

3 106247., 10€247.,106247., 106247 ./

DATE BC/.725,.725,0., ¢ ¢0 00 ¢30eCesPegDet

DATA WO/0.,27%.,0.,0.,0.,0.,
(G i D

DATA WPJ/=QN, ,-QN_ A 5. AL 0,0, G, ,C0.,0./

DATA TP/0.,-6.,-3.,-9.,~15.,-21.,

1 0. ,-2U, ,-U8. ,~T2.7

DATR XT/R2,4135,A3,435,%,,0,,0, 9,,90,,90,,90,,00, /

DATA B/47.54,57.23,288.73,2u42.9/

WPITT (6, 4)

u FOFMAT ('H ,'ABTGY,13X,%31%,13X, W, 13X, WPSY, 13X, VEr, /)

DIMENSION F(10),WP(10),ABIG(17),S1(17),W(1") ,WPS(10),V5(10)

DIMENSTION XM (10)
RTN=57.29573
DO & Jr=1,1"
WC (JR) =WN (JE) /RTD
WP (JB)=WPN (JR) /PTD
XM (JR) = (XTI (JK)=-23.U4)/RTD
DAYS=400.
CALL LUNA (A (JR) ,”" (JR) ,W) (JR) , 4P (JR) ,XY(JP), DAYS,ABIG (JR)
1 ,®1(JP),W(JF),WPS (J®),V5 (JR))
WD=W (JR) 57D
WPSD=WPS (JR) *RTD
WRTTT (6,9)ABIG(JR) ,F1(J3),HD,WPSD, V5 (JP)
FORNAT (1H ,1F14.1,1F14,9,1F14.6,171U.6,1F14.7)
CONTINUT
NUMS IS THZ NUMBFR OF SATTLLIT®S T0O BE CONSTLERED.
NUMG IS THT NUMBEP OF GROUND STATIONS ™0 BZ CONSIDFRED.
NUMS=17
NUMG=2
P=3.1015926
RF=6270.8
®TDP=57.29577951
4IAN=15,0/RTD ‘
C CL TS THE VELOCITY OF LIGHT IN NAUPIEAL MILES PER SECOND.
CL=2.99793%1(, *x5
C PP IS THF DPLINK FPEQUFNCY TN HZ.
C FR1 IS THT DOWNLINK PPEQUEMCY TN HZ.
FP=2100,0%17, *%F
PR1=205,0%1C  x%¢
CON=2,TT218%10 %% (-6)
Lo 27C J=1,NUMS
XT(J) =XI(J) /RTD
T (J) =21 (J)
A (J) =ABIG (J)

e X S
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0coocc10
00000029
00000030
acoocoun
00000050
0100006¢C
00000079
00000080
00000090
00000100
00000110
00000120
0000013¢C
00000140
00010150
00000160
000C0170
700060180
0000019C
00000200
0000210
00000220
00000230
n00c0240C
00000250
00900260
00000270
00000280
00000299
00000300
ceneo3lre
0900032¢
00000330
02000340
0¢00035¢C
00000360
07000370
00000380
00000390
00000400
0C000410
00000420
00009430
0o000Cuuc
00000450
CC00Cu60
00000470
00000480
00000490
00000500
07000510
00000520
00000530
00000540
00000550
00000560
00000570
00000580
00000590
07000600
00000610




nnQ 0

n an

nNNnnao

WP (J) =WPS (J) nonnoe620

TAU IS THE PERIOD O® POTATION OP SATESLLITE J. 00000630
TAU=CON#*A(J) **1.5 0000064C

DN 70C K=1, NUNG 00000650
WRITF(6,17) 00000660

10 FORMAT(1H , '*SAT',5X,'HRS?,12X,*RANGE' ,°X,*ANGLE" ,RX,*UPDOPPLER0D00067C
1¢,8X,'DNDOPPLER? ,OX,*SURL? ,9X,*SUBC',6X,'STATION',//) 00000680
T=B(K) /RTD 06000690
G=B(K+2) /RTD 00000700

I IS TH® HOWF. 00000710
DO 500 1=3,51,3 00000720
RI=T 00000730
SUBROUTINE FLLIP COMPUTZES THE RANGE FROM S¥OCEVTER TO SATELLITE J AND 00070740
THE ANGLF MEASURED IN ORBIT™ PLANE;RTPPRRED TO NODE OF ORFIT PLANE oroen750
AND EQUATORIAL PLANFE, n0000760
CALL ELLIP(®I,* (J),¥P(J),TP(J),A(J),TAU,PSP,R) 00000770
SUBROUTINF DPRIME COMPUTSS THZ INERTYAL CART®SIAN COORDINATES OF THE €000078¢
SATPLLIT® J (WITH GFOCENTFP AS THE ORIGIN). 00000790
CALL PPIME(FSP,W(J),XI(J),®,2.,XS,YS,295) 00000800

FS IS THE SUBSATELLITE LONGITUDPE IN DEGRTES, 00000810
FS=(ATAN(YS/XS) =WPAD*PRI) *RTT 000C0820
IF(XS.LT.".)FS=PS+P*RTH 0c00083C

TS IS THT SUBSATFLLITZ COLATITUDY IN PEGRE®S. 0900co8uc
TS=RTD*ARCOS (ZS/R) 00000850
P=G¢WRAD*RTI 00000860

(X,Y,2y ARE THF INTRTTAL CARTZSIAV COCRDINATES OF GROUND STATION K. Qooo0C870
X=RT*SIN(T) *CO S (F) 00000880
V=RF*STIN(T)*SIWN(F) 0000C890
Z=PE*COS(T) 00000900

ACC IS THTS ANGLT BZ™WFFY GROUND STATION K AND SATELLITE J FROM THE 00000910
CENTER OF THE PARTH. 00000920
RGE IS THS RANGE FROM GROUND S™ATINN K TO SATELIITT® J IN NAUTICAL 0coo0930
MILESS. 00000940
ACC=3RCOS ( (X*XS+Y*YS+Z%25)/ (RF*R)) 00000950
RGE=((XS=X)*%24 (YS-Y) *%2+ (2S5-2) **2) **,5 0000960

ARG=SIN (ACC) *R /PGT 00009970

IP (ARG.GT.1.700NN(C2) ARG=1.0NANACAA 00000980

D TS THE FLEVATION ANGL® IV DEGRTPS FRC™ GRCOVD STATION K TO €0000990
SATELLIT® J. oo00000
D= (ARSIN(ARG) =P/2.) *PTD 00001010

RT=SQRT (K*R=-RE*RF) 00001029
IP(RGE.LE.RT) D==D 00001030
SUBRROUTINE DOPT® COMPUTES THE COMPONENTS NF SATFLLITF VELOCITY. 00001040
CALL DOPE(R,F (J),A(J),TAU,PSP,WP(J),W(J),XI(J),XV,YV,2ZV) 00001050

(XT,YT) AP® THT COMPONFNTS 0P THF RTLATIVE VELOCITY OF GROUND 00001C60
STATION K. 00001070
XT=-WRAD*RE*SIN (T)*SIN(F) /3600, c0001C80
T=WRAD*RE*SIN (T) *COS(P) /3601, 70001020

DAT= (XV=XT) * (XS-X) ¢ (YV=YT) * (YS~-Y) 42V* (25-2) 00021100
DOT==-DOT/RGZ 00001110

UPDOP IS THF UPLINK DPOPPLFR SHIPT IN HZ. 000C1120
DNDNP IS THE DOWNLINK DOPPLYR SHIFT IN HZ. 00001130
UPDOP=DOT*FP/CL 00001140
DNDOP=DOT#*FP1/CL 00061150

