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Preface

The purposs of this study wes to investigete the geometric performance of a modification to
the proposed baseline constellation for the NAYSTAR Global Positioning System (6GPS). To assist in
the evaluation, a computer program developed by the Rand Corperation ( 17) was obtained and
modified for use in analyzing the geometric per-formance of this pseudoranging navigation satellite
system. The geometric performance of the currently proposed baseline constellation was analyzed
using this tool and was compared with the performance of the modified constellation. Although
additional factors still need to be considered in selecting the optimum satellite constellation, the
modification presented here greetly reduces the percentage of system outages that occur due to the
poor geometry of available satellites and, at least on the surface, appears to provide a significant
improvement over the present proposal. Perhaps more importantly, it suggests that the
expectation of Walker (22:4) that “continuous whole-Earth coverage would be provided most
effectively by a system in which the distribution of satellites over the Earth’'s surface was
maintained as uniform as possible,” is #7of necessarily truve. Since practically every snalysis
to date has assumed Walker's “expectation” as a basis for comparing constellations, the results of
this study could prove to be of significant value in future analyses.

| have had help from many individuals in this thesis effort, and would like to express my
thanks to all of them. In particular, | would like to thank Ms. Sandy Berning (AFWAL/AAAN-3),
for her assistence in obtaining to several computer files, to Dr. John Weaver
(ASD/ENSSE), for his aid in modifying and debugging the computer program used in my analysis,
and to Professor C.R. Edstrom (AFIT Math Department), for his assistance in understanding the

mathematical concepts involved.

| extend my deep appreciation snd special thanks to Dr. George M. Siouris for his extensive




guidancs as my thesis advisor, for the special interest he showed in my work, and for all the
encouragement he provided me throughout the many months of effort involved. Finally, | wish to
thank my wife Jeannette for her patience and understanding during the course of my graduste
program, and to my sons, James and Micheel, for sacrificing many hours of each day that they

could have shared with me while | worked on this thesis.

David W. Thomin
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Abstract

This investigation determined the effect of changes in eccentricity to the orbits of the
propased Global Positioning System (GPS) 18-satellite baseline constellation by analyzing the
geometric performance obtained. The effect of satellite losses upon global coverage was also
examined with an emphasis on determining which combination of remaining satellites provided
the best and worst cases. The potential of GPS for navigetion of the space-based user was explored
by analyzing the geometric performance obtained for a variety of user trsjectories and GPS
antenna beemwidths. A computer program which analyzes the many aspects of the geometric
per formance of pseudoranging navigation satellite systems was used for the analysis.

The results of this analysis indicate that a simple modification to the baseline constellation
could reduce system 6utages on a global basis by nearly 508. The modification consists of
changing the shape of the GPS circular satellite orbits to slightly elliptical ones, resulting in more
favorable satellite geometry and fewer outages to the user on a giobal average. Further
consideration to determine its feasibility was recommended. The degradation of coverage due to
satellite losses was found to be largely dependent on the combinstion of the remaining satellites,
and suggests that rephasing the remaining satellites could significantly improve the degraded
performance. The potential for conventionat use of OPS for navigation in space was shown to exist
for the low altitude user, but will be very limited for the higher altitude user due to the present
GPS antenna design. Increasing the designed antenna beamwidth was shown to significantly
improve performance for the high altitude user. It was recommended that this modification be

considered in future GPS antenna design, if conventional GPS navigation is to be desired for the

high altitude space user.
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GLOBAL POSITIONING SYSTEM - A MODIFICATION .
|

TO THE BASELINE SATELLITE CONSTELLATION g
-

"

FOR IMPROVED GEOMETRIC PERFORMANCE

I. Introduction

The Navster Global Positioning System (GPS) is a space-based, pseudoranging navigation
satellite system that will provide worldwide, nearly continuous, three dimensional position,
velocity, and coordinated universal time to the suitably equipped user (2:226). Although designed

primerily for global navigation of a terrestrial or nesr-earth user, the potential exists for

expanding its use to the space-based user. This study analyzes the geometric performance of the
proposed baseline orbital constellation not only for the earth-based user, but for the space-based
user as well. In addition, the effect on geometric performance of modifying antenna beamwidth is

examined for a variety of space-based user trajectories, including both low and high altitude

a2 IR,

orbits , intermediate transfer orbits, and typical ICBM trajectories. The effect of satellite losses

on geometric performance and system accuracy is examined with a special emphasis on the ‘best’
and * worst’ case scenarios.

The position accuracy available from GPS cen be divided into two multiplicative factors:
positicn dilution of precision (PDOP) and other "system” errors (17:1). The "system” errors
depend on the accuracy of the ephemeris data and transmitted time from the sstetlites, ionispheric
ond atmospheric effects, and various other error sources s indicated in Table |. Since the PDOP

factors depend predominantly on the user/navigetion satellite geometries, they can be analyzed
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independently of system errors, which depend on a multitude of factors. This characteristic allows

separate analyses of alternative orbital configurations, user metion, and satellite losses sustained

for the purposes of comparison and choosing the optimal constellation (17:3).

TABLE |
GPS Error Budget (2:228)
ERROR CONTRIBUTION
(METERS)
L/t Ly
ERROR SOURCE P-Code C/A Code
Clock & Navigation Subsystem Stability 2.1 (1-Sigma) | 2.7 (1-Sigma)
Space & Control Predictability of Satellite Perturbation 1.0 1.0
Segments Ephemeris Prediction & Model implementation | 2.5 25
Other 0.7 0.7
lonospheric Delay Compensstion 23 10.0
User Tropospheric Delay Compensation 20 20
Equipment Receiver Noise & Resolution 15 150
Muitipath 12 1.2
Other 05 20
Ranging Error = RSS Total 1-Sigma $.3 18.7
3D RMS Navigation Error = (PDOP RMS) (Ranging Error) 19.6 69.2
= (3.7) (Ranging Error)
3D Spherical Error Probable = (0.8) (3D RMS) 15.7 55.4

After fully analyzing the geometric performance of the proposed baseline constellstion, &

modification to this constellation will be incorporated and then be analyzed for comparison. This

modification will “target” the geographic aress of weeker coverage in an attempt to reduce the

number and length of system outages that occur (due to poor geometry) on a global basis by




¥

B Al SAD JaE O Am ol o 4
14 A v

-

Lo S0 2N A
AN N A

e Sk Sl bl Tadl dnd Snd waadh Mnat gl S lE Sadt Eaadl AL ShdnSEE S AL S Sadir S AF U RN AR ARG A A EPEL M A A LR L I AN R A A N R Y R N

changing the eccentricity of the six orbital planes and selectively positioning the periapsis point of
each orbit. As the primary tool for the analysis, a computer program on the geometric
performance of pseudoranging navigetion satellite systems, developed by the Rand Corporation
(17), was obtained and modified for this purpose. (For more information on the computer
program and its operation, see Appendix B).

in order to better understand the significance of the geometric performance of each
constellation and its effect on system accurscy, & thorough review of the terminology and GPS
concept of operation is necessary. Therefore, Chapter 1l will be devoted to providing the
background necessary for understanding the System concepts involved. The mathematical
derivations for the navigation equations will be presented in Chapter 111, and the dilutions of
precision (DOPs) will be defined and related to overall system accuracy.

Chapters IV and ¥ will be devoted to the data anslysis for both the proposed baseline
constellation and the modification to that consiellation. The geometric performance of esch
constellation will be directly compared with that of the other, and from this comparison,
conclusions and recommendations will be made and presented in Chapter VI.

To further assist the reader in understanding the information contained in this report, a
glossary of technical terms is provided in Appendix A. Appendix B provides an explanation of the
variables and subroutines of the computer program utilized in the analysis and explains the
modifications that were incorporated. The complete computer program listing is provided in
Appendix C, followed by samples of the program output (Appendix D) and selected deta extracts
(Appendix E) from the more than 150 computer runs made during this evaluation.
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II. System Concept

Background
h ~ Since the early 1960's, the idea that navigation and positioning could be accomplished using
radio signals transmitted from satellites has been actively pursued by both the Navy and the Air i

Force. Each service seperately established its own concept of such a system through an extensive

and navigation system (19:21.1.1). The success of the Navy Navigation Satellite System, better p

[
E program of studies and tests designed to demonstrate the feasibility of a space-based positioning
1
L
4

known as TRANSIT, stimulated both the Navy and Air Force to develop a more advanced system that

L would provide enhanced capabilities and global coverage. The Navy's concept, TIMATION, was

essentially a two-dimensional system and could not provide position updates in a high-dynamic

aircraft environment. The Air Force concept, Program 6218, could provide the high-dynamic
@'

capability but hed its own shortcomings as well, perticulerly from o survivability stendpoint

(10:1177).

Recognizing the need to integrate these systems, the Deputy Secretary of Defense issued 8

memorandum in 1973 which designated the Air Force as the primary agency to develop, test, and

deploy & single system that could best serve the needs of the defense (19:21.1.1). A system

concept which combined the best festures of both programs, designated the Navstar Olobal

Positioning System, was the resulting system design. Management of the Navstar GPS was assigned

to the Joint Program Office (UPO) located at Space Division in Los Angeles. _ i
i

When first conceived, the design for the fully operational system consisted of a total of 24

satellites, deployed with eight satellites uniformly distributed in each of three orbital planes,
providing continuous three-dimensional global coverage with predicted accuracies in the ten

meter range (10:1177). In 1978 and 1979 Defense budgetary constraints forced a reduction in
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funding for the GPS program. As a result, in 1980, the Navstar OPS program was restructured
and the number of satellites for the fully operational system was reduced from the 24 originally
pienned to 18. Exheustive studies have been made since that time to establish the optimum orbital
configuration for these remaining 18 setellites. System accuracy, survivability, satellite
visibility, of buildup, location and duration of outages, asse of sparing and replacement, and
growth potential of the constellation to 24 satellites were considered in the selection of what is

now the baseline constellation, which will consist of 18 satellites, uniformly distributed in six
orbital planes with three satellites per plane, and will provide neerly continuous worid-wide

coverage that optimizes accuracy over the primary arees of interest ( 15: £9.3.1).

-

SO

.’.‘|‘:nb 'v .' ‘,l ‘l .' ".

Figure 1. The Six-Plane, 18-Satellite Baseline Configuration ( 15:€9.3.2)
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Navstar System Overview
The Navstar Global Pasitioning System (GPS) is composed of three sagments es described b
beiow (Figure 2):
{4
g
L,ANDL SATELLITE
TRA.N?S‘éU(l)%NRANGE
| e AT
Ly AND L ® SATELLITE

EUDO RANGE CLOCK DATA

AND RANGE
RATE

USER
ALASKA SEGMENT

%,

VANDENBERG
AF8
GUAM

CONTROL SEGMENT

:.
g Figure 2. Navstar GPS Segments (6:218)
;.
-
X
]
A
]
]
F;
. Space Segment. Designed to be fully operational in late 1988, the orbital constellation
will consist of 18 satellites deployed in circular, 12 hour orbits of 26,600 km radius ( 10,900
{ . neutical mile altitude). The satellites will be uniformly spaced ( 1200 apart)with three satellites
_'- in each of six orbital plenes, each orbital plane inclined at 559 to the equator. Each orbital plane
g
s
- 6
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will be separated from each other in longitude by 60°. Relative phasing of the satellites from one
orbital plane to the next is 400, which simply means that when an ascending satellite in one plane
is crossing the equatorial plene, an ascending satellite in the adjacent plane to the esst is 400
above the equstorial plene in its own orbital plane (15:€9.3.1). Each satellite transmits
navigation signals at frequencies of 1575.4 MH2 and 1227.6 MHz, which contain navigation data
such as satellite ephemeris and satellite clock bias information (2:227). Use of the two signals
permits the user‘s equipment to compensate for the ionospheric group delay or electromagnetic
disturbances in the atmosphere which may alter the affected signals (19: 21.1.1). Each satellite
has 8 mean mission duration of 6.2 years and a design life of 7.5 years (15: £9.3.7), and the
present design provides for the placement of three additional satellites within the consteilation to

act as active, in-orbit, replacement spares.

control Segment. The Ground Control Segment monitors the broadcast satellite signals
and uplinks corrections to ensure predefined accuracies. The operational control segment will
consist of five monitor stations, a master control station, and three uplink antennas. The widely
separated monitor sets, positioned worldwide, will allow simultaneous tracking of the full satellite
constellation and will relay orbital and clock information to the master controtl station ( 2:226).
The ranging data accumulated by the monitor stations will be processed by the Navstar Operations
Center (master control station) for use in satellite determination and systematic error
elimination (19: 21.1.1). The master control station then forms corrections that are uploaded to

the satellites by the uplink antennas (2:227).
User Segment. The User Segment selects the four, best pesitioned satellites from those
visible and, using the navigation signals passively received from eech of these satellites, the

user’s receiver measures four independent pseudoranges and pseudorange rates to the satellites.

The receiver/processor then converts these signals to three-dimensional pasition, velocity, and
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system time. The position solution is in the World Geodetic System Coordinates (WGS-72), an
earth-centered, esrth-fixed coordinate system, which can be converted to any other coordinate
system the user desires ( 19:21.1.2).

Space Segment

Satetlites Provide RF Signal And Orbital And
Clock Parameters

o 18 Sateliites
. ® 12 Hour Orbits

AN \
User Tracks Satelite Signal Groune
To Downicad Data And Compute
Position, Velocity, And Time , : NS

“/-‘—_—_ﬁ Control s.gll'l.ﬂ'

Ground Control Tracks Satellites And
Uploads Sateliite Ephemerts And Clock
Characteristics

o S Monitor Stations

o 3 Uplink Stations

e 1 Master Control Station

e~

NnAT e e o o
P o v

Figure 3. GPS Concept of Operation ( 2:227)
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Concept of Operation
With 18 setellites, if the user is able to receive the navigation signal from satellites above a

five degree elevation angle, there are always four or more satellites available for use. (The limit

on elevation angle is due to terrain masking, line -of-sight obstructions, etc.) GPS satellites
continuously transmit navigation signals at two L-band carrier frequencies: L1, at 1575.42 MHz
and L2, at 1227.6 MHz. L1 is modulated by a Coorse/Aguisition (or C/A) code and a Precision (or
P) code, whereas L2 contains either the P or C/A code but not both; the P-code is normally used.
In addition, superimposed on both frequencies is system data at 50 bits per second that provide
handover information from the C/A to P-code, sateilite orbital characteristics, satellite heaith
satatus, and satellite clock errors (2:227). Comparison of the delay between the two signals
allows for proper computation of errors due to ionospheric propagation or electromagnetic
disturbances in the atmosphere (19:21.1.1).