WRITE (6,20)J,RI,PGE,D,UPDOP,DNDOP, FS, TS,K 00001160

20 FOFMAT('H ,I3,P8.1,7%17.3,P14,.3,°17,3,F17,3,F13.3,F13.3,110) 00001170
son CONTINUDE 00001180C
WRITE (6,25) 00001190

25 FORMAT (1H ,//) 00001200
700 CONTINUF 00001210
°0Nn CONTINU® 00001220
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WRITE (6,30) 00001230
30 FORMAT (1H ,/////) 00001240
L=NUMS-1 00001259
I7(L.TQ.N)GO mO 280 00001260
C FP IS THE CROSSLINK FPFQUTNCY IN HZ. 0000127¢
FR=60,%10, **9 00001280
C M1 IS THE FIRST SATELLITF. 00001290
C M2 IS THF SFCOND SATFLLITE. 00001300
O 350 M1=1,1 00001310
TAU=CON*A (M1)*%1.5 00001320
N=N1+1 00001330
DO 250 M2=N,NUMS 00001340
WRITE (€ ,UN) 00901350
un POBMAT(1H ,2X,'HFS', 12X, "RANGE',5X,'L12,5X,C12%,3X,'Py12¢, 0000136¢C
2 8X, *TU12%,4X, *CPDOPPLER',6X, 'CVIS? ,6X,*SATI?,6X, 'SAT2,//) 00001370
TRU2=CON®A (M2)**1.5 00001380
DO 200 1=3,159,3 00001390
RI=I 00001400
> NOVIZ DETZRMINES CRONSSLINK VISIRILITY WHERE 7 MFANS NO VISIBILITY 00001410
C AND 1 MFANS VISIBILTTY, 02001420
NOVIZ=1 0n001430
CALL FLLTP(FI,F(M1) ,HP(M1),TDP(M1),2(%1),TArU,FSP,R) 00001440
CALL ®LLTP (PI,F(M2),WP°(M2),TP(M2),A(M2),TAU2, F2P,R2) 00001450
CALL PRIMT(FSP,W(M1),XT(M1) ,R,9.,XS,¥S,2S) 00001460
CALL PRIME (F2P,W(¥2),XI(M2),R2,N.,X2,Y2,22) 00001470
TC1=X2-XS 00001480 3
TC2=Y2-YS 000C 1490
TC3=22-2S 70001500
C P12 IS THE RANGE PEZ™WEFN TWO SATTLLITES IN KY¥. 0n0C1510
C F12 AND T12 ARF THEZ POINTING ANGLZS BTTWEEN TWO SATELLITFS IN DFGREFS.0000152C ;
R12=(TC1#%24TC2%*24TC3%#2) &%, S 00001530
CALL "NPRIM(TC1,TC2,TC3,SP,W(M1),XT(41),R12,FU12,7U12) 000C1540
F12=RTD*ATAN (TC2/TC 1) 00001550
IP(TC1.LT.0.) F12=F124P*RTN 0091560
VIZ=(-XS*TC'-YS*TC2-2S*TC3)/ (R12%R) ; 00001570
IF(VIZ.GT.,99900000) yrz=,09900990 00001580
IP(VIZ.LT.-.99999909) y1z=-,9999990q 00001590
DTL=ARCOS (VI2) 00001600
DELM=ARSIN (RF/R) 00001610
IF(DEL.LE.DELM)NOVIZ=0 00001620
TR3=TC3/R12 00001630
IF(TRP3.GE.1.) TR 3=.9990¢090 00001640
I® (TP3.LE.-1.) TR3=-,99999990 00001650
T12=ARCOS (TR3) *RTD 00001660
CALL DOPE(R,F(M1) ,A(M1),TAU,PSP,WP(M1),W (M) ,XI (M1),XV,YV,2V) 00001670
CALL DOPE(R2,F(M2),R(M2),TAU2,F2P,WP(42),W (M2),XI(M2),52,02,V2) 00001680
DOT= (S2-XV) *TC1+4 (U2-YV)*TC24 (V2-2V) *TC3 00001690
COT=DOT/R12 00001700
C DOP12 IS THZ CROSSLINK DOPPLER SHIFT IN HZ. 00001710
DOP12=-DOT*FR/CL 00001720
WRITE(6,57)PI,R12,F12,712,7U12,T0U12,D0P12,NOVIZ,M1, N2 00001730
50 PORMAT(1H ,F5.1,F17.3,¥9,1,P7.1,F19.1,F6.1,F17.3,19,110,110) 0000174C
390 CONTIND® 00001750
WRITE(6,60) 00001760 G
60 FORMAT(1H ,//) 00001770
250 CONTINOF 00001780
150 CONTINUF 00001799
END 00001800 .
SOBPOUTINF PRIME (FSP,WS,XIS,XPS,YPS,XS,YS,2S) 00001810
A11=COS (FSP) *COS (WS) =COS (XIS) *SIN (WS) *SIN (PSP) 00001820
A12=-SIN (PSP) *COS(WS) =COS(XIS) *SIN (WS)*COS (PSP) 00001830

118




—

iy
i
i
b.
|

A S

PHERRSIESPS

IS

A21=COS(PSP) *SIN (WS) +COS(XIS) *COS(WS) *SIN (FSP)
A22=-SIN(PSP)*SIN(WS)+COS (X1IS) *COS (RS) *CAS(FSP)
A31=SIN (XIS)*SIN (FSP)

A32=STN(XIS) *COS (FSP)
XS=A11%XPS+212*YPS
YS=A21%XPS+A22%YPS
2S=P 31*XPS+1322YPS
R2TURN

END
SUBROUTIN® ELLIP(T,E,WP,TP,A,TAU,FSP,P)
P=3.1681592¢

2=2.%P*(T-7P) /TAD
P2=2.*p
IF(2.6T7.P2)2=2-P2

IF(Z.GT.P2)GO TO 2
E1=7+Z%SIN(2)
T2=(Z4E* (STU(T1) )~ (E*COS (E1)) *21) /(1. -R*COS(EN))
Q:ﬂ.
E3=(Z4F*(SIN(T®2)) - (FP*COS(E2)) *2) /(1.-"*COS (E2))

Q=Q+1,
DE=E3-%2

DB2=DE*#*2

B2=F3

IF(PE2.G™..00N00"01)G0 ™0 U

TH=ARCOS ((COS(22) =F) /(1.-F*COS(E2)))
IF(2.3T.P) TH=2 .*P-TH

PSP=WReTH

R= (A% (1.-E*#*2)) /(1.4E*COS (FSP=-WP))

RETURY '

TND

SUBROUTINT DOPE(R,%,2,TAU,FSP,dP,¥S,XIS,XD,¥YD,2D)
P=3.1415926

T=FSP-WP

RD= (A*E#2 %P/ (TAU* (1. -FE*%2) *%_5)) *SIN(T)
TH=(2.%P/TAU)* ((1.-S%%2) %% (=1,5))* (1, +T*COS(T))==*2
XPC=RDN*(COS (PSP) -2* TD* SIN (F<P)

XPC=XPC/3600C.

YPC =RD* SIN (FSP) ¢ R*TD*COS (FS P)

YPC=YPC/3600.

CALL PRINP(C.,¥S,XIS,XPC,YPC,XD,¥YD,2D)

RETURY

END

SUBPOUTIN® UNPRIM(TC1,TC2,7C23,¥SP,WS,XIS,R12,PU12,TU12)
A11=COS (FSP)*CNS (WS) =COS (XIS) *SIN(WS) *S IN (FSP)
A12=-SIN (PSP)*COS (WS) -COS (XIS)*SIN (WS)*COS (PSP)
A21=COS (FSP) *SIN (WS) +COS (XIS) *COS (WS) *SIN (FSP)
A22=-SIN(FSP)*SIN (NS) +COS (X IS) #COS (NS) *COS (FSP)
A31=SIN (XIS)*SIN (FSP)

A32=SIN(XIS)*COS (PSP)

A13=SIN(XIS)*SIN(NS)

A23=-SIN (XIS)*COS (WS)

A33=C0S (X IS)

Z1=A11%TC14A21%TC2+A31%TC3
X1=A12%TC14A224TC24A32#7C3
Y1=RA12#TC14A23%TC2+A33%7C3

Xu=x1

YU=-Y1

20=-21

RTD=57.29577951

P=3.16159265
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00001840
00001850
00001860
00001870
0000188C
00001890
00001900
cNno01910
00001920
00001930
aG0019u40
00901950
000019260
00001970
0r001980
00001990
fneo2000
00002010
00002020
00202030
00n02040
00002059
000062060
00002070
00972080
000020990
00002100
cco002110
00002120
00202130
00002140
00002150
00002160
00002170
00002180
00002190
00002200
0000221¢C
00002220
00002230
00002240
00002250
00002260
00002270
00002280
00002290
00002300
000C2310
00002320
00002330
00002340
00002350
00002360
00002370
00002280
00002390
000C2400
00002410
00002420
00002430




3 FUT2=RTD*ATAN (YU/XU) €0N02640
IF(XU.LT.C.) PU12=FU124P*RTD 00002450
1 ZR=20/P12 0000246C
IF(ZF.G%.1.)2R=,999990%00 00002470
TF(ZR.L®.-1.) ZR=-, 000900099 00002480
- TU12=APCOS (ZR) *RTD 00002490
) RETURN 00002509
END 00002510
SUBROOTINF® LTUNA(A,F",WN,WP?,XI,T,ABIG,E1,W,WPS,VS) 00002520
P=3.141592¢€5 00002530
T=24, *T 000C254C
P2=P/2. 00002550
Pmp=57,29578 00002560
WM=2.6538%10, %% (-6) 0000257¢C
WS=63N,7828% %% (=1,5) 00002580
RM=382368.8 00002590
MUE=, 3986%10, *%6 00002600
TP=.3 nN002610
IT(XI.LT..0001) XT=,70n1 00002620
IF (XI.EQ.P) XI=P-.NCN1 00002630
mAT=A/ (RM-1) 00002640
: PAR=. 333332333« SIN(TTU#PAT)* ((COS(TS*FAT)) **2+2.) 00002659
s WREL=SQPT ((WS*COS (XT) -WM) **2+ (WS*SIN (XI))**2) 00002660
C2=(4.R99Q%1N *x3) / ((RM=D)%%2) 00002670

DVP=2.%C2*DAR/ (HPEL*RAT) n000N2680 s
V7=SIV(XT) 00002690
IF (V7.FQ.C0.)V7=.7CrG0NNDY €00027C0
ANG=TE/V? 00012710

IF (ANG.GT.P2) ANG=P2 00002720 .
DEH=36") % (WRTL*ANG/P**2)* ((DVR®%2) *xpx%2) /FUT 00002730
C5=DAH 00002740

DAY=2760. *DAH 00002750 |
AB=2+ (CS*T) /2. 00002760
RHO=RM ‘ neec2770
C6=P*(1./81.) *(1./RHQ) #**3 0000278¢
C7=2.77218%10 %% (-6) 0000279¢C
S2I=(SIN (XTI))**2 00002800
C2I=(COS(XI)) **2 0000281C
CUT=C2I**2 00002820
‘ AR2=(AB/RHO) ** 2 00002830
' C9=3.4AR2%((-U%,/32.) ¢+(225./32.) *C2T) 000C2840
i C10=-7.5%S2T+AP2% ((315,/6U.)~-(315./9.) *C2I+¢ (2205./6U,.)*ClT) 00002850
4 FATTO=-C%/C10 00002860
g | C11==(15./U.) *S2T+AR 2* ((315./128.) - (315./1€.)*C2T+ (2205./128.)*Cu00002870
8 | 11) 00002880
4 ypsS=n, 00002890
. IF(FATIO.LT.N.)GO TO 5C 00002200
I7 (RATIO.GT.1.)GO TO SC 00002910
WPS=ARSIN (SQRT (PATIO)) 00002920
T1=FN#*TXP (-CE&* (AB**1,5) % (SIN (2.*WPS))* (C11/C7)*T) 00002930
GC TO 109 00002940
50 WPC=(P/U.)-."M 00002950 o,

- CR=3,-(15./U.) *S2I+AR2*(1,054688-22.5%C2I+417.22656%CuT) 00002960
k! WANG=C6*CB#* (AB*#*1,5) /C7 00002970
B | C21=2,%C6* (AB**1,5) *C8/C7 00002980
y C20=2,*WpC 00002990

E1=E0#°XP (=C6* (AB*%1,5) *(C11/CT7)*(-(1./C21)*COS (C20) +(1./C21)* 00003000 .
2 COS(C204C21%T))) 00003010
100 DW==-2,#CE*(AB*#3) #COS (XT) *(.75¢AR2#* (- (135./128.)+ (315./128,)*C210000 30 20

3 )4 (AR2%%2) %( (2625, /20U8.) = (7875,/1024.)*C21+(17325./20u8.J+C4I  00003C30
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DWA=DW/ (CT*AE**1.5)
W=D ¢ WHET

ABIG=A¢ (CS*T)
V50=A% (1.+EC)
VS=ABIG*(1.+EY) /¥SC

RETORN
END
b
;}g p
,:'.J'
ettt eeReR®
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APPENDIX 7

T

e 7

PROGRAM SCOREE

) The lunar perturbation results of PERTP are combined with the
link program SATE to calculate new crosslink relations after a long

period (e.g., a few years). The future time of interest is entered
on line 260 as EPOCH, in days.

L Semi-major axes are in kilometers.
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//SCORT JOB (6367,D91,DESK),'EFDELMAN F',NOTI®RY=TSO141, 00000010

// TINE=2 00000020
// EXFC FORTGCG 00009030
//FORT.SYSIN DD = 00000040
T TEN SATFLLITFS AND TWO GROUND STATIONS. 00070050
C THE ARRAYS CONTAIN THE FOLLOWING INFORMATION FOR EACH SATELLITE: 00000060
C A--SEMIMAJOR AXIS IN NAUTICAL MYLES 000€0970
| C E--FCCEVWTRICITY 00000080
) C W--RIGHT ASCENSION I™ DEGREFS ©C000090
| C WP--ARGUMENT OF PERIGEF IN DEGRESS 00000100
‘ C TP--TIME OF PEPIGEE IN HOURS 00000110
C XI--INCLINATION IN DEGFEES 00000120
C ARRAY B CONTAINS THT CCLATTITUD® AND LONGITUDF® POR PACH GROUND STATION.C0000130
DIMENSION AO(19),E0(1€),WO(10),WPO (19),TP (10),XT (10),B (4) 00000140
DATA 20/200N0N,,20707C,,200009,,2(0N00,, 200097, ,200009., 0C000150
1 250000.,250000C.,25007C.,25C09%./ 00000160
DATA BO/L. ¥, Voo YooTen Vo o Voe o el o Vol 7 05000170
DATE ROZ0. 50« i o6 ol evlas 00000180
4 0.,72.,144,,216./ 70000190
DATR WP0/0.,0.,0.,0.,C.20%;0.,%,00.0.7 00000200
DATAR TP/".,-87.,-1€0.,-40.,-120.,-2C7,, 07000210
10.,-57.6,-115.2,-172.8/ 00000220 ‘
DATA XI/23.4,22.4,22,0,203,4,293.4,203,4,113.4,113.4,113.4,113.4/7 02000230 ‘
DATR B/47.54,57.23,288,73,2u2,8/ 0r0C0240 {
C EPOCH ,IS THT TIMT IN DAYS. 00000250
TPOCH=400. ; 00000260
C WUMS IS THT NUMBER OF SATFLLITES I'? BE CONSIDTRED. 00000270
C NUMG IS THT NUMBFR CF GROUND STATIONS TO BT CONSIDFRED. 00000280
NUMS=10 Y n0000290
NUMG=2 000C0300
P=3.1415926 00000310
}E=6370.8R00 00000320
RTD=57,20577951 00000339
WRAL=15.C/RTD 00000340
WRIT®(6,15) : 00000350 4
15  FOPMAT (1H ,*2X,'V5',2UX,"A%, 24X, 5, 2UX, W', 23X, ' WP"') €C000360
DIMENSTION A (10),F(10),W(12),WP(10),V5(19) 00000370
no 3 Jp=1,10 00000380
XI (JP)=XI (JP) /PTD 00010390
WO (JP) =WO (JP) /RTD 00000400
WPO (JP) =WPO (JP) /R™D 00000410
‘ CALL PERT (RPOCH,AO (JP),T0(JP),WO(JP),WPO (JP),XI(JIP), 000C0420
. 1 A(JP),F(JP),W(JP),WP (JP),V5 (JP)) 00000430
i WD=W (JP) *R™D 00000440
: WPD=WD (JP) *RTD 00000450
! WRTTF(6,25) V5 (JP) ,A (JP) ,E (JP) ,WD,WPD 00000460
Fy 25 FORMAT (1H , 5E2U.9) 00000470
1 3 CONTINUF 000C0u80
{ C CL IS THE VFLOCITY OF LIGHT IN KILOMETTRS PER SECOND. 00000490
CL=2.9999u%10, %% 00000500
C FR IS THE UPLINK FREQU®RNCY IN HZ. 00000510
C FPY IS TH® DOWNLINK PRFQUENCY IN HZ. 00000520
FR=200.0%10,%%6 00000530
PR1=2U5,0%10, **6 00000540
CON=2.77218%10 . %% (=6) : 00000550
{ WRPITE(E,27) 00000569
f 27  FORMAT (VH ,/////7) 00000570
] DO 9C0 J=1,NUMS 00000580 .
C TAU IS THE PERIOD OF ROTATION OF SATSLLITE J. 00000590
TAU=CON®*A (J) **1.5 00000600 |
no 700 K=1,NUMG . 00000610 |
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WRIT®(6,10) 00000620