Navigation using GPS is accomplished by passive triangulation. To obtain a navigetion
solution, the user messures “pseudorange” to each of the four satellites by timing the received
pseudorandom code epoch with respect to his local estimate of time. The term “pseudorange” is
used since the timing measurement of true range to the satellite contains an error in the form of a
yst undetermined clock bias. The position of the four satellites is computed using the received
ephemeris data. Using this deta and the pseudorange measurements, the user then solves four
equations in four unknowns to determine his three-dimensional position and precise time.
Three-dimensional velocity is determined by measuring the doppler shifts on the received carrier

frequency (2:227).
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i1l. Navigation Equations

The Navigation Solytion

In order to develop the navigation equations used in solving for the user's three-dimensional
position and time, we will utilize the earth-centered, right-handed, Cartesian coordinate system
as illustrated in Figure 4. At time zero, the X-axis passes through the intersection of the
equatorial plane and prime meridian, the Z-axis passes through the North Pole, and the Y-axis
compietes the right-handed orthogonal system. Because of the earth’s rotation, the x and y
coordinates are constantly changing in longitude with time.
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- Figure 4. Earth-Centered Inertial Frame ( 14:97)
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The basic nonlinear equations using four satellites are

[(x-x)2 + (y=y)2 + (2-2)2 )% +T = R; (1) -
where i
Xi,¥j:2j = Positionof the ith satellite (known) :
X,y,2 = user position (unknown)
T = clock biss (unknown) 4
R{ = pseudo range measurement to the ith satellite

The quantities R, Ro, R3. andR,4 are "pseudoranges™ in that they are the sum of the actual

renge displecements plus the offset due to user time error. Although these equations can be solved

\ P .
directly, user equipment employs a much simpler version of these equations which can be derived
by linearization methods as follows ( 14:97):
Let
XnYn2nTn = nominal (apriori best estimate) values of x.y,2,and T
Ax, Ay, Az, AT = corrections to nominal values
Rni = nominal pseudorange measurement to ith satellite
g AR, = residual (difference) between ectual and nominel

L range measurements

Thus we obtain the following incremental relationships:
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X =X,+Ax
Y =vYp+d4y
2 = 2,42
T =T+ AT
Ri = R+ AR
and
Ry = [(x,-x)2 +(y,-v;)2 +(2,-2)21% + T,

Substituting these incremental relationships into ( 1) we obtain

[(Xn + Ax- xi)2 4>(yn +Avy- yi)2 ’(Zn + A 2- 2 )2 ]‘é

= Rm + ARi - Tn" ATi (2)

Working with the left hand side of the equation and expanding terms we obtain

[(x, + Bx- x)2 +(y, +By- y)? +(z + Bz-z )2 1%
= [(x - %)% + 2 Ax(x, -x{) + (Bx)2 + (y, - ;)2 + 2 Ayly, - vy)
+(B2)2+ (2,-2)2 + 2 8z, - 2)2 + (A2)2)% (3)
Reerranging terms and eliminating second order terms, this expression can be written

simply as

(a+20)4




where ]
8 = [(x, - %)%+ (v, - ¥))? + (z,- )2

b = [Ax(x, -x) + Ay(y, -y;) + Az, -2)]

Expanding this form using the binomial series expansion we obtain

(a+ )% = (a)% [1+ 2b/a)!4

= ()1 +b/a + Higher order terms]

By noting that all higher order terms contain second order and higher terms of Ax, Ay, or

Az, we may ignore them and our equation reduces to

(0% +bal = ()% + (a)%(bsa) l
= ()% + b/(a)t
=R, + AR -T - AT (4) i

Lr_,"f Substituting our incremental relationship for R into this equation and simplifying «
f (% + /()% = [(%+ 71+ BR,-T - AT (S) ]
e
r
- or
b/(a)% = AR, - AT (6) :
4
q
f But !
1
- Ry = (@)% T, b (@)% = Ry - T, ‘

s .
o 3 {
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Substituting this expression and our expression for b into equation (6) we obtain the
linearized equations (i= 1,2 3,4) that relate pseudorange measurements to the desired user

navigation information as well as the user's clock bias:
[O¢=%)7 (R = TOT Ax + [(y, -y M(Ry - )1 Ay
+ [(z,-z)/(Ry; - T )1 Az + AT

The quantities on the right-hand side of equation (7) are known; they are simply the
differences between the actual measured pseudoranges and the predicted measurements which are

supplied by the user's computer based on knowledge of the satellite position and current estimate

of the user's position and clock bias. The quantities to be computed ( Ax, Ay, Az, and AT ) are

P the corrections that the user will make to his current estimate of his position and time bias. The
coefficients of these quantities on the left-hand side represent the direction cosines of the line of
sight vector from the user to the satellite as projected along the x, y, and z coordinate axis
system ( 14:98).

The four linearized equations represented by ( 7) can be expressed in matrix notation s

P,
b
'1
=
9 (6. 8. 8. 1) 4 e |
% 11 P2 Pz ax L5y
‘ X - ‘
E Bzy B3z B33 1 a2 AR,
: Bay gz Bgz 1 T LR4
:' L - L J L J
.
"
-
.
&
)
{
3 14

e \_"q:_' o o A "'L:..- 3‘;.'- . . ';l




where Bij is the direction cosine of the angle between the rangs to the ith satellite and the jth

coordinate ( 14:98).
To express this equation more compactly we will let
r = the four element pseudorange measurement difference vector ?
X = user position and time correction vector q
B = the4x 4 solution matrix
—B“ B o 13'13 1—
Boy Bgz Boz
o= Bz Bzp Bz |
B4y Bz Baz 1
L J
L P
x =z [ax ay az aT]T
- releR, af, sR; .":.R41T
E Thus our eguation becomes simply
P:i Bx= r o x=8'r (8)
i_’ which compactly expresses the relationship between pseudorange measurements and user position
; and clock bias.
E To understend how the geometry of the satellites at a point in time can result in a system
: ¢ outage, we need only examine the soluti;m matrix. f the ends of the unit vectors from the user to
~T' the four satellites selected are in 8 common plane, the direction cosines of the four unit vectors
;: along a direction perpendicular to this plane are all equal. When this occurs, the determinant of
F‘ -t the 4 x 4 solution matrix becomes zero (solution matrix becomes singular) and no solution is
2
}‘_.
| ¢ 15
x
b oot o N
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possible from the four equations. Consequently, the navigation equations “blow up” and what is
known as a “system outage” occurs dus to the poor geometry. The situation where this occurs is

very close to where the four satellites are in a common plane in space as shown in Figure S below.

GOOD

Figure S. 1..ustration of Navstar Setellite Geometry ( 11:433)
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User Position Accuracy

In order to determine the accuracy available from the four satellites selected as a function of
their geometry, we must caicuiate the dilution of precision (DOP) values available from the four
satellites selected. Since the overall position accuracy Isf a product of this value and other system
errors, small DOP values are highly desirable in order to yield accuracies on the order of those

previously shown in Table |. We have already seen how a poor geometry of the four satellites
selected results in the “blowing up” of the navigation equations; the corresponding effect on the
DOP values s 1o cause them to become infinitely large (resulting in a system "outage”) which ]
lasts until the geometry of the four satellites improves or an additional satellite becomes available i
providing a new combination with more favorable geometry. ]

Since the navigation equation (8) we derived in the last section is a lineer relationship, it l

can also be used to express the relationship between errors in pseudorange measurement and the

errors in user position and clock bias. Mathematically, the relationship can be expressed

(]
\

-1
8! e,
where

€. & pseudorange meesurement errors

€_ & correspondingerror in user position and clock bias
If we let

y C. & covarisnce matrix of errors in pseudorange measurements

C, = covariance matrix of the resultingerrors in the three
¢ - components of user pesition and clock bias

ML

then the matrix relationship between the two coverisnce matrices becomes




!
»
v
.
.
v
% w

¢, =8'c 8T (9)
where B is the same 4 x 4 matrix of coefficients of the unknowns that we derived previously and is
a function only of the direction cosines of the LOS unit vectors from the user to the four navsats
and the user’s clock bies ( 17:10). Thus, the error relationships are functions only of satellite
geometry, which leeds to the concept of geometric dilution of precision as & meesure of how
satellite geometry degrades accuracy ( 14:99).

In order to provide a method of quantitatively determining whether a given satellite
geometry is good or bad, we will assume that the geometric effects on the errors in pseudorange
measurements are very small (a reasonable assumption). Thus , 8 good approximation of the
geometric performance can be obtained by letting each individual pseudorange measurement have a

one sigma error of unity; thus, the covariance matrix for the errors in pseudorange

o messurements becomes 8 4 x 4 identity matrix ( 14:99). This means that the ranging errors from

each satellite are assumed to be unity, completely random, and that the correlation of ranging

errors between satellites is 2ero. To a good approximation,
¢, = (878)",
and assuming sufficient signal strength, this covariance matrix depends only on the girection

and is in no way dependent on the &7sfances between the user and each satellite (17:10). Since

the diagonal elements of this covariance matrix are actually the variances of user position and

time, various DOP volues can be obtained from looking at appropriate elements of this matrix.

These values can then be used to compare position accuracies (from a geometry standpoint) of

- different orbital configurations as well as to measure the overall effect of geometry to errors in
the user's position and time bias. 3
'
g
t
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Dilution of Precision Values

If we express the diagonal elements of the covariance matrix of errors in user position and
clock bies as V,, Vy, V,, and Yy, then the four dimensional gsomelrical dilution of

précision (6DOP) is obtained by taking the squere root of the trace of the matrix:

OD0P = [V, +V, +V,+ V)%
This factor includes all four unknowns (three dimensions of position and time) and is the
conventional measure of overall geometric performance.

A more frequently used measure of geometric performance is the three dimensional
position dilution of precision (PDOP) which relates only to the three components of
position error. PDOP is also inveriant with the ccordinete system and is used because the most
important consideration in any navigation system is position accuracy; knowing time is a

X secondary byproduct ( 14:100). It is defined as the square root of the sum of the squares of the
three components of position error, or mathematically:
PDOP = [V, +V,+V,]%

Several other aiternative DOP values are also occesionally used in evaluating satellite

. constellations and relate only some of the variances of user position and time. These include the
horizontal dilution of precision (HDOP), the a/titude dilution of precision (NDOP),
the time dilution of precision (TDOP), ond the Jarger component of horizontsl
f posrtion error (MDOP). HDOP, VDOP, TDOP, and MDOP are the DOP factors that apply for the

horizontal position error, the altitude error, the error in user clack bias (multiplied by the

speed of light), and the larger component of the horizontal position error, respectively. They are

TR T

defined mathematically as follows ( 17:10):

. N - . . . R .’ .
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HooP = [V, + ¥, I%

voop = [V, )%

0P = [vp%

MDOP = Max[(V, )%, (v,)"]

atellite Selection

In order to obtain the most accurate user position, it would be highly desirable to utilize
those four satellites with the most favorable geometry (lowest DOP values) with respect to the |
user at any instant of time. This presents no problem, should there be only four visible satellites
to choose from, as all four must be used to determine the user’s three dimensional position. The

< major ity of the time, however, there will be six or more satellites in view by an earth based user
and even more by a low aititude satellite user, and the computational time required to compute |

PDOP values for all the possible combinations of satellites is excessive. ‘

The results of many computer runs and anelytical studies have demonstrated an almost total ‘

correlation between PDOP and the volume of a tetrahedron formed by 1ines connecting the tips of

the four unit vectors from the user toward the four navsats (17:11). Usually, the larger the |

volume of this tetrahedron, the smaller the corresponding PDOP value will be for this same set of \

satellites. Since the computational time for computing the volume of a tetrshedron for each

different combination of satellites is much less than the time required to caiculate a PDOP value
( which requires a matrix inversion), the computer program used in this work as well as many

other similer studies in the pest is designed to first compute the volumes of the tetrahedrons

1

'r
L.
[
f

-
©
r

associsted with each different combinetion of four satellites, identify the "best four ™ which yield

the largest tetrshedron volumes, and then use thet combinetion of sateilites to compute the DOP

20

e
1 ) @

S . L T R S L. S P, S S, S G



L B -l it " ahd "o a uiNl necdl- athit sdiEl aet SN aME- atidh et aeh gl - ARG Mindi M- A b ek e St avien vk ik adadeatlis etk - adnk - i ausd avee -moull RN <SR -nedl Rdiicaiullc- afli- - M- i e A et e it R R e g

values (17:12). Other methods of selecting the optimum four satellites may possibly be more
efficient and have been the subject of many analytical studies, but they will not be addressed in
this paper. The problem of satellite selection is not only a problem to those conducting giobel
analyses of orbital consteilations for evaluation, but it is just as significant a problem to the
designers of User Set Equipment, as the equipment must be designed to operate quickly ir a

dynamic environment and large computer resources are not available.
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IV. Baseline Constellation Analysis

Global Distribution Run

Introduction. The reference orbit parameters for the GPS baseline constellation used in

this analysis are given in Table II. The computer program used in conducting the analysis was a t
modified version of a program developed by the Rand Corporation of Santa Monica, C alifornia,

A 1 LS T 1

on the geometric performance of pseudoranging navigation satellite systems (17). This program,

-

which itself is 8 modification of an eerlier program, developed by the Aerospace Corporation

-

for earth-based users, was selected for the evalustion over the computer program currently being
used by the Aerospace Corporation, EGAD (Efficient GPS Availability Determination) Program

(S:2), for several reesons. First, the Rand Corporation program hed been modified to

accommodate users in any esrth orbit, while the EGAD program did not have any provision for the
space-based user. The EGAD program, although a much longer program with many more
capabilities, restricted the shape and size of the orbits of the navigation satellites; the program
modified by the Rand Corporation allows the user to select any size or shape of the orbits of either
the navsats or the user satellite. Finally, the Rand Corporation program includes a feature which
allows for the variation of the navsat antenna beemwidth and determines the effect of this variation

on navigational accuracy for satellite users; the EGAD Program has no such capability.
A modification was made to the Rand program to allow for the determination of the effect of

PP .
MMM ARG SNl

satellite losses on the baseline or any other alternative constellation. In addition, a few

"J.L_i.n"""‘

corrections were found necessary in order for the program to give reliable statistics on DOP’s

e

when fewer than four satellites were visible. A minor modification of the program output was also

L

made to provide the number of satellites visible to the space-based user when fewer then four q
-

3 ,
" satellites were available to the user satellite. A description of the program and its modifications
g
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b is provided in Appendix B, and the complete computer program listing is given in Appendix C.

TABLE 1
Baseline Constellation Orbital Perameters (13: D2.3.3)

Satellite Orbit Longitude of the Right Ascension of
Number Plane Ascending Node [ Deg] the Ascending Node [ Deg®]
1 1 000 030
2 1 060 030
3 1 120 030
4 2 080 090
5 S 2 140 090
[ - 6 2 020 090
- 7 3 160 150
- - 8 3 040 150
- N 9 3 100 150
SN 10 4 060 210
5 11 4 120 210
ﬁ:":‘ 12 4 000 210
- 13 ° 140 270
" 14 S 020 270
2 15 5 080 270
N 16 6 040 330
E1-'.~:- 17 6 100 330
CI-:'_ﬁ:‘ 18 6 160 330
[ 2 Referenced to astronomical coordinates of 1950.0 as of 1 July 198S,
- 0 hr O min GMT and regressing at -0.04009 deg/dey.
;’.
R
o Selection of Parameters. For all global distribution runs, a uniform distribution of
L‘
*. users is appraximated by the DOP’s of users at a given latitude by the cosine of that latitude.
i Whenever the constellation selected was a symmetrical arrangement of satellites, only the DOP’s
t';.;' 23
3
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for the northern hemisphere were calculated as this permitted a larger number of semple points
to be selected for the analysis. Since the arrangement is symmetrical, an analysis (on a global
basis only) of the same number of sample points uniformly distributed in the southern
hemisphere would yield identical results. Consequently, the results shown for the analysis of the u
northern hemisphere are statistically representative of the entire globe.

The proper latitude and longitude step sizes were determined from the analysis of several

-
b data runs using aiternative perameters. The largest step sizes that would provide stetisticelly

representative values were selected to provide a good balance between accuracy and computer

computation costs, which are enormous for global distribution runs. The time increments used
q were selected in a similar manner-.

For symmetrical constellations, the time interval selected for each run was four hours,

since after this length of time, each satellite within the. —<stellation would have moved to the
original position of the satellite adjacent (within the same orbit) to it at the start of the run.
(Each satellite is separated from each other within the orbital planes by four hours.) Since this

snalysis was concerned only with the geometric performance of the baseline constellation for &

global basis, rather then for specific user locations, this four hour time period provides
4 statistically good data for any 24 hour period, due to the repetiveness of the satellite motion.

E!' For the non-symmetrical constellations, the time interval anslyzed was increesed to six
hours, or half the 12 hour orbital periods of the GPS satellites. This is the minimum time peribd
that could be chosen to provide statistically representative data (on a global basis) for any 24
‘ hour period. As aresult of the longer time interval required for each run, the time increments

were doubled in order to remain within computer constraints and yet still provide reasonably

E accurate data. Since the analysis in these cases focused on the comparative results between

constellations analyzed, rather than exact DOP values, this step size was found to be adequate.