10  FORMAT(1H ,'SAT!,5X,*HRS',12X,'RANGE?,9X, ANGLF',8X, *UPDOPPLER 00000630
1+,8X,"'DNDOPPLFR',9X, 'SUBL',°X,'SUBC',6X,' STATION' ,//) 00000640
T=B (K) /RTD 00000650
G=B(K+2) /PTD 00000660
C I IS TH® HOUR. 00000670
DO 590 1=3,150,3 n0000680
RI=1 00000699
‘ C SUBROUTINE ELLIP COMPUTFS THZ RANGE FROM GPOCENTER TO SATELLITE J AND 000€0790
C THP ANGLF MEASURED IN ORBIT PLANE;REFERRED TO NODE OP ORBIT PLANE 00000710
C AND EQUATORIAL PLANE. 00000720
CALL ELLIP(RI,E(J),WP(J),TP (J),A(J),"AU,PSP,R) 00000730
C SUBROUTINF PRIME COMPUTES THE INERTIAL CARTESIAN COORDINATES O® THE 00000740
C SATFLLITE J (WITH GFOC®NTEP AS THE ORIGIN). 00000750
CALL PRIME(FSP,W(J),XI(J) ,E,0.,XS,YS,2S) 00000760
C PS IS THE SUBSATELLITE LONGITUDE IN DEGREES. 00000770
FS=(ATAN (YS/XS) -WRAD*FT)*RTD 01000780
IF (XS.LT.0.) PS=FS¢P*RTD 00000790
C TS IS THP SOUBSATELLITS COLATITUDE IN DEGRETS. 00000800
TS=RTD*ARCOS (Z5/R) 000€0810
F=G+WRAD*RI 00000820
C (X,Y,Z) ARE THE INFPTIAL CARTESTAN COORDINATES OF GROUND STATION K. 90001830
X=RE*SIN(T) *COS (F) 00900840
Y=RE*SIN(T) *SIN(F) 00000850
Z=RF*COS (T) £0001860
C ACC IS THF ANGLE BFTWEFN GPOUND STATION K AND SATELLITE J FROM THE 00000870
C CENTER NF THE TARTH. 00000880
C RGE IS THE RANGE PROM GROUND STATION K TN SATELLITE J IN NAUTICAL 00000890
C MILTS. 00000900
ACC=ARCOS ( (X*XS+Y*YS+Z*2S) /(RT*R)) 01900210
PGE= ((XS-X)*%#24+ (YS-Y) #%24 (25-2) #%2) *%,5 n000N929
ARG=SIN (ACC)*R/PGT ©9000930
IF(APG.GT.1,0007110) ARG=1.00002000 00000940
C D IS THE ELEVATION ANGLE IN DYGRTES FPPOM GROUND STATION K TO 00000950
C SATELLITE J. n00"C960
D= (ARSIN (ARG) =P/2.) *R7TD 00000970
RT=SQRT (R*R~PE*RF) 00000980
IF(®PGS.LE.RT) D=-D 00060990
C SURROUTINT DOPF COMPUTES TH? COMPONENTS OF SATFLLIT™® VELOCITY. 00001009
CALL DOPE (R,P(J),A(J),TAD,FSP,#P(J),¥(J),XI(J), XV, YV, ZV) 00001010
C (XT,YT) ART TH® COMPONENTS OF THE RFLATIVF VELOCITY OP GROUND 00001020
‘ C STATION K. 000010 30
, XT=-WPANSRESSIN (T)*SIN(®) /2609, 00001040
: YT=WRAD®E Z* SIN (T) *COS (F) /2600, 00001050
' NOT= (XV=-XT) *(XS-X) + (YV~YTj * (YS~Y) 42V* (25-2) 01001060
i DOT==NOT/RGT 00001070
: C UPDOP IS THT UPLINK DOPPLER SHIFT IN HZ. 00001080
‘ C DNDOP IS THE DOWNLINK DOPPLER SHIF™ IN HZ. 00001090
UPDOP=DOT*FR/CL 00001100
DNDOP=DOT* PR 1/CI, 00001110
WRIT®(6,29) J, RI,RGFE, D, UPDOP ,DNDOP,FS,?S,K 00001120
20  PORMAT(1H ,I3,P8.1,°17.3,F14.3,P17.3,P17.3,F13.3,%713.3,110) 00001130
500  CONTIND® 00001140
- WRITE (6,26) 00001150
i 26  FORNMAT (1H ,//) 00001160
700  CONTINU® 00001170
970  CONTINU® 00001180
. WRITE (6,30) 00001190
20 FORMA™(1H ,///77) 000C1200
L=WONS=-1 00001210
IF(L.£Q.7)GO TO 350 00001220
125
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IS THE CROSSLINK FREQUFNCY IN HZ.
FR=60.%10.%*x9

IS THE PIRST SATFIL
¥S THE SPCOND SATEL
DO 350 M1=1,L
TAU=CON*A (M1)**1,5
N=M1+1

DO 250 M2=N,NUMS
WRITF (€,40)

FORMAT (1H ,2X,'HRS',12X,'RANGE',5X, 'L12,5X,°'C12',23Xx,
*CRDOPPLER',6X,'CVIS',hX,"SATY! ,6X,'SAT2',//)
TAU2=CON*A (M2) **1.5

Do 307 1=3,159,3

RI=I

(S lS ]
14 e

2

NOVIZ DETFRMINES CROSSLINK VISIBILITY WHERE O MFANS NO VISIBILITY
AND 1 MTANS VISIBILITY.

NOVIZ=1

CALL TLLIP(RI,® (M) ,WP(M1),TP(M1),A(M1),TAU,FSP,R)
CALL SLLIP(RI,F (42) ,WP(¥2),TP(42),R("2),TAU2, F2P,R2)
CALL PRIME(®SP,W (M1),XI(¥1),R,".,XS,¥S,25)

CALL PRIMF(F2P,W(M2),XI(M2) ,R2,0.,X2,Y2,22)

TC1=X2-XS

mC2=Y2-¥<

TC3=22-25

IS THE RANGF BPTWFFN TWO SATEILITFS IN NAUTICAL MILTS.

60901230
G000 1240
00001250
0000126¢C
00001270
00001280
00001290
00001300
00001310
00001320
00001330
00001340
00001350
00001360
00001370
000C1389
00001399
00001400
00001410
00001420
00001430
00001440
00001450
00001460
00001470

AND ™12 ART THE POINTIYG AENGLES BETWEEN TWO SATELLITES IN DEGREFS.N00C1u48C

R12= (TCI1%%24TC2%%24TC In%D) %%, 5

C!LL "NPRIM(TC1,TC2,TC2,FSP,W (M1),XI(M1),P12,FU12,T012)
F12=RTD*ATAN (™C2/TC 1)

IF(TC1.LT.0.) F12=F12¢ P*RTD
VTZ=(-XS*TC1-YS*TC2-2S*TC3)/ (R12#*R)
IF(VIZ.GT..00000000)yrz=,00909009

IF(VIZ.LT.-.99900000) yIz=-,09930909

DEL=ARCOS (VT2Z)

DFLY=ARSIN (RE/F)

TF(DEL.LT.DFLM) NOVTZ=0

TR3=TC3/R12

TF(TRP2,.GT.1.)TR3=,000C0040

TIF(TR2.L7.=-1,) TP 3=- 00000Qg00

T12=ARCOS (TP?) *p7D

CALL DOPF (K,E (M1),A(M1),TAU,FSP,WP(M1), W ("1),XI(NY),XV,YV,2V)
CALL DOPE(R2,%(M2),2(M2),TAU2,P2P,WP(M2),W(M2),XI(M2),S2,U02,V2)
DOT=(S2-XV) *TC14+ (U2-YV) *TC2+ (V2-2V) *TC3

DOT=DOT/R12

C DOP12 IS THT CRNSSLINK DOPPLFPR SHIPT IN HZ.

DOP12=-DOT*®R/C1

WETTE (6,50)RT,R12,F12,T72,FU12,TU12, DOP12,NOVIZ, N 1,42
FORMA™ (1H ,?5.1,F17.3,F9,1,F7.1,710.1,76,1,F17.3,19,I10,110)
CONTINUT

WPTTE (6,60)

FORMAT (1H ,//)

CONTINU®

CONTINUF

END

SUBFOUTIN® PRIME(FSP,WS,XIS,XPS,YPS,XS,YS,2S)

A11=COS (FSP)*COS (WS) -COS (XIS) *SIN (WS) #S IN (FSP)
A12=-SIN (FSP)*COS (NS) -COS (XIS) *SIN (WS) *COS (FSP)
A21=COS (PSP) *SIN (WS) 4COS(XIS) *COS (WS) *SIN (FSP)
A22=-SIN (FSP)*SIN(WS) +COS (XIS) *COS (WS) *COS (FSP)
A31=SIN (XIS)*SIN (FSP)

232=SIN(XIS) *COS (FSP)
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00001490
00001500
c00C1510
00901520
00001539
C2001540
00001550
00001560
0000157¢C
00001580
000C1590
00001600
09901610C
00001620
0000163C
00001640
00001650
00001660
00001670
00001680
000C1690C
000017C0
00001710
00001720
00001730
0000174C
00901750
00001760
00001770
00001780
00001790
00001800
00001810
00001820
00001830
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XS=311*XPS+212*YPS
YS=A21*XPS+A22* YPS
ZS=A31*XPS+232*YPS
RFTURN
END
SUBROUTINE ELLIP(T,E,WP,TP,A,TAU,FSP,R)
P=3.1415926
2=2.%*P* (T-TP) /TAU
P2=2.%P
IF(2.GT.P2) 2=2-P2
IF(2.G6T.P2)GO TO 2
E1=Z +F*SIN (2)
E2=(24T*(SIN(E1)) - (E*COS(E1)) *E1) /(1.-F*COS (E1))
Q=0.
F3=(Z4E*(SIN(E2))-(F*COS(E2))*Z2)/('.-P*COS(E2))
Q=0+1.
DF=E3-E2
DE2=DNE**2
F2=F3
IF(DE2.GT..00092771)GO TO U
TH=ARCOS ((COS(T2)-%)/(1.-E*COS(E2)))
TF(Z.G7.P) TH=2.*P-TH
FSP=WP+TH
R=(A*(1.-T%%2)) /(1.45*COS (FSP-4P))
RETORY
END
SUBROUTIN*® DOP®(R,%F,A,TAU,FSP,WP,WS,XIS,XD,YD,ZD)
P=3.141%5926
T=FSP~WP
PD=(A*F*2 ., %P /(TAU* (1,~-T*%2) %% _G))*SIN(T)
TN=(2.%P/TAU) *((1.-T**2) x%(=~1,5))*(1,47%C0S (T))**2
XPC=PD*COS (FSP) ~R*TD*SIN(FSP)
XPC=XPC/36NC.
YPC=RD*SIN(FSP) ¢+ R*TD*COS (FSP)
YPC=YPC /260N,
CALL PRIMT(C.,WS,XIS,XPC,YPC,XD,YD,2D)
PETUPN
END
SUBPOUTINT UNPRIM(TC1,7C2,TC3,FSP,WS,XIS,P12,FU12,T012)
A11=COS(FSP) #COS(WS) =COS(XIS) *STN (WS) *SIN (FSP)
M12=-SIN(FSP)*COS (WS) -COS (XIS)*SIN(WS) *COS(FSP)
A21=COS (FSP)*STN (WS)4COS(XIS)*COS(WS) *SIN(FSP)
A22=-SIN (FSP) *SIN (WS) ¢COS (XIS) *COS (WS) *COS (FSP)
A31=STN(XIS)*SIN(¥SD)
A32=SIN(XIS)=*COS (FSP)
A13=SIN (XIS) *STN (WS)
423==SIN(XTS) *CNS (WS)
A33=COS (XIS)
Z1=AV11*TCI1+4A21*TC24A31%7C3
X1=A12*TC1+A22%TC241232*TC3
Y1=RA13*TC1+4A23%TC24A322T7C2
Xo=x1
YU=-Y1
2U0=-21
PTD=57.29577951
P=3,1415926%
FU12=RTD*ATAN (YU/XD)
IF(XU.LT.0.) FU12=FU124P*RTD
ZR=20/R12
IF(ZR.GE.1.) ZP=,©9900909

00001840
00001850
00001860
00001870
0000188¢C
n00C1890
0000190C
00001910
0000192¢C
00001930
00001940
00001950
00001960
€000197¢C
00001980
00001990
no0oc2000
00002210
03002020
0C002030
00002040
01002050
00002060
00002070
€0002080
ongQe209¢
00002100
0000211¢C
00002120
1002130
00002140
0000215C
0ennN2160
00002170
00002180
00002190
0099C2200
001702210
00002220
00002230
0Cc002240
00002250
00002260
00002270
00002280
000C2290
00002300
00002310
00002320
00002330
00002240
00002350
00002360
n00023790
0000238¢C
00002390
00002400
0co02u10
0c002u20
00002430




IF(ZR.LT.-1.) ZR=-,09990090
TU12=ARCOS (ZR) *RTD
RFTURN
END
SUBROUTTNE PERT (FPOCH,AC,EO,W0,WPO,XT,
1 2,F,¥,WD,VS)
THTIS SUBROUTINE PRODUCTS THE SECULAR VARIANCF OFP ,AN INITIALLY,

o

'y ~ HIGH ALTITUNT ORBT™, AND AT THE SAMY TIMT GFNERATFS STAPTLITY OF
2 C ECCENTPICITY, ®IGHT ASCENSION AND ARGUMENT OF PESPTGFT, IT ALSO
3 C PRODVCFS THF TVFF CHANGING STMI-MAJOF AXIS.
I~ C ALL VALU®S IN THTS PRNGRAM HAVE BTN
3 € CONVERTRD TC T™HE MRTRYC SYSTEM,
9 C WHSRE 1 NAUTICAL MILT=1.8%52 KM.

CON=2,77218%1N, xx% (=F)

PI=3,1415926
3 PTDN=57.29577951

REO0=3%832€06,000°0

W=WO

WP=WP)

TF(WP.TQ.0,) WE=.0NACY

V6=FPOCH/u0D,

0 200 T=1,40

TAU=CON*BO%%1,5

V= (24. /T2y %17,

V=V%V6

VS0=30%(1,4+T0)

CALL ARGPZTR® (AN, XI,WS,V1)

IF(V1.GT.0.) WP=HWS

IF (I.7Q.1) F=%n
MOCN FEQUI®TS } NTW STMI-MAJOP AXIS '7°¢

AT FACH NFW TTPPATION. THTPTFOF™ FOP EVERY ITFRATION AFTEP THE

SO FN® THE SECOND ITFEATIAN A0 RFALLY FQWALS A1, FOR THF THIRD
A2 AND SO ON. THUS TH® LOGIC STATFMTNT IS RFQMIRED,
IF(I.GT. 1) AO=A
CALL MOON(A0N,XT,3)
UPA2=PI* (1./81.)% ((A/RHO)*%13)
A2= ((A/RHO) **2)
Al= ((A/RHO) **U)
CI2=(COS(XT))**2
CIU=(COS(XT)) **4
SP2= (SIN(WP)) **2
| ST2= (SIN (XT))**2
: PART=((-1235./129.) +(315./120.)*CI2)
3 PAR2=((2625./2048,) - (7875, /1024, ) *CT2+ (17325, /20U8, ) *CTU)
PARI=((315./128.)~(315./16.)*CI24(22"5./12F.) *C14)
PARG= (3.~ (15./2.) *SP2%STI2)
PARS=((225./32.) = (215./2.) *SP2)
’ PLRE=((=U5./32.)4(215./FU.)*SP24PRRS*CI 2+ (2205, /6U.) *SP2*CIU)
4 DH=-2%UPAI*COS (XI)* ((3./6.) +A2%PART¢ (AUXPAR2) ) *V
E DE=-UPA3*F*STIN (2%KP) * ((-15./4.) *ST2¢A2%PARY) =V
DWP=UPAI* (PAPU422%DARF) #V
W=W+DW
®=E4DE
f VE= (A% (1.4F)) /750
| WP=WP+DWP
: 200 CONTTINUT
K C  DELTA APOGFT, IS5 THF NEW SEMI-MAJOR AXIS
g C TIMPS, THT ¥TW TCCENTRICITY PLUS ONE, DIVIDED
C BY THT INITIAL VALUT OF THE STNI-MAJOP AXIS

nOn0Aan

FIRST, A" IS BPTALLY THE NTWYAY AS COMPNTED BY TH®™ PPEVIODS ITPRATION,.