¢ 24
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TABLE 11
Baseline Constellation Orbital Elements

ORBITAL ELEMENTS
ECC ARGP RASC INC ANOM PER

(Deg) (Deg) (Deg)  (Deg) (Hrs)

0.00 0.00 3000 55.00 000 1200
0.00 0.00 3000 5500 12000 12.00

|
2
3 0.00 0.00 3000 5500 24000 12.00
4 0.00 0.00 90.00 5500 40.00 1200
S 0.00 0.00 9000 S5.00 16000 1200
6 0.00 0.00 90.00 S55.00 280.00 12.00
7 0.00 0.00 15000 S500 8000 1200
‘ 8 0.00 0.00 15000 55.00 200.00 12.00
AP 9 0.00 0.00 150.00 5500 32000 1200
10 0.00 000 21000 S500 12000 12.00
" 0.00 000 21000 S5.00 24000 1200
12 0.00 000 21000 5500 36000 1200
13 0.00 000 27000 S55.00 16000 1200
14 0.00 000 27000 S5.00 280.00 1200
15 0.00 000 27000 S5.00 4000 1200
16 0.00 000 33000 S5.00 20000 1200
17 0.00 000 33000 5500 32000 1200
18 0.00 000 33000 5500 80.00

E! PARAMETERS USED IN GLOBAL DISTRIBUTION CALCULATIONS:

MASKING ANGLE = 5.00 DEGREES
LATITUDE STEP = 10.00 DEGREES
LONGITUDE STEP = 20.00 DEGREES
TOTAL TIME (MIN) = 240

( TIME INCREMENT (MIN) = S
HEMISPHERE EVALUATED = NORTHERN
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Results. If we define an “outage” to be situations where the PDOP for a given location at

some time exceeds 6.0 (a 1-sigma ranging error of 7 meters would provide 8 RMS error of 6.0 x
7m, or 42 meters in this cass), as is commonly chosen on analyses of this nature, then we can
observe (Table IV) that for the 18-satellite baseline constellation, outages occur only 0.55% of
the time over a 24 hour period, or stated in snother way, PDOP values of less than 6.0 are
available 99.452 of the time.

TABLE 1Y

Baseline Constellation Global Distribution - DOP Yalues

DILUTION OF PRECISION PARAMETERS - ACCUMULATIVE GLOBAL DISTRIBUTION
(Percentage of Time That DOP Value Shown is Exceeded)

YALUE yRop HDQP Mop IDop 2.8 4 GDOP
0.0 10000 10000 10000 1.0000 1.0000 1.0000
1.0 10000 10000 8772 7294 10000 1.0000
20 5489 0397 0141 1080 9832 9976
30 1183 0060 0041 0098 2125 3149
40 0288 0025 0025 0049 0523  .1080
5.0 0055 0025 0025 0041 0114 0317
6.0 0049 0025 0025 0041 0088 0103
70 0041 0025 0025 0025 .0041 0055

The highlighted number represents the percentage of time that an owvfage occurs due
to poor satellite geometry of the baseline constellation. A PDOP value greater than 6.0 is
considered to constitute such an outage.

26
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This agrees closely with a similar analysis conducted earlier by the Aerospace :
Corporation on the same six-plane constellation ( 15: £9.3.2), and verifies the accuracy of the ’
data. |f we choose to alternatively define an outege as a PDOP greater than 7.0, as some studies on 1
earlier constellation designs have assumed, then we can see that PDOP's greeter then 7.0 occur ﬂ
only 0.41% of the time for the proposed baseline constellation. Although this paper is concerned

primarily with the PDOP values, statistics for all six DOP's are listed in Table IV, and a complete

breakdown of each DOP by latitude is provided in the appendix.

The maximum and minimum number of satellites available to the user at each latitude and
longitude are shown in Table V. (Note that not all latitudes and longitudes are observed.) The
probabilities of n or more satellites being visible above a S degres elevation angle are shown in
Table Yi. For the proposed 18-satellite baseline constellation, at least four satellites are always
available to the earth-based user, and consequently, /¢ oulages that occur ére aue solely
lo the poor geomelry of the satellites available (o the user. By examining the
computer output located in the appendix on each individual DOP for esch latitude, we can also
determine the location of these outage aress during any 24 hour period. Typical location of outages
and time durations for the six-plane constellation are depicted in Figure 6, 7, 8, and 9. As one can
observe from either these pictorial presentations or by the computer output located in the
appendix, the primary outage locations for the baseline constellation occur in pairs approximately

centered on latitudes of 3SN and 655, with corresponding pairs centered at 35S and 65N, as shown

in Figure 7.




TABLE Y

Maximum and Minimum Numbers Seen at Each Latituds and Longitude
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TABLE Y
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Probability of Seeing N or More Satellites

NUMBER OF SATELLITES

R IR

LAT 0 1 2 3 4 S 6 7 8
PROBABILITY (IN PERCENT) OF SEEING N OR MORE SATELLITES

.‘.i'.‘.‘.-

90 10000 10000 10000 10000 10000 10000 100.00 3061 3061
80 100.00 10000 10000 10000 10000 10000 100.00 62.13 3.40 ]
70 10000 100.00 10000 100.00 100.00 100.00 97.05 42.40 16.78 #
60 10000 10000 10000 10000 100.00 98.41 77.78 44.22 11.34
50 10000 10000 10000 10000 10000 100.00 73.02 7.03 0.00
40 100.00 100.00 10000 10000 100.00 94.33 576 8.84 1.36
30 100.00 10000 10000 10000 10000 100.00 5261 1451 272
20 10000 10000 10000 10000 100.00 100.00 74.38 2132 0.00
10 100.00 10000 100.00 10000 10000 100.00 89.57 47 85 499
0 10000 10000 10000 10000 10000 10000 100.00 57.37 1.36

ON A 6LOBAL BASIS THE PROBABILITY (IN PERCENT) THAT N OR MORE SATELLITES WILL BE VISIBLE
NUMBER OF SATELLITES

PROB 0 1 2 3 4 5 6 7 8
[ 160000 10000 10000 10000 100.00 9%.17 779 315 3.49
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o Figure 6. Typical Outages for the Baseline Constellation ( 15: £9.3.4)
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Figure 7. Composite Outages for the Baseline Constellation ( 15: £9.3.4)
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Figure 8. Semple Outage Time Profile for the Baseline Constellation ( 15: £.9.3.5)
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dystem Degradation Due to Satellite Losses

Introduction. The effect of satellite losses from the 18-satellite baseline constellation
was also analyzed on a global basis, as this was one of several factors considered in selecting the
optimum configuration of the 18 satellites. For this part of the analysis, it was assumed that no
active, in-orbit spares were available. The effect upon geometric performance from losses of one
to three satellites was evaluated was evaluated for several representative cases, with an emphasis
on determining the Ses? and worse casés possible, instead of on the expected performance due
to raendom satellite losses, as most earlier studies have deait with. “"Best case™ information
might be particularly useful to these involved in the initial buildup of the constellation to its full
operational 18-satellite configuration as a means of determining both the order and placement of
each successive satellite deployment. Likewise, "worst case™ scenarios might prove to be useful to
those military planners seeking defenses against anti-satellite weapons that potential enemies
might design and deploy. Since computer restraints did not permit all possible combinetions of
satellite losses to be anatyzed (for the three satellite case there are 816 possible combinations),
the satellite losses analyzed were carefully selected in order to determine the most probable
best and worst cases. In addition, many of the combinations, due to the symmetric arrangement of
the satellites and their repetitive nature, provided identical degradation of performance (from a
global standpoint) and could be excluded. For example, if only one satellite is lost (or destroyed),
any satellite selected will m;ram the geometric performance in the same way as any other
one satellite lost. (Only the location of the outages will differ, which could be of interest to
military plenners). Similerly, a loss of a pair of setellites (1) and (4) degrade System
performance the same amount (on a global basis) as a loss of satellites (2) and (5), (3) and (6),
(S) and (8), and many other symmetrically equivalent pairs. (One need only realize that in four
hours satellites (1) and (4) move to the same inertial positions as (2) and (S5) were originally

.........
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located in order to understand this).

Results. By examining the tabular data on some representative runs in Table Vii, one can

easily see that w//ch satellites are deleted from the constellation greatly affect the amount of

AT g o J " R R . .

degradation to system performance.

TABLE VIl
System Performance Degradation Due to Satellite Losses

Satellites < PDOP g PDOP
Deleted 260 27.0

None .0055 .0041

6 0230 .0198

1 0232 .0201

1.5% .0478 .0407

1,12 .0488 .0458

1,2 .0507 .0434

1,7 0515 .0450

1,8 .0720 .0634

1,6 .0749 .0695

1,4 0779 0697

1,11 .0782 0716

1,9 .0787 .0709

1,10%= .0800 0725

45,6% .0780 .0679

1,7,13 1017 .0900

1,78 .1042 .0920

> 1,45 1057 .0928

R 1,24 1349 1245

b 1,4,7 .1380 .1258

o 1,9,15 1387 .1289

;lj 1,10,11 .1435 1325

P 1,8,15%% .1584 .1454
[ * Best Case

*% Worst Case

........................
...................
....................
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As is evident from this table, the percentage of time 3 system outage occurs in the two
satellite loss “worst case” scenario is actually greeter then the percentage of time that an outage
occurs in the three satellite loss “best cese” (8.00% versus 7.80% ). The range of values
(expressed as percentages of PDOP > 6) is rather widely spread from the best to worst cases,

varying from 4.783% to 8.00% in the two satellite case and from 7.80% to 15.84% in the three ;
satellite case. From examining this deta, it appears that a loss of closely grouped satellites, such

as three adjacent satellites within the same plane, provide the “best case” situation, while, as l

-

might be expected, losses of satellites widely separated generally resuit in the “worst case”
scenario. For the three satellite (1oss) cases analyzed, this is easily deduced from observing that
the best case occurs when all satellite losses occur in the same plane, while the worst case occurs

when the satellites deleted are separated to the maximum. From this information, it appeers that

il i i

: should satellite losses be sustained, & significant improvement In performance might be
P
' oblained in the interim (until replacement spsres could be leunched) by
rephesing the remaining sstellites lo provide as wide as possible average

separation betwesn all salellites per period Should the three satellite spares already be

on-orbit as presently planned, it suggests that these sparcs would be optimally positioned in every
other orbital plane, and repositioned as necessary within each orbit when losses are sustained, to
obtain the widest possible distribution of remaining satellites. Presently, the planned location for
placement of these three additional in-orbit spares is depicted in Figure 10, and should provide

this opportunity.
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Figure 10. Baseline Constellation With Three Spares ( 15:£9.3.7)
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Satellite User

Introduction. Although the Global Pesitioning System was designed for use by the earth

or neer-earth based user, its potential application for autonomous navigation of satellites and

space navigation is highly desirable. Until recently, few studies have been conducted in this ares,
yet based on the those studies that have been made regarding this potential epplication, the resuits

appesr promising. At least one analysis has shown that a three-dimensional accuracy on the order

of 100 meters can be obtained for autonomous navigation of gessynchronous satellites
(13:02.3.1), and even better accuracies can be achieved for space-based users at lower altitudes.
in analyzing the geometric performance of the baseline constellation for the satellite user,

the antenna pattern design of the GPS satellites severely limits the times and numbers of GPS

, - -"‘-ak L

satellites that can be observed by the satellite user, particularly at the higher altitudes. In this

somewhat limited analysis of the geometric performance of the OPS satellites for the satellite
user, its potential for navigation of the spaceborne user was exemined by analyzing DOP's

obtainable for a user in low-earth orbit, high-esrth orbit, and intermediate elliptical orbits, as

. VRARRAPRN. 1

well as for a high altitude ballistic missile trajectory. The effect of changing the antenna beam

o

angle of the GPS satellites upon the geometric performance of the system for these spaceborne

users was also analyzed to determine if significant improvement could be obtained, particularly

lnLn'lA.-.'

for the high altitude user.

Antenna Design. The OPS satellites utilize a helical array that provides a conical shaped
beem to cover the earth uniformly from their altitude of 10,900 nautical miles. This antenna
array also provides a skirt within its main lobe that extends beyond the edge of the eerth to a

limited degree, and it is this part of the antenna pattern that the geosynchronous satellite user

DY FRIRNPRONE | FUTRRR/ A

may utilize for navigation. For the L1 frequency, the main beam antenna gain at the edge of the




earth is approximately 14 dB, dropping gradually to about 3 dB at about 21.4 degrees from the
satellite to earth center line, or an 11 dB variability in antenna gain (Figure 11) over this skirt

region ( 13:02.3.2).

10 |- —

ANTENNA
GAIN IN dB

5 |- —

] I i l
30 20 10 0 10 20 30

ANGLE FROM ANTENNA CENTER LINE IN DEGREES
Figure 11. Main Beam Antenna Gain at L1 Freguency ( 13:02.3.3)
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As the user spacecraft approaches the GPS satellites, the NAVSTAR satellites keep their
antennas directed toward the center of the earth, thus forcing the user to obtain signals coming

from the NAVSTAR sidelobes and/or backlobe ( 11:432), as shown in Figure 12. Although at high

A"

altitudes, users will have only the edge of the antenna pattern available, this could be adequate for

updating ephemerides if an accurate on-board clack is available (20:21.2.1).
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GEOMETRY FOR EARTH BACKSIDE VIEWING WITH GPS SATELUTES
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USER ORBIT
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SIGNAL RECEIVING
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Figure 12. Main GPS Beam Geometry ( 11:432)
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Low Altitude Earth Qrbits. A 150 nautical mile aititude circular parking orbit
(Case 1) was selected 85 a typical low altitude earth orbit for the evaluation. The orbit chosen had
an inclination of 28 degrees and 8 90 minute period. COP veiues were computed at increments of S
minutes over a total time of 12 hours. For the designed antenna haif-angle beasmwidth of 21.4
degrees, the PDOP values obtained were extremely good, as were expected, and ranged from a best
value of 1.61 to a worst value of 2.155. Since the PDOP values using the designed antenna
beamwidth were significantly better than even for the typical earth-based users, evaluation at

other antenna beamwidths was not necessary.

Intermediate Altitude Earth Orbits. For this evaluation, a highly eiliptical
Hohman transfer orbit (Case 2) from a low aititude parking orbit to geosynchronous orbit was
chosen as representative of an intermediate altitude earth orbit. The eccentricity of the selected
orbit was 0.73, and it had a O degree inclination. The orbital period was 10.56 hours. DOP values
were computed at S minute intervals over a8 12 hour period. When analyzed with the designed
antenna half-angle beamwidth of 21.4 degrees, four or more satellites were visible only 17.9% of
the time , three or more satellites for 24.1% of the time, and two or more satellites for 518 of
the time. No satellites were visible to the user in this orbit 298 of the time.

The same satellite user orbit was also anelyzed using an antenna half-angle beamwidth of 45
degrees, with significantly better results. With this modification to antenna design, four or more
satellites were available to the user at all times, with PDOP values ranging from 1.539 to
38.663. PDOP values less than 6.0 were achieved 35.28 of the time. The results are

summerized in Table Vill.
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Table Vil

Baseline Constellation Evaluation - Satellite User

% of Time n or More Satellites

User Antenna Yisible
Satelljte BWIDTH 1 2 2 4 PDOP Range
Case 1 21.4 1000 100.0 1000 100.0 1.61-2.155
Case 2 214 710 510 241 179 1.544 -
45.0 100.0 100.0 1000 100.0 1.539 - 38.663
Case 3 21.4 100.0 100.0 1000 100.0 1.537- 1.818
Case 4 21.4 628 295 124 7.8 1.505 -
45.0 100.0 100.0 1000 100.0 1.523 -127.57
« 90.0 1000 1000 1000 100.0 1.504 - 9.361
Case S5 21.4 95.2 221 1.4 0.0
45.0 1000 100.0 1000 100.0 14.55 - 93.023
90.0 100.0 100.0 1000 100.0 6.199 - 7.928
180.0 100.0 100.0 1000 100.0 5.560 - 7.505
Low Altitude ICBM Trajectory. A typical ICBM profile (Case 3) was chosen for
this portion of the evaluation. The elliptical trajectory selected had an eccentricity of .55 and a
period of about 1.2 hours. Time of flight from launch to impact was approximately 40 minutes,
and the maximum altitude attained was slightly less than 1400 nautical miles. DOP values were
_ computed at one minute intervals for the duration of the flight. As in the low altitude earth orbit
(Case 1), exceptionally good PDOP values were achieved with the designed antenna besmwidth
:
:’ < throughout the flight, ranging from 1.537 to 1.818, as shown in Table VIlIl. Four or more
-
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satellites were always visible, and the PDOP values improved with increasing altitude all the way

to approximately 1400 nautical miles.

High Altitude Ballistic Missile Trajectory. A highly elliptical ballistic
trejectory (Case 4) with en eccentricity of .82 ond e period of 11.05 hours was analyzed.
Maximum altitude attained during flight was approximately 21,200 nautical miles. DOPs were
computed at five minute intervals for the duration of the flight. For the designed antenna
half-angle beamwidth, four or more satellites v)ere visible only 7.8%8 of the time, three or more
satellites only 12.4 8 of the time, and two or more visible only 29.5% of the time. There were no
satellites visible 37.2% of the time.

When the same case was analyzed using an antenna half-angle beamwidth of 45 degrees, four
or more satellites were always visible, with PDOP values ranging from 1.523 to 127.569. PDOP
values less than 6.0 were achieved 20.9%8 of the time. As in the previous case, PDOP values
actually improved from launch up to approximately 1400 to 1800 nautical miles in altitude.
When the antenna half-angle beamwidth was increased to 90 degrees, PDOP values improved
significantly, ranging from 1.504 to 9.361, and PDOP values less than 6.0 were achieved 50.3%

of the time, and values less thaen 7.0 were achieved over 728 of the time.

High Altitude Earth Qrbits. A circuler, geosynchronous eerth orbit (Case S) was
selected for evalustion and analyzed for several different antenna configurations. DOPs were agein
computed at five minute intervals over a 12 hour period. With the designed antenna beamwidth
there were never four satellites visible. Three or more satellites were visible only 1.43 of the
time, two or more 22.1% of the time, and one or more visible only 55.2% of the time. The
geosynchronous user can observe no satellites 44.88 of the time with the designed antenna

(] - beamwidth.
. When the antenna half-angle beemwidth was increased to 45 degrees (and higher), four or
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more satellites were always visible (Table Vi), and PDOP values improved significantly with
increasing beamwidth angle. At an antenna half-angle beamwidth of 90 degrees, PDOP values less
than 7.0 were achieved 62.1% of the time. When increased even further to the maximum 180

degrees, PDOP values less than 7.0 were achieved 87.6% of the time, ranging from values of 5.56

¢ 42

to 7.50S.
AVER AGE NUMEER OF YISIELE
SATELLITES
14.0 p
120 |/ | ;‘
100 f %
fumber 2.0 ll'
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‘e 20 \“‘“\qq.___ i
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0 25 S0 75 100 125 150 175 200 ]
Altitude (NM x 100) |
]
4
Figure 13. Average Satellite Yisibility as a Function of Altitude {
]
r
Summary. For the low altitude satellite user, the baseline GPS constellation will provide ‘
accuracies far exceeding thase obtained on the earth’s surface, as for these altitudes ( less than )
sbout 1800 nautical miles), PDOP values generally improve with increasing altitude. More
E (] satellites are generally visible to choose from, resulting in better geometry, as shown in Figure é
g 7
| 13. As the satellite user approaches higher altitudes, however, the constraints due to antenna ]
, beamwidth cause a significant degradation of performance and result in frequent outages caused by ;
P
¢ - the insufficient number of satellites available to the user. Even in these situstions, however, 1‘
% :
y ]
] 4
’ ]
:
]
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navigation can be made possible by means of sequential measurements from the GPS satellites as
they become visible to the user, a precise on-board clock, and the knowledge of the known orbital
dynamics of the satellite. Furthermore, the improvements in accurecy that can be obtained by
increasing the antenna half-engle beamwidth can certsinly not be overlooked, as such a
modification of antenna design could significantly incresse the position accuracy available to the
high altitude satellite user and should be considered if GPS is to be designed for space navigation as
well as for tactical earth navigation.

Another limitation on the use of GPS for space navigation is geometrical in nature. Not only
is it necessary to have four satellites in view for three-dimensional positioning, but the positions
of thase satellites should be widely distributed about the user in all directions to minimize PDOP
values. Even with unlimited sntenna gain and 360 degree coverage (180 degrse antenna
half-angle beamwidth) there is a limit to the position accuracy that can be achieved at higher and
higher altitudes, as the relative separation of the GPS satellites with respect to the user continues
to diminish with distance. Consequently, the altitude dilution of precision (YDOP) becomes larger
and larger, and primarily as a result of this growing component, the three dimensional position
dilution of precision (PDOP) becomes exceedingly high. For this reason, GPS will probably never
be practical for space navigation between planets in the solar system and beyond, but certainly is
feasible for satellite navigation or for the navigation of other spacecraft designed for near- earth

orbital operations.
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V. Baseline Modification Analysi

The Modified Constellation

Introduction.  The six-plane, 18-satellite constellation analyzed in Chapter IV was
recognized as having better overall capability than a variety of other candidete 18-satellite
constellations evaluated and is now considered to be the baseline GPS constellation. One of the
primery ressons that this constellstion was chosen over en eerlier three-plene, nonuniform
constetlation baseline proposal wes that a significant improvement of setellite coverage was
obtained with the six-plane configuration ( 15:€9.3.8). The 99.5%8 coverage of the six-plane
constellation was found to be significantly better than the 98.4% coverage of the three-plane
constellation, since the difference between these two is a measure of the difference from total or
1008 coverage and translates into size and duration of degraded performance areas ( 15:£9.3.2).

In all satellite constellations considered in the selection process, circular orbits of equal
period were chosen as an essential feature; it had been assumed that elliptical orbits were
adventageous for coverage of limited areas, but that the more uniform patterns provided by
circular orbits were preferable for whole-Earth coverage (22:4). Walker's expectation that
“continuous whole-Earth coverage would be provided most effectively by a system in which the
distribution of satellites over the Earth's surface was maintained as uniform as possible, subject
to the practical limitations imposed on a system necesserily involving multiple intersecting
orbits,” has been the underlying basis for this assumption. Although it would appesr to be 8
reasonable assumption, it does not take into account the fact that system outages are caused not
only by an insufficient number of satellites visible to the user, but also by the poor geometry
(with respect to the user) that may exist for those satellites in view.

Since, for the baseline constellation, there are always four or more satellites in view to the
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earth-based user, all outages that occur must be due to the poor relative geometry of the visible ]
satellites; this was a direct observation from the global distribution analysis of Chapter IV. f a #
modification to this baseline constellation could be made that would result in more favorsble

geometry during these outage periods, without causing an increese in outages at other times, it

S e ol

seems logical to expect that coverage could be improved even further. Since achange in the shape
of the orbit, or eccentricity, would result in a change in geometry, it seems reasonable to expect

that elliptical orbits might provide such an opportunity.

Assumptions It was assumed that the only modification to be made to the baseline

constellation wes to the eccentricity (shape) of the orbits. Thus, all modified constellations
considered consisted of 18 satellites deployed in six elliptical planes, three satellites per plane,
each with an orbital period of 12 hours. Each orbital plane had an inclination of 55°, and was

.\; - separated from the next by 60 degrees in longitude. The three satellites in each orbital plane were

uniformly distributed in time; this means that each was separsted from the other within a
B particular orbit by four hours, or exactly one-third of the period. Relative phasing of the
p satellites from one orbital plane to the next remained at 40° ; this means that when an ascending

satellite in one plane is crossing the equator, an ascending satellite in the adjacent plane to the east

is 40° above the equatorial plane in its own orbital plane. Since elliptical orbits were used, the

BB ek r -

e

. relative phasing of the satellites was approximated by positioning the ascending satellite in the

r afjacent plane to the east ahead of the equator by 40° of eccentric anomaly. For ease in

E. constellation buildup, as well as in the evaluation and comparison with the baseline constellation, ﬁ
= it was assumed that the eccentricity chosen for one orbit would be used for all six orbits.

;}; Choosing the Modified Constellation  With the ssumptions stated bove, there ;
;. - stil) remained the difficult task of choosing the optimum orbital eccentricity and perigee locations, .

which, it was hoped, would provide the improved coverage desired. From a practical standpoint,
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a small eccentricity would be desirable, as satellite stationkeeping and antenna pointing would be

easier if the orbits were kept as nearly circular as possible. In addition, if the orbits were made
too elliptical, outages would begin to occur due to periods when fewer than four satellites would be
visible to a user, rather than due solely to poor geometry; this would negate any advantage attained
by the improving geometry resulting from the elliptically-shaped orbits. Since this is exactly
what occurred at eccentricities much greater than 0.1, an eccentricity of .05 was initially chosen
8s a starting point for the computer analysis.

Since a satellite in an elliptical orbit travels at slowest speed near apogee and at fastest
speed near perigee, it spends the majority of its time near the apogee end of its orbit. By
positioning the apogees of each orbit over a specific area of the earth where increased coverage is
desired, 8 tremendous improvement in performance was noted; unfortunately, however, this wes
at the expense of a significant degradation of performance in other areas of the world. Thus, when
the apogees of the orbits were positioned over the middle northern latitudes, the outages were
virtually eliminated in the northern hemisphere while becoming more frequent and of longer
duration in the southern hemisphere ( Table IX). As aresult of the preliminary computer runs, it
was determined that a near optimum location, on 8 global basis, for the perigees of the modified
elliptical orbits was in the plane of the equator, 8s outages occurred less frequently in these
particular cases than any other location anatyzed.

After 'malyzing several data runs for constellations with eccentricities ranging from .01 to
.1 and with all perigees located in the equatorial plane, an eccentricity of .07 was selected as the
optimum value of eccentricity that would minimize the percentage of time outages would occur

(Table IX). 1t is significant to note that &#// eccentricities between .01 and .1 provided superior

per-formance then that of the baseline constellation in terms of reducing system outages.
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TABLE iX
Global Distribution Preliminary Data Runs
K POOP  RBPDOP

.05 239.7 Northern 0012 0010

.05 239.7 Southern 0107 0087

.02 239.7 Northern .0070 .0048

.02 239.7 Southern .0084 0068

.05 2245 Northern .0009 .0003
Py .05 2245 Southern 0114 0106
.02 2245 Northern .0028 .0023
T .02 2245 Southern .0082 .0069

.02 198.4 Northern .0032 0025

.02 198.4 Southern 0071 0062
o 01 0.0 Northern .0048 .0039
S N .02 0.0 Northern 0041 0037
:". g .03 0.0 Northern .0041 .0034
L .04 0.0 Northern 0038 .0029
AN .05 0.0 Northern 0040 .0026
b 07 00 Northern .0029 0017
' .085 0.0 Northern 0034 0015
- .10 0.0 Northern 0037 0016
o
oo Global Distribution Run
. ’ Introduction. Since the modified constellstion selected was, like the baseline
:'.;;_- ’ constelletion, a symmetrical arrangement of satellites, only the DOP's for the northern
hemisphere were calculated. The DOP’s for the southern hemisphere are identical for a global
s analysis. The latitude, longitude, and time steps were chosen to be the same as used for the
5 baseline constellation global distribution run, which allowed for the direct comparison of the
o 47
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results. The time interval selected for the run, as in the case of the baseline constellation, was

four hours, &s after this length of time the pattern of outages was repetitive due to the symmetric '
arrangement of satellites. '
A
i
]
TABLE X ;
Modified Constellation Orbital Elements !
3 ‘i
: ORBITAL ELEMENTS :
r'-' ECC ARGP RASC INC ANOM PER
& (Deg)  (Deg)  (Deg)  (Deg)  (Hrs)
X
C 1 0.07 0.00 30.00 55.00 000 1200
: 2 0.07 0.00 3000 5500 12660 12,00
. 3 0.07 0.00 3000 S5.00 23340 12.00
A\ 4 0.07 0.00 90.00 55.00 42860 12.00
S 0.07 0.00 9000 5500 16030 12.00
6 0.07 0.00 90.00 S5.00 26950 12.00
7 0.07 0.00 150.00 55.00 8380 1200
8 0.07 0.00 15000 5500 19390 12.00
9 0.07 0.00 15000 55.00 31000 12.00
10 0.07 0.00 21000 5500 12330 1200
11 0.07 0.00 210.00 55.00 230.00 12.00
12 0.07 0.00 21000 5500 355.70 1200
13 0.07 0.00 27000 5500 161.40 12.00
14 0.07 0.00 270.00 5500 27060 12.00
15 0.07 000 27000 55.00 4410 1200
16 0.07 0.00 330.00 5500 19860 12.00
17 0.07 000 33000 5500 31590 12.00
18 0.07 0.00 33000 55.00 8940 1200

PARAMETERS USED IN GLOBAL DISTRIBUTION CALCULATIONS:

MASKING ANGLE =  5.00 DEGREES

Y LATITUDE STEP = 10.00 DEGREES
LONGITUDE STEP = 20.00 DEGREES
TOTAL TIME (MIN) = 240

n TIME INCREMENT (MIN) = S

( .- HEMISPHERE EVALUATED = NORTHERN

................
--------------------------------------
................................
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‘ Results. The results of the global analysis computer run for the modified constellation
are shown in Table XI. It is significant to note that, for the modified constellation, outages occur
only 0.29% of the time, or stated in another way, PDOP values of less than 6.0 are available
99.71% of the time; this represents 8 478 reduction of outages over the baseline constellation
(Figure 14), which has outages occuring 0.55% of the time. |f PDOP values greater then 7.0 are

used as a means of comparison, outages (PDOP values greater than 7.0) are reduced by over S8%.

TABLE XI
Modified Constellation Global Distribution - DOP Values
DILUTION OF PRECISION PARAMETERS ~ ACCUMULATIYE GLOBAL DISTRIBUTION
(Percentage of Time That DOP Value Shown is Exceeded)
VALUE yDop HDoP MDop mop pnop 0P

TSTOY Y S

00 10000 1.0000 1.0000 10000 1.0000 1.0000
1.0 10000 10000 8260 .7297 1.0000 1.0000
20 5681 0439 0185  .1009 9849 9991
3.0 1202 0030 0018 0143 2257 3430
40 0334 0009 0006 0018 0650 .1111 ,
5.0 0063 0004 0004 0013 0138  .0431 ‘
6.0 0022 0004 0003 0011 0029 0114
70 0012 0003 0003 0009 0017 0028

ST N B Y WO

¢ The highlighted number represents the percentage of time thet an ou/age occurs due -
- to poor satellite geometry of the baseline consteilation. A PDOP value greater than 6.0 is q

considered to constitute such an outage.
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Constellation Comparison

2l Baseline
Constellation

O Modified
Constellation

00000 0.0010 00020 00030 0.0040 0.0050 0.0060
Percentage Above PDOP

Figure 14. Comparison of System Outages

Constellation Comparison

il Baseline
Constellation

O Modified
Constellation

0.0000 02000 0.4000 0.6000 0.8000 1.0000 1.2000
Percentage Above Value

Figure 1S. Comparison of PDOP Yalues Less Than 6.0
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This reduction in system outages that occurs with the modified system is not without some
cost. The cost of this increased coverage, however, is limited to a very slight reductjon in the
percentage of times that the best PDOP values ore obtaineble, as depicted in Figure 15. An
examination of the data in Table XI! and Table XIl! provides the resson for this slight degradation of
the best PDOP values obtainable. Although the minimum and maximum number of satellites
visible to the global user remained basically the same as for the baseline constellation, the
distribution of their occurrences did not. Since the analysis showed that there were always four
or more satellites visible to the eerth-based user for both the baseline constellation and the
modified system, the outages that occurred were attributed to the poor relative geometry of the
four satellites selected. In almost every case where this occurred for the baseline constellation,
there were only the minimum number of four satellites from which to choose from. A close
examination of Table VI confirms this, as the deta cleerly shows that five or more satellites were
inview 1008 of the time at all northern latitudes sampled except at 60°N and 40°N, which were
also the latitudes at which the outages occurred.