n0002440
00002450
C0002u60
00002470
0e002480
0Ccn02490
0C€0C2500
00002510
07002529
00002530
000C25u40
0000255¢
0r002560
000€2570
07002580
006002590
09062600
00002610
000C2620
C00C2630
00002640
000C2650
00002660
00002670
0co02680C
00002690
ceno027cC
¢1002710
00002720
07002730
00002740
02002750
0C0027€0
020C2770
00062780
0d0C279¢C
00002800
00002810
00002820
00002830
00002840
00002850
00002860
00002870
€0002880C
00002890
00002900
00002910
00002920
00002930
00002940
00002950
nC0G296¢C
00002970
00002980
00002990
00003000
00003010
00003020
00003030




i
:

:
: C TINES, THT INITIAL ZCC®NTRICITY PLUS ONF; 00003040
: C OR IN PQUATION FOPM, (A*(1.4E))/(AO*(1.+70)) 00002050
J RFTURN 000C3060
; END 00003070
4 SUBPOUTIN® ARGPETR(AD,XI,WS,V1) 00003080
‘ PT=3.14159265 00003090
3 RHO=383364.0000 €00031C0
; BPTD=57.29577951 00003110
z vi=". 00003120
& wS=0. 00003130
® A2= (AO/RHO) **2 000C3140
: vu=X1 00003150
~ IF(V4.EQ.0,) VU=,0001 00003160
' NUM==3,¢A2% ((U5./32.)~(225./32.) *(COS (V4))**2) 00003170
DEN==-7.5% (SIN (VU4))**24A2% ((215./6U,)-(315./8.) *(COS (VL)) **2 00003180
1 4 (2205./6U.) *(COS(VU)) **4) 00003190
RAT2=NON/DEN 000C3200
TF(RPAT2.LF.",)PETUFYN 00003210
IF(FAT2.GT.1.) RFTURN 90003220
ARG=SQRT(RAT2) 00003230
WS=APSIN (ARG) 00003240
| vi=1, 00003250
: RETUPN 00003260
: END 00003270
5 SURPOUTINF MCON (AO,XT,R) 00003280
i PI=2,1U15°255 50003290
3 P2=P1/2 0000330¢C
: iy 0003310
MOF=,2986%1(,*%6 ) n00Nn3320
i EM=383364,0000C 00003330
. C2=(4.8908%10, x%3) /((RM=-A0) **2) 00003340
WS=62",7828% (A0** (-1, %)) 00003350
WM=2,66381% (10.%% (-6)) 0000336C
W= (WS*COS (XI) -WH) 000€3370
TP (W.LT.C.) W=-W 00003380
3 WREL=( (W) ** 24 (WS*STIN (XI))**2) 00003390
E WREL=SQRT (WPFL) 00092400
RAT=AO0/ (P M- AO) 00003410
PAR=.23333333%SIN (TF*RAT)* ((COS(TE*PAT) ) *%2+2.) 00003420
DVR=2,%C2#*PAR/ (NRFL*FAT) 00003430
DA= ((DVR)*%2) % (RO**2) /MUE 00003440
' V=SIN (XI) 00003450
E IF(V.S0.7.) V=.200000001 00003460
g ANG=TE/V 0000347C
- IF(PNG.G™.P2) ANG=P2 00003480
P 3 DED=86U00, * (NRFL*ANG/(PI**2)) *DA 00003490
i | DADY=265,%DAD 00003500
b RAT A=DADY /A0 00003510
A=A0+1N.%DAD 00003520
PETURN n0003530
END 00003540
SEERRE AR AR N PASES RS IRRASSINRERIRAR R PR AEERARRE RN sEReReRdeN ‘
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APPENDIX 8

PROGRAM AZ1

A ground station azimuth angle calcualtion is added (lines
4 870-1025) to program SATE.
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3 //TSOu20A JOB (53°,DS1,DESK),'CHPISTOPHER P',
: // TIME=1
B // ®XIC FORTGCG

//FORT.SYSIN DD *

% e AZ1 (APP 75) GIVES AZIMUTH ANGL®T
; C THIS SATELLITE VISIBILITY PROGRAM IS WRITTFN FOR A MAXIMUN OF
A C TEN SATFLLITFS AND TWO GROUND STATIONS,
E: C THT ARRAYS CONTAIN THY FTOLLOWING INFORMATION POR FACH SATFLLITE:
b C P--SFMIMAJOP AXIS IN WAMTICAL MILFTS
: C E--ECCENTRICITY
4 C W--RIGH™ 2SCTNSION IN D®GRETS
% C WP--APGUMINT OF PEPIGEF IN DFGPTES
C TP--TIMF OF PERIGEE IN HOURS
4 C XI--INCLINATION IN DEGREFS
: C ARPAY B CONTAINS THE COLATITUDF AND LONGYTUD® FOR EACH GROUND STATION.
DIMENSINN A(170),% (1) ,W (12),WP(1C), TP (10) ,XI(10),R(Y4)
DATA A/14382.,14242,,143042.,61421,,61421,,61421.,
. 3 61421,,110402,,110402,,119402./
& DATA E/.7125,.725,:728 gl ety 8, a5, 50065/
- DATA W/N.",270.0,63.435,63,425,f3,435,A3,435,
- 4 243,732,242,733,20u3,732,2u3,733/
DATA WP/=-90,0,-09N .0/
DATA TP/0.,-€.0,-12.,0.,-26.587,-53,173,-79.76,",,
1 -9€.7%,-192,16/
DATP XI/63.42%5,63,435,27.4,90,,9%,,090,,90 ,0,,0., ./
DATA B/45.C,0.0/
€ WUMS IS THE RUMPFR QF SATELLITFS ™9. BE CONSIDFEZD.
C NYUMG IS TH™ NUMBFR OF GRCUND STATIONS TO BY CONSIDFRED.
NIMS=2
NUvG=1
P=3.1415026
P12=.5%D
P32=1,65%>
P2=2. %P
BP=30440,
3 RTD=57,29577051
4 WRAD=15.0/RTD
i C CL IS THE VZLOCITY OF LIGHT IN NAUTICRL MILZ=S PER SECOND.
b CL=1.61084%10,%%5
; C FR IS THE UPLINK FRTQUFNCY IN HZ.
4 C FR1 TS THT DOWNLINK FRFQUENCY IN HZ.
? F2=300,0%10 *%6
R FP1=205,0%10,%%6
y | CON=6.987%10 %% (-6)
&4 PO 900 J=1,NUMS
g | W(J)=W(J)/RTD
B | WP (J) =WP (J) /PTT
i X7 (J) =XI (J) /°TD
i C TPOU TS TH® DPIRIOD OF ROTATION OF SATILLITE J.
TAT=CON*A (J)**1.5
DO 700 K=1,NUMG,2
WRITZ (6,10)
10 FORMAT(1H ,*SPT',5X, 'HRS',12X,'RANGE? ,9X,'ANGLE" ,BX, *AZINUTH",
18X, 'UPDOPPLFR', 8X, * DNTOPPLEP,9X,* SUBL' ,9X, ' SUBC' ,6 X, STATION',//)
- T=B (K) /RTD
E | K1=K+1
| G=B(K1) /PTD
; C I Ts THF HOUR.
70 500 1=1,25
PI=T
C SUBROUTINE SLLIP COMPUTES THE RANGT FROM GEOCENTER TO SATFLLITE J AND
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000001690
00000170
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00000210
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00000239
00000240
00000250
00000260
00000270
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000003C2
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00000306
0000031C
00000320
00000330
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00000350
00000360
00000370
00000380
f0000390
00000400
0000Cu10
00000420
00000430
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00000460
00000470
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00000u90
0000050C
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00000520
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00000560C
00000570
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C THE ANGLE MTASURED INY ORBIT PLAYT;RTIPIRRED TO NODF OF OREIT PLANT 00000580
| C AND SQUATORIAL PLANE. 00000590
3 CALL ELLIP(PY,F(J),WP(J),TP(J),A(J) ,TAU,FSP,R) 00000600
: C SUBROUTIN? PRINE COMPUTZES THZ INSRTIAL CARTISIAN COORDINATES OP THE NC900610