The modified constellation, however, provides a higher prob'obility of seeing five or more
satellites at these same latitudes, which means that in addition to the change in reletive geometry
of satellites provided by the elliptical orbits, additional satellites from which to choose are made
available over the specific regions of the earth where the outages had occurred. Consequently, the
oddition of a fifth satellite over these areas provided an opportunity for a better relative geometry
of the four satellites selected and eliminated nearly half the outages that had previousty occurred
in these arees. Since this fifth satellite was provided at the expense of a reduction of the number
of satellites available in other areas which previously had 8 higher number of satellites from
which to select, the best PDOP values obtainable in these other areas were slightly degraded.
Thus, although on a global basis the modified constellation provided a slightly lower probability in
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redistributed the "weslth” by targeting those areas of the world with weakest coverage.

TABLE X1

Maximum and Minimum Numbers Seen at Each Latitude and Longitude-Modified Constellation
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TABLE Xl
Probability of Seeing N or More Satellites-Modified Constsllation

P

NUMBER OF SATELLITES

LAT 0 1 2 3 4 S 6 7 8
PROBABILITY (IN PERCENT) OF SEEING N OR MORE SATELLITES

° "‘J'._l‘;l_i 2=

90 10000 10000 10000 10000 10000 10000 10000 4082 2449
100.00 100.00 10000 10000 10000 10000 10000 6122 351
100.00 10000 10000 10000 10000 10000 9603 42.40 1497
10000 10000 10000 10000 10000 99.21 8254 4127 10.20
10000 10000 10000 10000 10000 9932 7007 12.47 0.00
10000 100.00 10000 10000 100.00 95.12  62.02 71.26 1.59
10000 10000 10000 10000 10000 9989 63.49 1497 23
10000 10000 10000 10000 10000 9785 7449 2086 1.36
10 10000 10000 10000 10000 10000 10000 94449 4524 204

0 10000 100.00 10000 10000 10000 10000 96.71 5261 1.81

v,
3Y88338

ON A GLOBAL BASIS THE PROBABILITY (IN PERCENT) THAT N OR MORE SATELLITES WILL BE VISIBLE
NUMBER OF SATELLITES

PROB 0 i 2 3 4 S 6 7 8
100.00 10000 10000 10000 100.00 9892 80.25 30.42 279
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System Degradation Due to Satellite Losses

Introduction. Theeffect of sateilite losses from the modified baseline constellation was
analyzed for comparison with the results obtained from the analysis of the baseline constellation
discussed in Chapter IY. For this limited analysis, the effect upon geometric performance from
losses of one to three satellites was evaluated for the same cases that provided both the best and
worst performance for the baseline constellation. Whether or not these cases are the equivalent
best and worst cases for the modified constellation as well remalins to be determined, but since this
part of the analysis was conducted solely for the purpose of comparing the two constellations, these
cases should provide adequate representation of the broad range of effects.

For each computer run, a ten minute time increment was selected and the constellation was
evaluated over a six hour period. The latitude and longitude step sizes were 20° and both
hemispheres were evaluated. These parameters were identical to thase used in the analysis of

satellite losses from the baseline constellation, which adds validity to the comparison.

Results. The percentage of time that system outages occurred due to satellite losses from
the modified constellation are listed in Table XI¥. The percentages in brackets represent the
corresponding values obtained for the same losses analyzed for the baseline constellation ( Table
VII). Inpractically every cass, the modified baseline constellation provided superior performance
over the baseline constellation. As seen in the baseline analysis, the particular satellites removed
from the constellation made a large difference in the amount of degradation occurring; outages
occurred in the three satellite loss case from 8.11% to 15.38 of the time and in the two satellite

case from 4.55% to 7.47% of the time, representing the best and worst scenar ios.
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TABLE XIV

System Performance Degradation Due to Satellite Losses— Modified Constellation

Satellites £ PDOP < PDOP

Deleted 260 220
1 .0228 [.0232} 0161 [.0201])
1,5% .0455 [.0478) .0329 [.0407]
1,10%* 0774 [.0800] .0661 [.0725]
4,5,6% .0811 [.0780] .0574 [.0679]
1,8,15%* 1530 [.1584) 1349 [.1454)

* Best Case

*% Worst Case
Satellite User

Introduction. In enslyzing the geometric performance of the modified baseline
constellation for the satellite user, three cases were considered: an intermediate aititude earth
orbit, a high altitude earth orbit, and 8 high altitude ballistic missile trajectory. The low altitude
earth orbit and ICBM trajectory were not considered for this analysis as it was assumed that the
modified constellation would provide outstanding geometric performance for these two users, as
had been the case with the baseline constellation. In any event, the three cases selected were
representative of the wide range of potential satellite users and were considered adequate for the
purpaoses of this limited comparison.

The parameters selected for the computer analyses of each case were identical with those
used in the analyses of these cases for the bsseline constellation, and the cases analyzed were

identical to those described in Chepter IV. It was assumed that the GPS antennas remained pointed
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at the center of the earth throughout the orbit of the satellites, and that a sufficiently strong signal

was available to the user satellite at all distances.

Intermediate Altitude Earth Qrbits. The orbital parameters of the highly
elliptical satellite user orbit considered were described in Chapter IV (Case 2). It was analyzed
for an antenna half-angle beamwidth of 21.4 degrees and 45 degrees. With the designed antenna
half-angle beamwidth of 21.4 degrees, four or more satellites were visible 18.6% of the time
compared with 17.98 for the beseline constellation. Three or more satellites were visible 26.2%
of the time versus 24.1% for the baseline, and two or more satellites were visible 53.8% of the
time compared with S18 for the baseline. No sateliites were visible to the satellite user 27.63
of the time.

When the same user orbit was analyzed using an antenna half-angle beamwidth of 45
degrees, as in the case of the baseline analysis, significantiy better results were obtained. Four or
more satellites were available to the user at all times during its orbit, with PDOP values ranging
from 1.53 to 123. PDOP values less than 6.0 were achieved 32.4% of the time compared with

35.2% for the baseline constellation. The results are summarized in Table XV.

High Altitude Ballistic Missile Trajectory —The same highly elliptical missile
trajectory (Case 4) described in Chapter |V was used in this analysis as had been used for the
baseline analysis. Half-angle beamwidths of 21.4 and 45 degrees were selected for the
comparison evaluation. With the designed antenna half-angle beamwidth, four or more satellites
were visible to the user 7.8%8 of the time, identical to the results of the baseline analysis. Three
or more sateilites were available 14.0%8 of the time compared to the baseline 12.4%, two or more
were visible 30.2% of the time versus 29.5% for the baseline, and one or more satellites were
available 61.2% of the time compared to 62.8% for the baseline constellation. There were no
satellites visible 38.8% of the time. When the half-angle beamwidth was increased to 45 degrees,
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four or more satellites were always visible, as was found to be the case for the baseline
constellation. PDOP values less than 6.0 were achieved in this case 22.5% of the time, which was ]

a slight improvement over the 20.9% achieved by the baseiine constellation.

Table XV

Modified Constellation Evaluation - Sateilite User

& of Time n or More Satellites

User Antenna Visible
Satellite BWIDTH 1 2 2 4 PDOP Range
Case 2 21.4 724 538 262 186 1.536 -
45.0 100.0 100.0 100.0 100.0 1.539 - 123 :
Case 4 21.4 61.2 302 140 78 1.506 - !
45.0 100.0 100.0 1000 100.0 1.598 -345 k
Case 5 21.4 §38 255 27 00 ‘
45.0 100.0 100.0 100.0 100.0 14.4 - 166.2
90.0 100.0 100.0 100.0 100.0 5.7-88 :
R
High Altitude Earth Orbits. A circular gessynchronous orbit wes selected (Case S) \
for evaluation at antenna half-angle beamwidths of 21.4, 45, and 90 degrees. With the designed f‘-
entenna beamwidth, there were never four satellites visible. Three or more satellites were
visible 2.7% of the time for the modified constellation compared with 1.4% of the time fur the

baseline. Two or more satellites were visible 25.58 of the time and one or more visible only

53.8% of the time, compared with 22.1% and 55.2% respectively for the baseline.
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When the antenna half-angle beamwidth was increased to 45 degrees and higher, four or
more satellites were always available to the user. At a half-angle beamwidth of 90 degrees, PDOP
values less than 7.0 were achieved 75.8%8 of the time compered with 62.1% of the time for the d

baseline constellation. i

Summary. The geometric performance of the modified constellation for the sateilite user
is probably slightly favorable to that of the baseline constellation. For all three cases analyzed,

the modified constellation generally provides more satellites available to the user when less than

four satellites are available. When more than four satellites are visible to the user, PDOP values

less than 6.0 or 7.0 are achieved a higher percentage of time than for the unmodified baseline

constellation, resulting in fewer outages. Although only a limited number of representative orbits

ettt il o dsons

were considered in the analysis, one can only conclude from the results that the modified

constellation performs at lesst on an equal basis with that of the baseline constellation for the

typical satellite user, and probably better. Although GPS performance for the space-based user

was not considered as a factor in the selection of the baseline constellation, it certainly merits

P LA

consideration. Both the baseline constellation and the modified constellation show great potential 1

for use in near-earth space navigation.
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Vi. Conclusions/Recommendations

The Baseline Sateillite Constellation

The 18-satellite configuration now considered the GPS baseline constellation will provide
nearly continuous coverage on a worldwide basis to its earth-based users, providing them with
positioning capability of high accuracy on the order of tens of meters. Those system outages that do
occur with the proposed system will be due solely to the poor geometry of the selected satellites,
and these outages will only occur (on an average) approximately one-half percent of the time. The
duration of these outages will be brief (5-30 minutes) and the locations predictable.

Satellite losses sustained by the 18-satellite constellation will significantly degrade the
coverage available, and the amount of degradation caused by such losses will be largely dependent
on the relative positions of those satellites lost. Should replacement spares be unavailable,
rephasing the remaining satellites could substantially improve the coverage until the constellation
is restored to its original number. The planned placement of three active, in-orbit spares should
greatly increase the system's reliability and provide some flexibility in rephasing satellites to
compensate for unplanned losses.

For the satellite or space-based user, the feasibility of using GPS for pesitioning in the
conventional way is primgrily a function of both the user’s altitude and the antenna beemwidth of
the GPS satellites. With the currently designed antenna half-angle beamwidth of 21.4 degrees, the
low- altitude satellite user will usually have positioning accuracy capability superior to that of
the typical global user due to the incressad number of satellites from which to select and the
resulting better geometry. Due to the limiting constraints of the antenna beamwidth, however, the
space-based user's positioning accuracy will rapidl\) deteriorate with increasing altitude, as

fewer and fewer satellites remain avzilable for selection. Outages become more and more frequent
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until aititudes are reached where conventional positioning using four satellites simultaneously
becomes impossible. Modifying the antenna beamwidth design of the GPS satellites appesrs very
promising for expanding the usefulness of GPS to the high altitude sateilite user, but even without
such a modification, grestly improved positioning cepability for these users can be obtained by
taking sequential measurements from OPS satellites as they become available. Equipping the
receiver with a precise clock and incorporating these sequential messurements with the memory
inherent in the known orbital dynamics of the satellite will make navigation possible for these

users as well.

The Baseline Modification

In an attempt to improve the geometric performance of the baseline constellation by
reducing the number and duration of system outages, a modification was mgm to the baseline
constellation which chaenged the shape of the circular GPS satellite orbits to slightly elliptical
ones, each with an eccentricity of .07. The perigee of each satellite orbit was positioned in the
plane of the equator; all other orbital parameters remained unchanged. This modification reduced
the percentage of system outages occurring on a global basis by nesrly S0%, which was a
significant improvement in coverage over the baseline constellation. The “cost” for this
improvement was a slight reduction in the best accuracies attainable for some areas of the world.

Although elliptical orbits are certainly advantageous for coverage of limited areas of the
worid, it has generally been assumed that circular orbits are preferable for whole-earth
coverage. This assumption, however, does not appeer to be valid at lesst in this particular case, as
the outages that occurred with the baseline constellation were due solely to the poor geometry of
the available satellites, and not to the lack of sufficient satellites for measurements. Changing the
eccentricity of the satellite orbits resulted in a more favorable satellite geometry relative to the
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users on a global average; consequently, fewer outages occurred.

The modified constellation also compared favorably to the bassline constellation with respect
to the space-based user, providing positional accuracy generally better than that provided to the
user by the unmodified constellation. Since only a limited number of user orbital trajectories
were examined, it can only be concluded that the modified constellation provides the space-based
user with positioning accuracy comparable to that of the baseline, and per/sps better.

The effect of satellite losses from the modified constellation were also examined for the cases
which provided both the best and worst navigational performance for the baseline constellation. (n
almost every case, the modified constellation provided better overall coverage than the baseline

constellation.

Recommendations

Although the location and duration of system outages is considered a significant factor in
selecting the optimum 18-satellite GPS constellation, other factors may make the proposed
modification to the baseline constellation impractical to implement. It has been assumed that the
necessary satellite station-keeping is available to maintain the orbital pattern for the expected
lifetime of the satellite; precession of the line of apsides (perigee movement) due to earth
oblateness, for exemple, is approximately .022 degrees per day, and would require periodic
corrections. Further anslysis is recommended to determine the feasibility of this modification to
the proposed baseline constellation. Since the primary intent of this analysis was to determine
whether chenging the eccentricity of the GPS satellite orbits cov/d improve geometric
performance and reduce the percentage of system outages, and ~7o¢ to find the optimal
constellation, other elliptical variations of the baseline should also be analyzed for comparison.

The feasibility of modifying GPS antenna design to better accommaodate the space-based user
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should also be closely examined. Although GPS was not originally designed for use in space
navigation, the potential applications into this area appear very promising. Increasing the
antenna beamwidth, if practical, would greatly improve the availability of the GPS satellites to
users operating in space, and would make available to the user extremely accurate estimates of
position.
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Appendix A
Glossary of Technical Terms

Antenna Half-angle Beamwidth - the angle between the antenna centerline and the edge of the
main lobe skirt of the GPS anienna peattern

Apogee - the point in a satellite's orbit farthest from the central attracting body (earth)

Argument of Perigee - the angle, in the plane of the satellite’s orbit, between the ascending node
and the periapsis point ( perigee), measured in the direction of satellite motion

Ascending Node - the vector pointing from the center of the earth to the satellite as it passes
through the fundamental (or equatorial) plane in a northerly direction

Clock Bias - the error, or fixed bias, in the user's imprecise clock relative to GPS system time
provided by the GPS satellites which contributes an error in range measurement

Dilution of Precision (DOP) - a parameter used for measuring system position accuracy of
the GPS satellites as a function of the variability of satellite geometry

Direction Cosines - the numbers, representing the cosines of three angles, which completely
define the direction of a given vector relative to a given coordinate system

Eccentric Anomaly - the angle between the semi-major axis of an ellipse and a point on acircle
circumscribed about the ellipse represented by the interesection of that circle with a line,
perpendicular to the semi-major axis, through the point of interest on the ellipse

Eccentricity - aconstant defining the shape of an elliptical or other conic orbit

Fundamental Plane - the plane of the equator

ODOP - the geometric dilution of precision, a parameter which reflects the dilution of precision of
position accuracy in three dimensions plus time

Geosynchronous Orbit - a circular orbit with a period of 24 hours, situated in the plane of the
equator, such that the satellite always remains over the same point of the earth

Hohmon Troansfer - an elliptical transfer orbit between two circuler orbits requiring minimum
fuel for the maneuver

HDOP - the horizontal dilution of precision, a parameter which reflects the dilution of precision of
position accuracy in the two horizontal directions
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Inclination - the angle which describes the orientation of the orbital plane with the plane of the
equator

lonospheric Delay - the time delay of RF signals passing through the ionosphere due to a
reduction of speed and bending of the ray from refraction, inversely proportional to the square of

the frequency
Julian Time - the time from which the Julisn Calendar dates ( 46 B.C.)

Longitude of Ascending Node - the angle, in the plane of the equator, between the vector
pointing to the vernal equinox and the ascending node, meesured counterclockwise when viewed

from the north side of the fundamental piane

Masking Angle - the minimum elevation angle, due to terrain obstructions and the earth's
atmosphere, that a GPS satellite can have relative to the user and still be usable

MDOP - a parameter which reflects the dilution of precision of position accuracy in the larger
component of the horizontal position error

Orbital Elements - the six, independent quentities which are sufficient to completely describe
the size, shape, and orientation of an orbit and the position of the satellite along the orbit at a
particular time

Qutage - a situation occurring for a user at a specific location and time period when positioning
capability is unavailable due to either unfavorable satellite geometry or an insufficient number of
visible GPS satellites ( less than four)

PDOP - the position dilution of precision parameter which reflects the dilution of pesitioning
accuracy in three dimensions

Perigee - the point in a satellite’s orbit closest to the earth

Period - the time required for a satellite to traverse its entire orbit one time, dependent only on
the size of the semi-major axis

Pssudorange - the sum of the actual range displacement from the user to GPS satellite plus the
offset due o the user time error (clock biss)

Relative Phasing - the number of degrees that an ascending satellite in one orbital plane is above
the equatorial plane relative to an ascending satellite which is crossing the equatorial plane in an
adjacent orbital plane to the west

Satellite Constellation - a particular arrangement or configuration of a specific number of
satellites

Satellite Geometry - the geometrical relationship of the four selected GPS satellites relative to
the user and each other




=

Satellite Visibility - a measurement of the number of satellites above a minimum elevation
angle ( masking angle) visible to a user at a specific time and location

Semi-major Axis - aconstant defining the size of a conic orbit
Satellite User - o GPS user situated in space ( space-based user)

Sidereal Time - the time based on a sidereal day, which is defined as the time required for the
earth to rotate once on its axis relative to the stars (approximately 23"S6M045 of solar time)

TDOP - the dilution of precision in time which is an estimate of the range equivalent of the user
clock bias

Trye Anomaly - the angle, in the plane of the satellite's orbit, between periapsis and the posmon
of the satellite at a particular time, or epoch

Universal Time - the local meen solar time on the Greenwich meridian, also called Greenwich
Mean Time or Zulu time

YDOP - the parameter reflecting the dilution of precision in the vertical dimension (altitude
error)
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Appendix B
Ihe Computer Program

Introduction

The computer program used for the analysis of all satellite constellations evaluated in this
s;udy is a modification of a Fortran program, developed by the Rand Corporation, on the geometric
performance of pseudoranging satellite systems ( 17). Since a complete, detailed description of
the original program and its operation can be found in Reference 17, the information contained in
this appendix will be limited to an explanation of the variables and subroutines used in the
program and the modifications made. in addition to providing the complete program listing in
Appendix C, a sample of the output for the two types of cases (global distribution and satellite
user calculations) analyzed in this study is provided in Appendix D.

There are three types of calculations performed by the program: in Case |, the user ison a
sateilite; in Case Il, the user is positioned at 8 specific latitude and longitude on the eerth's
surface; and, in Case |11, a group of users are located at a set of latitudes and longitudes forminga
net over the whole surface or an entire hemisphere of the earth (17:15). Since only Case | and
Case 11| were used in this evaluation, no sample output is provided for Case |i; that portion of the

program was not modified and will not be addressed in this discussion.

Program Modifications

The originsl program was writlen in Fortran IY and implemented on an IBM 370/158
computer. This version of the program has been converted to Fortran V for compatibility with a
Fortrsn V compiler. The size dimension of matrix KXX in the main program and in subroutines

TAAT and TALL was reduced to accomodate a maximum of 24 navsats, rather than the 36 navsats
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provided for in the original program; this was done to cut down on the memory core storage used in
the program's operation. A local library matrix inversion routine (LINV2F), was substituted for
the matrix inversion routine used in subroutine COVNAY of the original program, end for grester
ease in entering data, formatting was changed to allow free field data input.

Although the original program contained statements that would aliow the program to
continue operation when less than four satellites were available to the earth-based user, it did not
consider these occurrences in the calculations of DOP values and thus provided erroneous data for
the global distribution calculations when this occurred. The program was modified to incorporate
these situations into the probability calculations of DOP values and thus provide accurate data. For
the satellite user, it was discovered that the original program's output was not affected by a change
in antenna beamwidth; this problem was corrected in the current version. A modification was also
made to the satellite user portion of the program to provide as output the number of navsats
available to the user when less than four satellites were visible; the original program did nat
provide this information as output.

Since average DOP values were not calculated by the program for the global distribution

runs (the primery interest was in determining when the DOP values would exceed certain limits

and cause system outages to occur ), additional statements were added to the pro@ram setting default

DOP values equal to 1000 when the covariance matrix became singular due to poor geometry. This
allowed the program to continue operation when such situations were encountered, while the
original program would have terminated. Since , in reality, the DOP values approech infinity as
an outage occurs, and DOP values much less than this are considered as constituting a system
outage (PDOP values less than 6, for example) , the exact values are unimportant at these points
8s long as they are set substentially higher than those values constituting such en outege. The
EGAD program currently in use by the Aerospace Corporation employs the same technique.
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One additional subroutine ( SATDEL) was added to the program to facilitate the analysis of the

>~ EAERENTAEREN
AN

effect of satellite losses on agiven constellation. Subroutine SATDEL allows for the program user

M e A ..

to selectively delete from one to ten satellites from the original constellstion for use in comparing

the effect upon geometric performance caused by a particuler combination of satellites. The

number of satellites to be deleted and the particular identification numbers of these satellites are
entered as part of the data input at the beginning of the program. This subroutine was necessary to !

identify which combination of satellites provided the best and worst case navigational accuracy. !

Explanation of Variables In Main Program .
The variables used in the main program and an explanation of their use is provided in Table

XV1 and Table XYII. Table XYI lists and explains the variables used for that portion of the program

involving the space-based or satellite user, while Table XVII explains those variables used for the

global distribution calculations involving the user on the ground.
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TABLE Xvi

Explanation of Yariables in Main Program- Satellite User ( 17:19-20)

FORTRAN

RF(IV)
RMX(N,IV)
RC1IY)

UPY(1y)
RMX(IP,iV)

utS

PHI
THETN
AV
BETAN

AIWID
AIN

EQUATIONS ~  EXPLANATION

Yector from the center of the earth to a navsat (where

N is the "identification number " of the navsat and "IV"
is the index of the components of the vector)

Yector from the center of the earth to a user satellite
(where "IP" is the identification number" of the user
satellite and “IV" is as above)

Yector from a user satellite to a navsat
Length of vector R

Length of vector P
Cos~'(r/R), wherer = radius of earth
Cos™(r/P)

Cos™'(r/R) + cos™(r/P)
Cos™'(R e P/RP)

Length of vector U
Cos™!(-U o P/UP)

Navsat antenna beamwidth half-angle ( input) relative
{0 a vector from the navsat to the center of the earth

e, e e
S gt
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TABLE XVi (Continued)

FORTRAN EQUATIONS

BWIDTH
USUIYCINT(N),IY) &, 1=1,2,3,4

u(iv)

THETT 8y

DELONE 8

DELTWO 8,

NJL
ISCMP

P(NK)

PER(N)

EXPLANATION

w-(8,-8,)

Unit vectors from a user toward 4 navsats (where
HINT(N) contains the "identification number" of the
satellites which have not been eliminated and “1V"
as before)

i P>R 8 =Cos™'(R/P)

If P<R and P (of the navsat closest to zenith)>1/2;
B = 109.5° - sin™ (P sin 19.5%/R)

If PSR and @ (of the navsat closest to zenith)ST/2;
8 = 70.5° - sin™ (P sin 19.5°/R)
If sin2B8;>C, 8 =Sin~'(C/sin@,)

If 5102 GT >C, 82 = 81

If Sin28;<C, 8= Cos™'(1-2C) - By

Number of navsats

Navsat selection technique parameter (1SCMP=0

for zenith; ISCMP=1 for all satellites taken four

ot a time)

Array containing the orbital elements for the satellites
(where N is the identification number of the navsat and
k=1 105 is the index on the first five orbital elements)

Orbital period of navsat or user satellite

70
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TABLE XVI (Continued)
h FORTRAN EQUATIONS EXPLANATION
=
:_.
\ CK c Numerical value representing the fraction of the area
. of a sphere with radius equal to the orbital radius of
navsats; used in calculating width of band where best
satellites will be sought (must be set equal to one when
navsats are in elliptical orbits)
e
|
\
X
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TABLE XVil

Explanation of Yeriables in Main Progrem- User on Ground ( 17:21~22)

EORTRAN EXPLANATION

LATDEG Latitude step size (5 or 10 degrees)

ELEVAT Masking angle of users

LATIC,LONIC Latitude and longitude increments to be used

INC,ITF Time increment, in minutes, at which calculations are desired
and the total number of increments, plus one, desired

R,RMX Yector from the center of the earth to a satellite

UpPYy Vector from the center of the earth to a user

STN Yector from a navsat to a user

SE Elevation ( masking) angle of a satellite

UTS Vector from a user to a navsat (-STN)

usuv Unit vector (of UTS)

NSTO Total number of navsats in view

NSPL(L) Total number of navsats in view at each latitude

CL(L) Total number of latitudes when there are four or more navsats in
view

4 Yector in the polar direction (origin at earth center)

YE Vector in the eastward direction (origin at the user)

XN Vector in the northward direction (origin at the user)

72
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TABLE XVl (Continued)

G(NSBD(N),1)

SIGT(N)
CDOP(L K,IDOP)

P1B(IX)

CAGX(LA,LC)

GLEB(IC)

QSR(IQSR)

SKEGX(LK,IQSR ,JDOP)

MAX(IL,IK)

MIN(IL,IK)

Direction Cosines ( where NSGD(N) contains the “identification
numbers"” of the four selected navsatsand| = 1 to 4)

An array containing the DOP parameters

Storage for DOPs at each time step; L= latitude index,
K= longitude index, IDOP = DOPs index

Elevation distribution: the probability that the satellites in view
will have specified elevation angles; IX= elevation angle index

Latitude elevation distribution: the probability that any navsat in
view will have an elevation angle greater than or equal to those
specified; LA=latitude index, LC= elevation range index

Accumulative elevation distribution: the probability that the
elevation angle to a navsat is greater than or equal to those listed;
IC= elevation range index

Range into which the printed variable fails; IQSR = 1,36 in steps
of .2

DOP parameters for averall global performance; LK= latitude
index, IQSR ( see above), JDOP= DOPs index

Maximum number of navsats seen at the intersections of latitudes
and longitudes; IL=1atitude index, IK= longitude index

Minimum number of navsats seen at the intersections of latitudes
and longitudes; IL=latitude index, IK= longitude index
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TABLE XVI! (Continued)

EORTRAN EXPLANATION
OBLAT(IL N) Probability (in percent) of sesing exactly N navsats; IL = '
latitude index, N=number of navsats 1
b
ACLAT(IL N) Probability (in percent) of seeing N or more navsats; IL = ]
latitude index, N=number of navsats ]
0BDIS(N) On a global basis, the probability (in percent) that exactly ]
N navsats will be seen ]
ACTOT(N) On a global basis, the probability (in percent) that N or more
navsats will be seen
NDEL Number of satellites to be deleted from the constellation
JDEL(1) An array containing the “identification numbers” of deleted
satellites

Explanation of Subroutines
Table XVill lists the individual subroutines utilized in the program and provides a brief
explanation of the purpose of each. A more detailed explanation of each subroutine can be found in

Reference 1 7.
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TABLE XVl

Computer Program Subroutines ( 17:23-27)

SUBROUTINE NAME
ORBINI(N)
ORBIT(1,T,PER,R VEL AC)

TRMATX(TR,!)

MATMUL(T V,0)
POINT(ALO ALA,TIM,VEC)

TAAT(MAX,MXX,MATRIX)

YOLUME(UVEC,IDSAT ,YOL)

COVNAY(G,1D,NAT SI6)
BLOCK DATA
VECTOR(V1,1,V2,¥3)
DOT(V1,¥2)
UNIVEC(Y,UV)
TALL(MAX MXX MATRIX)

SATDEL(P ,PER ,NJ,ND,JDEL)

DESCRIPTION
Initializes the orbital elements for the navsats and user satellite
from the input data

Iterates for the eccentric anomaly and computes the true anomaly
for each time step

Calculates the 3 x 3 coordinate transformation matrix, TR

Performs coordinate transformation of a vector by matrix
multiplication

Calculates the vector from the center of the earth to the user at
a specific latitude and longitude

Sets up the sequence of navsats which are to be examined, using
either the one above or below the user 8s one of the four in each
calculation of the tetrahedron volume

Calculates the volume of the tetrahedron formed by the set of
four satellites used

Computes the six dilution of precision values ( DOPs)
Contains various parameter values used in the program
Performs vector additions, subtractions, and cross products
Function which calculates dot product of two vectors
Calculates unit vectors

Sets up the sequence of navsats which are to be examined, using
all satellites taken four at a time

Deletes specified satellites from the nominal constellation

MRS SIS | TR N
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Computer Program Listing
1. MAIN PROGRAM | [77-90]
2. ORBINI (1) [91]
3. ORBIT (I,T,PER,R,VEL AC) [91-92]
4. TRMATX (TR,)) [92-93]
5. MATMUL (T..0) [93]
6. POINT (ALO ALA,TIM VEC) (93]
7. TAAT (MAX,MXX,MATRIX) [93] ;
8. YOLUME (UVEC,IDSAT,YOL) [93-94] ;
<, 9. COVNAY (8,ID,NAT S16) [94] d
10. BLOCK DATA [95] )
11. VECTOR (V1,y2y3) [95]
12, DOT(V1Y2) (95
13, UNIVEC (V,0V) [95]
14, TALL (MAX,MXX,MATRIX) [95-96]
5. SATDEL (P PER MJL NDEL JDEL) [96]
3
C
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TABLE XIX
COMPUTER PROGRAM LISTING

frhefstiosiubrinetubaiigniatniubifisipgshgisiisputiipinpguiuubiiaiabgfiubfubigi by

THIS PROGRAN 1S A MODIFICATION OF A COMPUTER PROGRAN BY
THE RAND CORPORATION ON THE GEOMETRIC PERFORMANCE OF PSEUDO-
RANGING MAVIOATION SATELLITE SYSTEMS, DEVELOPED FOR THE USAF.

NAVSTAR (OPS) ANALYSIS PROGRAN
(A THESIS PROJECT)
By

CAPT DAVID W. THOMIN

1964
e L

SRR RS RRE!
SR RERRRERR R

C L ] MAIN PROGRAM Skhtlk

\s COMMON/ORBIS /P(37, 25)/CON/C( 18) ) |
DIMENSION AAC3),6(3?,4), 10S(3?), 1SIC(4),KXX( 10626, 4, NSAD(37),A(3) 5
1,AF(3),RMX(37,3), SI6T(6),U(3), UPU(3), USIN(3?, 3), UTS(3), VE(3), 2(3), ;
2 YE(3),XN(3), ISAVE(3?), | INT(3?),UEL(37), I0UT(37),STN(3) N
DIMENSION QSRC36),CAOC 19, 18),6LEBC 18, PIB( 18, ACLAT( 19,36, :
1 ACTOT(36),0B8LAT( 19,36),08015¢36),CLC19),MINC19,36), MAXC 19,36, .
2 CAGX( 19, 18, NSPL( 19), SKEG( 19,36, 6, SKEGX( 19, 36,6, GLOS(6, 36, -
3 CDOP(19,36,6), ISAPP(32), PERC36)

REAL LAT,LONG,LATDEG, LADG, LAD
DIMENSION JOEL(10)

KTR=48

IPRINT=0

2¢1)=0.