C SATELLITE J (WITH GFOCTNTFTR AS TH® ORIGIN). 00000620

CALL PRINME(FSP,W(J) (XI(J)¢R,04,XS,¥S,25) 0010630

C FS IS T™HF SUBSATELLITE LONGITUDE IN DFGREPS. 00000640

FS=(ATAN (YS/XS) -NRADSRI) #R7D 00000650
IF(XS.LT.0.)PS=FSeE*RTD 00000660

11 IP(PS.LT.-360.) FS=FSe¢ 36", 00000662
IF (PS.LT.-360.)GC TO 11 00000664

C ™S IS THZ SUBSATFLLITF CCLATITUDF TN DFGRTES, 00000679
TS=RTD*ARCOS (Z5/F) 00000680
F=G+WRAD*RI 0000069¢

C (X,Y,Z) ARE THE INEFTIAL CARTESTAN COOPTINATES OP GROUND STATION K. 00000700
X=DPEXSTIN(™) *COS (P) 000€0710

Y=RE*SIN (T)*SIN (7) 00009720

Z=RF*COS () 000060730

C ACC IS ™HT ANGLE RSTWEEN GPNUND STATION K AND SATELLITE J 7ROM THE 00000740

C CENTZR OF THE TRPTH. 90000750

C RGF IS THT RANGZ PROM GROUND STATION K ™0 SATELLITE J IN NAUTICAL 00000760

C MILPS. 00000770

ACC=ARCOS ((X*XS+Y*YS¢Z%ZS)/ (RT*P)) 00000780
RGT= ((XS=X)**24 (YS-Y) *%24 (Z5-2) *#2) =%, 00000790
ARG=SIN (ACC) *P /RGT 0C0C0NROC
IF (AFG.GT. 1.CARNNCRY ARG=1,200ANNEN n00008 10
C D IS THE TLEVATION ANGL® IN MNEGRT®S PEOM GROUND STATION K 7O n00C0820
C SATZLLIT® J. 00000830
D= (ARSTIN(ARG) =P/2.) *RTD 00000840
RT=SQRT (R*P-RT*R"T) 0COCORSA
IF(PGP,L®.PT) D==D 000C0860
C AZIYUT IS THT AZIMUTHE :NGLT. 00000870
SLAT=TS/RTD CNrOCNRBD
SLON=FS/RTD 00000890
ARG=G-SLON : 000€0990
ALPHA= (SLAT-T) /2.0 00000910
BETA= (SLAT+T) /2.0 00000920
GAMMA=ABS (ARG) /2.0 60000930
IF (GAMMA.GT.P12.AND.GAMMA. L™, P) GAMMA=P-GANNA 00000932
SINA=SIN (ALPHA) 0070094C
SI¥R=STN (BSTA) 0C000950
COSA=COS (ALPHA) f0000960
COSB=COS(BETA) 00000970
COTG=COTAY (GAN™A) 00000989
U1=SINA®CO™G/SINB 00000990
ALPHA=ATAN (1) 90000995
U2=COSA*COTG/CCSB 00001000
BETA=ATAN (U2) 00001005
IF (BE™A.GT.P32 .AND. BETA.LT.P2)BFTA=BETA+P 00001007
IF (BETA.GT.-P12 .AND. BSTA.LT.0.) BETA=BETA4P 00001009
AZIMUT= (ALPHA+BETA) *RTD 00101015
ARG=SIN (ARG) 00001020
IP (APG.GT.0.C) PZIMUT=360."~AZINUT 00001025
C SUBROUTINT DOPF COMPUTFS THF COMPON®NTS OF SATELLITE VELOCITY. 00001030
CALL DOPE(R,E(J),A(J),TAU,PSP,WP (J),¥(J),XI(J),XV,YV,2V) 00001040
C (XT,YT) A®F THE COMPONFNTS OF THE RELATIVE VELOCITY OP GROUND 00001050
C STATION K. 00001060
XT=-WRAD*PBASIN (T)* SIN (P) /3600. 00001070
YT=WPAD*RF*SIN(T) *COS(¥) /3600. 0000108¢
DOT= (XV=-XT)* (XS=X) 4 (YV=-YT)* (YS-Y) ¢ (2V) * (25-2) 00001090 :
DOT==DOT/PGE 00001109 <
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YEDOP IS THT UPLINK DOPPLER SHIFT IN HZ. 00001110
DNDOP IS THE DOWNLINK DOPPLTER SHIFT IN HZ. 00001120
UPDOP=DOT* *P/CL 00nC1130
DNDOP=DOT*PR1/CL 00001140

WRITT (6,20)J,RI,RG%,D,AZIMUT,UPTOP, DNDOP, FS,TS,K 00001150

20 FOPMAT (1H ,T3,F8,1,797,3,F14,3,F15,.3,F17,3,F17.3,P13.3,F13.2, 00001160
1117 09001170
500 CONTINUE 2000118C
WRITE (k,25) 00001190

25 FORMAT (1H ,//) 00001200
aeo CONTINUZ 0001210
acn CONTINUE cNe01220
WRITT(€,2N) 00001230

an FORMAT(1H ,///7/) 00001240
L=NUMS-1 c090125¢0
IT(L.FQ.0)GO TO 350 00001260

FR TS THT CROSSLINK FRTQUPNCY IN HZ. 00001270
Fo=38,%10,%%0 nono01280

M1 IS THF FIRST SA™TLLITE. 00001290
M2 IS TH® SZCOND SATFLLITT, 00001300
DN 359 M1=1,L 00001310
TRU=CON*A (M 1) *%x1,5 £hoc1320

N=M1+1 n00N133C

DO 252 M2=N,NUMS 0000134C
WPITT(6,U0) 00001350

ur FORMAT(1H ,2X,'HPS?,12X, *PANGT!, 11X, L1127 ,12X,'C121,11X, 000C1360
2 ' CRDOPPLER' ,6X,'CVIS® ,6X, 'SRT1',6X, 'SAT2¢,//) 00001370
TAU2=CON*A (M2)*%*1 < 00001380

DO 300 1=1,2%5 00001390

RI=T ¢0001400

NOVIZ DETTRMINZS CROSSLINK VISYIBILYITY WHTF® 9 MPANS NO VISIBILITY 00001410
AND 1 MEANS VISISILITY. 00001420
NOVIZ=1 0noCc1u30

CALL FLLIP(PI,T(M1),WP(M1),TP(M1),A(M1) ,TAU,FSP,R) 0COC1uu0

CALL ELIIP(RI,F(M2),WF(M2),TP(M2),R (M2),TAU2,%2P,P2) 00001450

CALL PRIME (FSP,W(M1),XI(M1),P,0.,XS,YS,25) 97001460

CALL FRIME(F2P,W(M2),XY (M2),R2,C.,X2,Y2,22) 00001470C
TT1=X2-XS 00001480
TC2=Y2-YS 00N001490
mC3=22-12S 000C1500

F12 IS THF RANGF BETWEFN TWO SATELLITES IN NAUTICAL MILES. 00001510
F12 AND T12 ARF TH® POINTING ANGLES BETWFEN TWO SATFLLITES IN DEGREES.CCO0C1520
P12=(TCI1%%=24TC2%* 24TC3%%2) %% 5 n0001530
F12=RTD*ATAN (TC2/TC1) 00001540
IF(TC1.LT.C.)F12=F124P*RTD 00001550
VIZ=(=XS*TC1=-YS*TC2-2S*TC3) /(R12%R) 00001560
IF(VIZ.GT..99090000) y172=,99999009 00001570
DEL=APRCOS (VIZ) 0000158C
DELM=ARSIN (RF/P) 00001590
IF(DEL.LE.DFLM) NOVIZ=0 00001600
T12=ARCOS(TC3/R12) *PTD 00001610

CALL DOPE(R,F(M1),R (M1),TAU,®SP,WP(N1),W(N1),XI(NT),XV,YV,2V) 00001620
CALL DOPZ(R2,E(M2),A(M2),TAU2,F2P,WP (M2),W (M2),XI(N2) ,S2,U02,V2) 00001630

DOT=(S2=-XV) *TC 14 (U2=YV) *TC2+ (V2-2ZV) *#7C3 00001640
DAT=DOT/F12 00001650

C DOP12 IS THEZ CROSSLINK DOPPLE? SHIPT IN H2Z. 00001660
DOP12==DOT*FR/CL 00001670

WRTTE (6,50) RT,P12,%12,T12,D0P12, NOVIZ,M1,H2 00001680

50 FORMAT(1H ,F€.1,P17.3,F14.3,F15,3,F20.3,19,110,110) 00001690
200 CONTINDT 00001700
WRITE (6,60) n0001710
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PORMAT (1H ,//)

CONTINN®

CONTIINUT

END

SUBROUYTINY PRIME(FSP,WS,XIS,XPS,YPS,XS,¥YS,2S)
R11=COS (PSP)*COS (¥S)~CNS (XIS) *SIN(WS) *SIN (?SP)
A12=-SIN (FSP)*COS(HS)-COS(XIS) *SIN(WS) *COS(PSP)
A21=COS (FSP) *SIN(WC) +COS(XI S) *COS (WS)*SIN (FSP)
422=-SIN(FSP) *ST"Y (V¥S) ¢COS (X IS) *COS(WS)*COS (FSP)
A31=SIN (XIS)*SIN(®SP)

A32=SIN(XIS) *COS(FSP)

XS=A11%XPS+A12%YDS

YS=A21%XPS+A22*YPS

ZS=R21%XDS¢A32%YPS

RETU2N

END

SUBROU™INE FLLIP(T,*,WP,TP,2,TAU,®SP,R)
P=2,1415924

2=22.%P* {T-TP) /TAD

P2=2, %P

IF(Z2.GT.P2)2=2-P2

IP(2.GT.P2)GO "0 2

B1=Z¢F*SIN(7)

T2=(247% (SIN(E1)) - (2*COS (F1) ) *E1) /(1. -E*COS(EY))
0=".

TA= (Z4Tx(STV(F2)) -(F*COS(R2))*T2) /(1.-F*COS (F2))
0=0+1,

DF=E3-%2

DE2=NEsx2

F2=%3

IF(DF2.GT..20€CACOCY)GO TO U
TH=ARPCOS((COS(F2) -%) /(1.-E*COS(F2)))
I?(2.GT.P)TH=2.*=P~TH

FSP=WP+TH

P=(A%(1.-T%%2)) /(1.¢F*COS(FSP-WP))

FETURN

END

SUBRQUTIVNT DODE(P,®,\,TAU,¥SP,%F,WS,XIS, XD, ¥D,2D)

©=3,1415926
T=PSP-WP
RD=(A®E#2, %D/ (TAN(1,-Es#2) % 5)) #SIN (™)

TD=(2.,*P/TRU)* ((1.-"2#2) % (-1,5)) #(1,¢T2COS(T))**2

X2?C=PD*COS (FSP) -K* THY* SIN (F<P)
XPC=YPC/3IRNN,

YPC=RD* SIN (FSP) ¢R*T D*COS (*S P)
YPC=YPC/36N0,

C*LL PPIME(".,WS,XIS,XPC,YPC,XD,YD,2D)
R*TUPN

Ty N
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07001730
00001740
00001750
00001760
0n001770
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00001850
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€©0001880
00001890
00001900
0000191C
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00001960
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00062000
100020190
90002020
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2c0020u40
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20002C60C
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APPENDIX 9

PROGRAM NOLINKE

NOLINKE searches for any visible satellite at regular intervals
around the earth. If no satellite is visible, the coordinates of
that unfortunate location are printed out in the foreground. A good
10-satellite system can require thousands of elevation angle cal-
culations for very little printout. Care should be used with NOLINKE
or large CPU time and expense will result,

The orbital elements (A in nautical miles) are entered on lines
20-70. Elevation angle requirements are entered on line 210 as EM,
in degrees. Time intervals of one hour are examined (RI = time in
hours on line 230).
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e
b
b DIMENSTON A(10),F(10y,W(1C),wP(10),TP (12),XI (10) 00000010
i DATA A/142342, ,14302,,22767,,22767,,22767.,22767., 00000020
3 31 87269,,57369.,573€%, ,57369,/ 00000025
DRER B/. 725, 725000007500 00000e0e50ss2 e/ 00000030
k DAT2 W/0.,270.,0.,0.,0.,M.,0.,%.,0.,0./ 00000040
DATA WP/-90,.,-9C.,0.,0.,%.,0.,0.,0.,0,.,0./ 00000050
DA™Y TP/C.,-6.,-3.,-9,,-15.,-21., 0000C06C
10,,-24,,-48,,-72./ 000C0065
DATA X1/63.435,€62,435,0.,0.,0.,C.,9C.,90.,90.,22./ 00000070
4 WPIT®(6,7) 00000100
E 7 FORMAT (1H ,5X,'T1¢,8X,'F1¢,13X,'N0.*,13X,*'T*,)) 00000110
% ®TD0=57.2957795 00000120
f no 11 M=1,12 00000130
3 W (™) =W (M) /PTID 00006140
E WP (M) =WP (M) /RTD 000C2%150
b XT (M) =XI (M) /RTD 00000160
i 11 CONTINNT 0C000170
pP=3,1415926 00000180
RF=34u7, 00000190
WRPAD=15.7/RTD 00000200
FM=25, coocc210
Do NN I=1,6 £C0G60220
RI=T-1. 00000230
Do 590 J=1,13 0000024C
PJI=J ¢ 0000025¢C
™= (RJ-1.)*15./PTD 00000260
DO 40N K=1,25 07200270
RK=K 07000280
FTN= ((RK=-1.)*15./PTD) 43 T*WRAD €n000290
F=FIN-RI*WFAD 00000300
TOM=€ ,9RT %10, %% (-F) 00000310
SATNO=", 00000320
DO 2CH r=1,10 00000330
RL=1 00000340
TAU=CON*A(L)**1 5 : 00000350
CALI FLLIP(RI,F(L),WNP(L),T™P(L),A(L),TAU,FSP,R) 00000360 9
CALL PRIME(PSP,W(L),YI(L),®,".,XS,YS,25) 00000370
Y=PT*SIN (T)*COS (FIN) 00000380
Y=RE*SIN(T) *SIN (FTN) 00000390
Z=RFT*COS(T) 00000400
ACC=APCOS ((X*XS4Y*YS+Z%72S)/ (RE*P)) 00000410
RGE=((XS=X) **24 (YS-Y) *%24 (ZS-Z) #%2) #* .5 00000420
ARG=SIN(ACC) *R/RGE 00000430
! IF(APG.GT..500Q009) A®G=,0999909 0cocouu0
{ D= (ARSIN(ARG) =D /2.)*°T) 00000450
{ RT=SCRT(R*P-RU*RT) 00000460
5 IF(PGF.LF.RT)D=-D 00000470
u IF(D.GT.EM) SATNO=SATNO+1. 00000480
R | IF (SATNO.GT..1) GO TO unn 00000490
4 I¥(PL.LT.9.9)GO TO 3CH 092000500
{ T1=T*oTD 00000510
P1=F*RTD 00000520
WRIT®(6,20)T1,”1,SATNO,RT 00000530
20 PORMAT(TH ,U4F12.3) 00000540
301 CONTING? : 00000550
IP(RJ.LE.1.)GO TO ©r0 00000560
' IP(RJ.GT.12.)G0 TO 500 00000570
{ uco CONTINOE 00001580
! Sa¢ CONTINNR 00000590
600 CONTINU® 00000600
2% 00000610
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SUBROUTINF PRIMZ(FSP,WS,XIS,XPS,YPS,XS,YS,ZS)
A11=COS (PSP) #COS (WS) -COS (XIS) *SIN (NS) *SIN (FSP)
A12=-SIN (PSP) *CNS (WS) -COS (XIS) *SIN (¥S) *COS (FSP)
A21=COS (FSP)*SIN (NS) ¢COS (XIS)*C0S (¥S) *SIN (FSP)
A22=-STIN (FSP) *SIN (¥5) #COS (XIS)*COS (W5)*COS (FSP)
A31=STN(XTS) *SIN(FSP)
A32=SIN (XIS)*COS (FSP)
XS=A113XPS+A128YPS
YS=221%XPS+A22*YPS
2S=A31%XPS+A32* YPS
RETURN
END
SUBROUTINS FLLYP(T,E,WP,TP,A,TAU,FSP,R)
P=2.1415926
2=2.%P* (T-"7P) /TAU
P2=2.%P
IF(Z.GT.P2) 2=2-P2
IF(Z.GT.P2) GO TO 2
EV=Z+T*SIN (2)
B2= (Z4E*(SIN(F1)) - (E*COS(EY) ) *T1) /(1.-2%COS (1))
Q=",
P3= (24T (SIN (E2) )= (F%COS (T2) ) *32) / (1. =3%COS (T2))
Q=Q+1.
DE=£3-F2
PE2=DF**2
¥2=73
TP (DE2.GT.. N0070Y1)G0 ™0 4
TH=ARCOS ( (COS (T2)-F)/ (1.-F*CAS (F2)))
IF(Z.GT.P) TH=2,.%P-TH
FEP=WP+TH -
o= (A% (1,-T%%2)) /(1. ¢E*COE (FSP-WP))
RETURN
N D
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