220,

2(3m=1.E+10

NDEL=0

LOC=1; USER ON SATELLITE
LOC=2; USER ON GROUND AT SPECIFIED LATITUDE AND LONGITUDE
LOC»3; GLOBAL CALCULATIONS

READ (S,*> LOC,NJL, ISCIP,NDEL

IF(MDEL .EQ.0) GO TO 50

READ (S,*) CJDEL(N),MN=1,MDEL)
S0 G0 TO (100, 110, 120,L0C

- 100 00 103 K=1,5
- READ (S,*)> (P(N,K),N=1, ML)
105 CONTINUE

OOOO0
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READ (S,*) (PERCN),N=1,NJL) \
IFCMDEL .ME.O) CALL SATDEL (P,PER,NJL,NDEL,JDEL) _
NN+
RERD (S,*) (PN, K),K=1,5)
READ (5,*) PER(NJY),AIN,CX
READ (S,*) INC, ITF
0 155

110 DO 115 K=1,5
READ ¢S,*) (PCN,K),N=1,N0)
115 CONTINUE
READ (S,*> (PERCN),N=1,NAL)
IF (NDEL.NE.O) CALL SATDEL (P,PER,NJL,NDEL,JDEL)
READ (5,%) ATL,ONGL,ELEVAT
READ ¢5,%) INC,ITF
G0 TO 159

120 DO 125 K=1,5
READ (5,%) (PCN,K),N=1,N0L)
125 CONTINUE
READ (5,%) (PER(N),N=1, ML)
IFCNDEL .ME.0) CALL SATDEL (P,PER,NJL,NDEL,JOEL )
READ (5,%) LATDEG,ELEVAT
RERD (S,*) LATIC,LONIC, INC, ITF, IPFREQ, ITIME
00 135 MA=1, 19 )
CL(MA)=0. g
NSPL (MR =0 ]
L DO 130 MB=1,36 ]
| P HINCHA, 1B =30 i
MAX(MA, 118 =0
DO 130 MC=1,6 ‘
SKEGXCHA, 1B, MC =0, 3
CDOPCMR, M8, HC )=0. ]
130 SKEBCMA, 1B, MC=0. . E
DO 135 MD=1, 18
CAGX(MA, MD =0
135 CRAG(MA,MD)=0.
DO 140 MA=1,36
DO 140 MB=1,6
140 GLOS(MB,MA)=0.
DO 150 MA=1, 10
ACTOTCMA 0.
0BDISCMA)=0.
DO 145 MD=1,36
ACLAT(MA, MD =0,
145 OBLATCMA,MD)=0.
150 OGLEB(MA=O.

L 155  CONTINUE

PRINT 195

. PRINT 190

- DO 160 (P=1,MAL

- PRINT 215, IP,<PCIP, V), w-a,m,mun

- 160 CONTINUE

‘ - IFCLOC.EQ. 1) PRINT 200

3 IPeMJL+

- . IFCLOC.EQ. 1) PRINT 215, IP,<PCIP, V), 1U=1,5),PERCIP)
IFCLOC.EQ.2) PRINT 210, ATL,OMGL,ELEVAT

e
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IFCLOC.EQ.3) PRINT 205, ELEVRT,LATDEG,LATIC,LONIC, ITIME
ITT=CITF-1INC
PRINT 220, ITT, INC
IFCLOC.EQ. 1) PRINT 225, RIN,CK
IFCLOC.EQ. 1.AND. ISCIP.EQ.0) PRINT 166
IFCLOC.NE. 1.AND. ISCHP.EQ.0) PRINT 165
IFCISCHP.EQ. 1) PRINT 170

c

C THE FOLLOWING FORMATS HAVE TO DO WITH INPUT
c
165 FORMAT( 1HO, 10X, *THE SATELLITE MOST NERRLY OVERHERD |S USED RS OMNE
10F THE FOUR'/, 11X, * IN ALL CALCULATIONS OF THE VOLUME OF THE TETRAH
2EDRON" )

166 FORMATC 1HO, 10X, ' THE SATELLITE MOST NERRLY ABOVE OR BELOW IS USED A
1S ONE OF THE FOUR'/, 11X, ' IN ALL CALCULATIONS OF THE VOLLME OF THE
2TETRAHEDRON® )

FORMATC 1HO, 10X, *ALL SATELLITES, TAKEN FOUR AT A TIME, ARE USED IN'
1,/,11X, 'THE CALCULATIONS OF THE UOLUME OF THE TETRAMEDRON' >
FORMATC 1015)

FORMATC 12F6.0)

FORMAT(7F 10.0)

FORMATC 1HO, 22X, * ECC’,SX, "ARGP* ,4X, 'RASC',4X, ' INC*,5X, "ANON' , 4X,
1'PER*, /1)

FORMATC 1M1, //32X, *ORBITAL ELEMENTS')

FORMATC 1HO, 10X, *USER SATELLITE ORBITAL ELEMENTS' /)

FORMATC 1HO, 10X, *OLOBAL. DISTRIBUTION CALCULATIONS', //,

1 11X, "MRSKING ANGLE = °,F6.2," DEOREES',/,

2 11X, ‘LATITUDE STEP = *,F6.2,' DEGREES',/,

3 11X, "LATITUDE INCREMENT = *,13,/,

4 11X, 'LONGITUDE INCREYENT = *,13,/,

S 11X, 'DILUTION OF PRECISION PARAMETERS PRINTED AT TIME INCREMENT 0O
oF *,IS)

210 FORMATC1HO, 10X, ‘USER LOCATION ON ERRTH', /11X,

1 ‘LATITUDE = *,F5.2, DEGREES'/, 11X, ‘LONGITUDE = *,F5.2,
2 * DEGREES',/, 11X, 'MRSKING ANGLE = *,F6.2,' DEGREES')
215 FORMATCIH , 15X, 13, 1X,F8.3,5F8.2)
220 FORMATC 1HO, 10X, *TOTAL TIMECHIND = *, 15,7, 11X,
1 ‘TIME INCREMENTCMIND = *,13)
225 FORMATCIH , 10X, ‘BEAMIDTH ANGLECDEG) = *,F6.2,/, 11X,
1 ‘FRACTION OF NAVSAT SPHERICAL ARER = ',F6.3)
c

C SET UP ORBITAL ELEMENTS

c
00 230 N=1,NJ
P(N,22)=22808 . *(PERCN) /24 . **(2./3.)
CALL ORBINI (M)
CONT INUE
IFCLOC.EQ.2.0R.LOC.EQ.3) GO TO 235
PCIP,22=22808. #*(PERCIP)/24. ¥#(2./3.)
CALL ORBINI CIP)>
CONT INVE
INCA=O
NSTO=0
MAXNSS=0
DO 625 (T=1,ITF
< TIO=FLOATCINCR)/1440.
ITOUT=C I T=1)*INC
INCA=INCA+ INC

170

172
180
183
190

195
200
205

...........

.............
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N¥=IP
IFCLOC.EQ.2.0R.LOC.EQ.3) NN=MJL
DO 240 Ne1,NN
CALL ORBIT (N,TID,PER,RF,VE,AR)
D0 240 IU=1,3
RIXCN, 1V )=RFCIV)

240 CONTINE
IFCLOC.EQ.2) GO TO 333 ;
IFCLOC.EQ.3) GO TO 330 i

DO 245 IU=1,3 ]
UPUC IV =RIXCIP, 1V) :
245 CONTINUE )
IK=0 ]
00 265 Ne1, ML
DO 250 1U=1,3
RC IV =RIXCN, 1V)
250 CONTINUE
CALL VECTOR <R,2,UPV,UTS) -
AR=SQAT(DOTCR,R)) :
AP=SORT(DOTCUPY, UPV)) ’
A=ACOS(2. 0920 144E+07 /AR
IFCAP.LE.2.0926 144E+07) PRINT 251
251 FORMATCIH ,/,3X, ' TERMINATION OF RUN, ALTITUDE APPROACHING ZERD')
IFCAP.LE . 2. 0926 144E407) STOP
BaACOS(2. 0926 144E+07/AP) X
| P PHI=A+B A ‘
DOTRP=0OT(R, UPY) -
THETN=ACOS(DOTRP /<AR%AP ))
IFCTHETN. GE.PHI > GO TO 265
AU=SORT(DOTCUTS, UTS))
DOTUP=DOT(UTS, UPY) :
BETANSACOS(-DOTUP /CAUAP)) 3
AIHIDsAIN/CC2) ‘
B 1DTHRC(3 >~ THETN+BETAN ) !
IFCAINID.LT.BHIDTH) GO TO 265 .
K=K+ 1 ;
ISAVEC 1K J=f ]
BETRSU=BETAN
IFCBETAN.BT.CCS)) BETAN=C(3~BETAN i
IFCBETAN.LT.BETAMN) G0 TO 260
60 TO 265 :
| SATNO=N i
BETAMN=BETAN |
BETRB=BETASY ,
205 CONTINUE .
5 IFCIK.LT.4) GO TO 622 ?
2 DO 285 I=1,IK .
! IFCISAVEC) ).EQ. ISATNO) GO TO 270 ]
v 60 TO 285 ]
’ 270 INDX={ :
4

Ty

00 275 Ki=1, INDX
« - Ki 1=K1+1
. - §INTCK] | = 1SAVECK] >
- 275 CONTINUE
| NDX= | NDX# 1
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310

313

THE MMBERS OF THE SATELLITES WHICH FIT CRITERIA FOR USE, PLUS THE
ONE NERREST TO OVERHERD HAVE BEEN CALCULATED

DO 280 Ki=INDX, IK

1INTCK) Y= SRVECK ] )

COMT INUE

60 TO 290

CONT INUE

| INTC 1= SATNO |

IFCISCIP.EQ. 1) 6O TO 335 ;
|

10SC 1 =1 INTC1)
NSS=1
DO 295 IU=1,3
RCIV=RIXCTINTC1), 1U)

CONT | NUE
CALL VECTOR (R,2,UPV,UTS)

CALL UNIVEC (UTS,U)

DO 300 (U=1,3
USUUC T INTCT), 1U=UCIV)

CONT INUE
00 325 N=2, IK
D0 305 Iu=1,3
RCIU=RMXC | INTCND, 1U)

CONT INUE
CALL VECTOR (R,2,UPV,UTS)

CALL UNIVEC (UTS,U)

DO 310 IU=1,3
USUUC | INTCND, TU=UCIY)

CONT INUE
AR=SQRT(DOT(R,R))
AP=SORT(DOTCUPY, UPV))

IFCAP.GT.AR) THETT=ACOSCAR/AP)
1£<)m.l.e.m.nn.asms.e‘r.c<s» THETT=109.5/C(2-ASINCAP* . 33380666 /
'AFGP.LE.H.FID.ETBS.LE.C(S)) THETT=70.5/C(2 -RSIN(AP* . 33380066 /A

)

DOTRP=DOT(R, UPV)

THETN=ACOS(DOTRP /CARAP ) )
SINTT=SINCTHETT )

SINTSQ=SINTT#+2

IF(SINTSQ.6T.CK) GO TO 315
DELONE=THETT
AND=1.-(CK/.5)

DEL THO=ACOSCANG >~THETT
00 TO 320
CONT INUE
DELONE=RSINCCK/SINTT)

DEL THO=DELONE
IFCTHETN.LT. (THETT-DELONE)) 60 TO 325
IFCTHETN.GT . CTHETT+DELTHO)) GO TO 325
NSS=i88+ 1
108CNSS Y= | INTCN)

CONT I NUE

IFC(NSS.LE.4) G0 TO 625

60 TO 335




o000

END OF USER ON SATELLITE

CALCULATIONS FOR USER ON EARTH AT SPECIFIED LAT AND LONG, AND

GLOBAL DISTRIBUTIUONS FOLLOW

330 CONTINUE

483

IFCLOC.EQ.2) LONG=ONGL
IFCLOC.EQ.2) LAT=ATL

CALL POINT CLONG,LAT,TID,UPV)>
NSE=0

CLCL J=CLCL )+ 1.

DO 350 MN=1,NA

DO 340 IU=1,3
RCIV=RAMXCN, 1V)

CONT |NUE

CALL VECTOR CUPV,2,R,STN)

SE=-DOT(STN, UPV)>/SQRT(DOT(STN, STN »*DOT (UPV, UPV)>)
IFCABSCSE).GE. .9000000) SE=SIGN(1.,

EL=ASINCSE #C(2)
IFCEL.LT.ELEVAT) GO TO 350
NSS=NSS+ 1

1 INTCNSS 2=

UEL(N)=EL

CALL VECTOR (B,2,UPV,UTS)
CALL UNIVEC (UTS,U)

DO 345 1U=1,3

USUUCN, 1V=UC 1)

CONTINUE

IX=d INTCNUY'
AEA=UEL(1X)
IFCRER.GT . HIGH)
IFCREA.LE.HIGH)
HIGH=RER
NMN=NUN

CONT INUE

D0 370 NU=1,NSS
IFCNU.EQ.NND NX={
IFCMULLT. M) MX=tU+ 1
IFCNU.GT. NN NX=iY
10SCNX D=1 INTCNUD

88
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C 370 CONTINUE
TO 400

10SCNSS)> HAS THE SATELLITE NEAREST TO OVERHEAD, THEN ALL OTHERS
WHICH FIT CRITERIA

NEXT CALCULATIONS ARE CONCERNED HITH FINDING THE COMBINATION OF
FOUR SATELLITES WHICH HAVE THE GRERTEST UALUE OF THE VOLUME OF THE
TETRAHEDRON FORMED BY THEM

CONT INUE
DO 300 IKN=1, IK
DO 380 1U=1,3
RCIUDAIXC | INTCIKND, 1)
CONTINUE
CALL VECTOR (R,2,UPV,UTS)
CALL UNIVEC (UTS,U)
DO 385 IU=1,3
USUVC T INTCIKND, 1V =UCIV)
CONT INUE
CONT INUE
D0 395 |JK=1, 1K
105C 1K = INTCIK)
GO TO 401
IFCNSS.LT.4) GO TO 470
B0X=-10.
IFCISCIP.EQ. 1) GO TO 405
KOT=NSS :
NSS=SS- 1 ]
CALL TRAAT (NSS,KCOM,KXX) "
ISICC1)=105¢ 1) :
LPN=2
T0 410
KOT=1K
IFCLOC.EQ.2.0R.LOC.EQ.3) KOT=NSS
CALL TALL CKOT,KCOM,KXX)>
LP={
410 D0 430 Me1,KCOM
DO 415 LPQ=LPN, 4
NUX=KXXCH, LPG )
1S1CCLPQ = 10SCNUX )
415  CONTINUE
CALL UOLUME (USWY, ISIC,UOLUN ) |
IFCUOLLM. GT.BOX) GO TO 420 ;
1FCUOLUM.LE.BOX) G0 TO 430
420 BOX=YOLUM
DO 425 MC=1,4
5 NSGDCMC X=1S1CCHC)
] 425  CONTINUE
430 CONTINUE
DO 440 N=1,4
DO 435 1U=1,3
RC IV =RIXCNSODCN), 1V)
CONT INUE
CALL VECTOR <R, 2,UPV,UTS)
CALL VECTOR (2,3, UPV,VE) .
CALL VECTOR (UPY,3,VE,XN) !
AX=SQAT(DOTCXN, N)) g
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AV=SORT(DOT(VE, VE))
AP=SQRT (DOTCUPY, UPY))
ALT=AP /6076 116~3444 .
AS=SORT(DOT(UTS, UTS )
. GCNSGDCN), 1>=DOTCXN, UTS )/ ¢CAX*RS )
¥ GCNSGD(N), 2 Y=DOT(YE, UTS )/(AYV*RS )
i GCNSGDCN), 3 =DOTCUPV, UTS ) /CAP*RS )
y GCNSBOCN), 4 )=1.
b 440 CONTINUE
ﬁ CALL COWNAV (O,NSGD,4,SI0T)

. IFCLOC.EQ.3) GO TO 480

. IFCLOC.EQ.2) ALT=0.
DO 445 li=1,4

IOUTC ) 1 )=NSGDC I 1 )
CONT INUE

IL=1
LK=4
DO 455 NM=1,KOT

1 TST=NSGDC IL)

IFCITST.EQ. I0SCNN)) GO TO 450
LX=LK+1

10UT (LK )=10S(NN)
GO TO 455

IL=iL+1
IFCIL.EQ.5) GO TO 460
CONT INUE
KOS=it+ 1
DO 465 LK=KOS,KOT

10UTCLK Y= 0SCLK)
CONT INUE

1TOUT=C 1 T-1)*INC
KTR=KTR+2

IFCKOT.GT. 18) KTR=KTR+1

IFCKTR.GE.40) GO TO 470
GO TO 475

4720 PRINT 525

KTR=0

475 PRINT 530, ITOUT,ALT,(SIGTCKP),KP=1,6), CIOUT(KP),KP=1,KOT)
c

C EMD OF CRLCULATION FOR SINGLE USER ON ERRTH
3 - c
. 60 TO 625
L4 c
[ - C FOLLOMING CALCULATIONS FOR GLOBAL DISTRIBUTION
c

479 KOT=NSS

SIGT( 1)=1000.

.- SIGT(2)=1000.

P SIGT(3)=1000.
SI6T(4>=1000.
SIGT(S>=1000.
S1GT(6)=1000.
DO 483 1DOP=1,6
CDOP(L, K, IDOP »=S|GT¢ |DOP
f DO 490 NS=1,6
;‘! . KA=HAXOC 1, NINMOC INTCSIGTCNS 5. 41, ),38))
" - 400 SKEG(L,KR,NS)=SKEG(L ,KR,NS>+1.
9 00 495 NA=1,KOT
o

3
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I=10S¢CHR)
ELT=UELC1)
KO=MINOC INTCELT/S. 41, 18)
495 CROCL,KO)=CAGCL,KO)+1.
MAXCL, K =MAXOCMAXCL, K ), KOT)
MINCL, K>=HINOCHINCL,K), KOT )
OBLAT(L,NSP >=0BLATCL ,NSP >+ 1.
SO0 CONTINUE
IFCLOC.EQ.3.AND. IPFREQ.EQ.0) 60 TO 625
NO !NTERMEDIATE PRINT
IFCIPRINT.EQ.0.AND. IT.EQ. 1) GO TO 505

c PRINT FIRST TIME STEP
IPRINT=IPRINT+1
IFCIPRINT.EQ. ITIME) GO TO 508
c PRINT ERCH TIME STEP REQUESTED
G0 TO 625
S05 IPRINT=0
DO 515 1D0P=1,6

IFCIDOP.EQ. 1) PRINT 535, 1TOUT

IFCIDOP.EQ.2) PRINT 540, 1TOUT

IFCIDOP.EQ.3) PRINT 545, 1TOUT

IFCIDOP.EQ.4) PRINT S50, 1TOUT

IFCIDOP.EQ.S) PRINT SSS, 1TOUT

IFCIDOP.EQ.6) PRINT 560, 1TOUT

IFCLATDEG.EQ. 10. > PRINT S65

IF(LATDEG.EQ.5. > PRINT 570

ICT=-10

DO 510 1C=1,36

ICT=ICT+10

IFCICT.LE.90.0R. ICT.GE. 190) PRINT 575, ICT,<CDOPCIK, IC, 100P), IK
1=1,19)

IFCICT.EQ. 1005 PRINT 580, (CDOPCIK, IC, IDOP), IK=1, 19)
IFCICT.EQ. 110) PRINT 565, (CDOPCIK, IC, IDOP), IK=1, 19)
IFCICT.EQ. 120) PRINT 590, <CDOPCIK, IC, IDOP), IK=1, 19)
IFCICT.EQ. 1305 PRINT 505, (CDOPCIK, IC, IDOP), IK=1, 19)
IFCICT.EQ. 140) PRINT 600, <CDOPCIK, IC, IDOP), IK=1, 1)
IFCICT.EQ. 150) PRINT 605, (CDOPCIK, IC, IDOP), IK=1, 19)
IFCICT.EQ. 160> PRINT 610, <CDOPCIK, IC, IDOP), IK=1, 19)
IFCICT.EN. 1707 PRINT 615, (CDOPCIK, IC, 100P), IK=1, 19)
IFCICT.EQ. 180) PRINT 620, <CDOPCIK, IC, IDOP), IK=1, 19)

510 CONTINUE
SIS CONTINUE
DO 520 ICL=1,19
DO 520 ICK=1,30
DO 520 ICD=1,6
R 520 CDOPCICL, ICK, ICD)=0.
- c
¢ C THE FOLLOMING FORMATS HAUE TO DO WITH A SPECIFIED TIME STEP
3 C REQUEST FOR PRINTING
{ c
s $25 FORMATCTHY, /7, 1X, 'TIMECMN)D', 1X, ‘ALTCNMD, 4X, *VDOP*,
& 1 5X, "HDOP*,5X, ‘MDOP* ,5X, ' TDOP* ,5X, *‘PDOP*, S5X, 'ODOP" , 4X,
q 2 *SATELL ITES CHOSEN',//>
p 530 FORMAT(1HO, 17,F9.0,6¢F9.3), 1X, 19C1X, 12), 7, 72X, 12C1X, 12))
2 .= 531 FORMATCIHO,17,F9.0,° OMLY °,I4,° SATELLITES ARE VISIBLE. )
: S35 FORMATC1H1,//,10X,'TIME = *,16,20X, ‘UDOP - ALTITUDE®)
540 FORMATC 1M1, //,10X, 'TIME = *,16,20X, "HDOP - POSITION ERROR IN HORI2
¢ 85
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1ONTAL PLANE®)

S45 FORMATCIHY, //, 10X, ‘TINE = *,16,20X, ‘MDOP ~ LARGER COMPONENT OF POS
11TION ERROR* )

S50 FORMATC1HY,//, 10X, ‘TIME = *,16,20X, "TOOP - TIME®)

SS5  FORMATCMY, /7, 10X, "TIME = *, 16,20, ‘PDOP - THREE DIMENSIONAL POSIT
110N ERROR’ )

S60 FORMATCIHY,//, 10X, 'TINE = *,16,20X, "GDOP - FOUR DIMENSIONAL POSITI
10M ERROR* )

S65 FORMATC 1HO, 52X, ‘LATITUDE', //,9X,’ 90°,3X,* 80°,3X,’ 70°,3X,* 60°,
13X, S0°,3X,°' 40°,3X,' 30°,3X,’ 20°,3X," 10°,3X," 0°,3X,'-10°,
2 3X.°-20°.3X,°'-30".3X, '~40",3X, '-50",3X, "-60",3X, *-70",3X, *-60°,
3 3X,°-90°,/)

5?0 FORMATC 1HO, 52X, ‘LATITUDE", //,9X, " 90°,3X,° €3°,3X," 80°,3X,"' 73°,

1 3x,’ 70°,3X,° 65°,3X,' 60°',3X,* 55°,3X,’ %0°,3X,’ 45°,3X," 40",

2 ax,‘ 3%°.3X,‘ 30°,3X,° 25°,3X,’ 20°,3X,' 15°,3X,’ 10°,3X,’ S',

3 3x,° 0,/

FORMATCIH ,2X, 13, 1X, 19F6.2)

FORMATCIH ,°L’, 1X, * 100°, 1X, 19F6.2)

FORMATCIH , *0°, 1X, ' 110°, 1X, 19F6.2)

FORMATCIH |, °N*, 1X, * 120°, 1X, 10F6.2)

FORMATCIM |, *G°, 1X, * 130°, 1X, 19F6.2)

FORMATCIN , 1, 1X, * 140°, 1X, 19F6.2)

FORMATCIH |, °T°, 1X, * 150°, 1X, 19F6.2)

610 FORMATCIH ,U’, 1X, 160", 1X, 19F6.2)

615 FORMATCIH ,'D’, 1X, * 120", 1X, 19F6.2)

620 FORMATCIH ,°E’,1X,° 180", 1X, 19F6.2)

R85848]

622 ITOUT=CIT-1)%INC
ALT=AP /6070 . 110-3444.
KTR=KTR+2
IF (KTR.OE.40) GO TO 623
G0 TO 624
623 PRINT 525
KTR=0
624 PRINT 531, ITOUT,ALT, IK
625 CONTINUE
IFCLOC.EQ. 1.0R.LOC.EQ.2) 60 TO 920
IMNSSPO=HRXNSS+ 1
DO 630 Li=1,36
630 QSACL I =FLOAT(LI-1>%.2
DO 640 IX=1,18
PIBCIX)=0.
DO 635 1v=1,19
PIBCIX =P IBCIXMCABCIY, 1X)
PIBCIX>=(PIBC | X)/FLOATCNSTO))*100.
DO 661 LA=1, 19
IFCCLCLAY.EQ.0. .OR.NSPLCLA).EQ.0) GO TO 661
0O 630 M=1,30
00 630 I=1,6
SKEGX(LA,N, | =0,
DO 645 J=N, 38
SKEGXCLA, N, | )SKEGX(LA, N, | WEKEG(LA, J, | )
SKEGX(LA, N, | )=SKEGX(LA, N, | )/CL(LA)
DO 660 LC=1, 18
CRGX(LA, LC)=0.
DO 655 LF=LC, 18
655 CROX(LA,LCI=CROX(LA, LC #CROCLA,LF)
CAGX(LA, LC =CABX(LA, LC )/FLOATCNSPLCLAY)
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660 CONTINUE
661 CONTINUE

PRINT 780
PRINT 785, CPIBCIX), IX=1,18)
IFCLATDEG .EQ.S. ) PRINT 705
IFCLATDEG.EN. 10. > PRINT 800
ICT=~5
00 685 LO=1, 18
ICT=ICT*S
PRINT 815, ICT, (CAGXCLA,LC),LA=1, 19)
665 CONTINUE
CVS=0.
DO 680 LM=1, 19
IFCCLCLN).EQ.0. .OR. NSPLCLM).EQ.0) GO TO 680
CU=COS( (90 . FLORTCLI- 1 JLATDEG 2CC 1))
CUS=CUSHCY
DO 670 IN=1,6
DO 670 11=1,36
670 GLOSCIN, | | )mGLOSCIN, | | }SKEBXCLN, 1 1, INYCV
00 675 Lh=1, 18
GLEBCLN Y=GLEBCLN #CAGXCLI, LN YoCY
CONTINUE
DO 683 Lh=1, 18
GLEBCLN =GLEBCLN) /CVS
PRINT 805
PRINT 810, (GLEBCIC), IC=1, 18)
o DO 690 IN=1,6
& DO 690 11=1,38
690 GLOSCIN, | 1 DGLDSCIM, 11)/0VS
D0 695 JOOP=1,6
IFCJOOP.EQ. 1) PRINT 830
IFCJOOP.EQ.2) PRINT 833
IFCJOOP.EQ.3) PRINT 940
IF(JDOP.EQ.4) PRINT 845
IFCJOOP .EQ.S5) PRINT 850
IFCJOOP.EQ.6) PRINT €55
IFCLATDEG.EN. 10. > PRINT
IFCLATDEG.EQ.S. ) PRINT
DO 095 1QSR=1,36
PRINT 775, QSRCIQSR), (SKEGX(LK, 1QSR, JOOP),LK=1, 19)
695 CONTINUE
PRINT 860
00 700 IQSR=1,36
PRINT 865, QSRCIQSR), COLOSCIN, 1QSR), IN=1,6)
700 CONTINUE
PRINT 870
LADG=GD.
IF(LATDEG. EQ. 10. ) LAD=-10.
IFC(LATDEG.EQ.5. ) LAD=-5.
PRINT 880
00 705 IL=1,19
PRINT 885, LADG, ChAXCIL, 1K), IK=1,36)
LADG=LADG+LAD

705 CONTINE
- PRINT 873

& &3
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LADG=90.
D0 715 iL=1, 19

00 710 I1X=1,36

IFCHINCIL, 1X).EQ.30) MINCIL, 1X)=0
CONT INVE

PRINT 883, LADG, CMINCIL, 1K), IK=1,36)
LADG=LADGH.AD

CONT INUE

DO 720 Me1,MNSSPO

0BD1SCN)=0.

D0 720 L=1, 10

IFCCLCLY.EQ.0. .OR.NSPL(L).EQ.0) GO TO 720
OBLATCL, N)=(0BLATCL, N>/CLCL))*100.
CONT INUE

DO 730 L=1,19

DO 730 Ne1,MNSSPO

ACLATCL,N)=0.

DO 725 MeN,MNSSPO

ACLATCL, N)=ACLATCL, N >+O0BLATCL , 1>
CONT INUE

C0=0.

DO 740 L=t, 10

IFCCLCL).EQ.0. .OR.NSPLCL).EQ.0) GO TO 740
CA=COS( (90 . ~FLOAT (L~ 1 YLATDEG Y*C¢ 1))
CO=CO+CA

DO 735 M=1,MNSSPO

0BO1SCN =080 1S (N>+OBLATCL, N)*CR
CONT IMNUE

DO 745 N=1,MNSSPO
0BO1S¢N=0B01S(N)>/CO

DO 730 Ne=1,MNSSPO

ACTOT(N =0,

DO 750 MM, MNSSPO
ACTOT(N>=ACTOTCN>+0BD1SCN)

D0 755 I=1,32

ISAPPC | D=i=-1

CONT INUE

NP=1

IMNS=IRSSPO

IF (MNSSPO.GT. 16) MNS=16

PRINT 890, CISAPPCI), I=1,16)

PRINT 900

LADG=90.

DO 765 IL=1,19

PRINT 805, LADG, COBLATCIL,N), NeiP, INS)
LADG=LADGHAD

CONT INUE
PRINT 905

LADO=00.

00 770 IL=1, 19

PRINT 905, LADG, CRCLATCIL,ND, NeiiP, IS )
LADO=LADG+.AD

CONT INUE

PRINT 910

PRINT 790, COBOISCND,N=tP,INS)

PRINT O1S

PRINT 700, CRACTOTCND,N=iP,INS)-
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IF(MNSSPO.LT. 16) GO TO 920
IF(MNS.GT. 16) GO TO
MNS=ITNSSPO

WP=1?

PRINT 690, CISAPPC1),I1=17,32)
60 TO 760

c

C THE FOLLOWING FORMATS HAVE TO DO WITH A OLOBAL SYSTEN
c

775 FORMATCIH ,F4.1,3X, 19F6.3)

780 FORMATC 1M1, /77771, "ELEVATION DISTRIBUTION - PROBRBILITY THAT THE
1SATELLITE IN VIEN HILL HAVE ELEVATION ANGLES AS LISTED',//,48X,

2 'ELEVATION ANGLE')

785 FORMATCIHO,6X,' O-5 S5-10 10~13 13-20 20-25 25-30 30-35 33-40 40
1~45 45-50 50-55 55-60 60-65 65-70 70-75 73-80 60-85 65-90°,//,2X,
2 ‘PROB’, 1X, 18F6. 1)

790 FORMAT( 1HO, 3X, 'PROB* , 5X, 16F7.2)

795 FORMATCIMO, ////, 1X, ‘LATITUDE ELEVATION DISTRIBUTION',/,
11X, PROBRBILITY THAT ANY SATELLITE IN VIEN WILL HAVE AN ELEVAT
210N ANGLE GREATER THAM OR EQUAL TO THOSE LISTED',//,S2X,
3'LATITUDE',/,2X, 'ELEV’,/, 1X,"ANGLE’, 11X, Q0 €5 80 75
4 0 65 60 S5 S0 45 40 35 WV 23 2
s 15 10 S5 0,0

800 FORMATCIHO, ////,1X, 'LATITUDE ELEVATION DISTRIBUTION',/,
11X, 'PROBRBILITY THAT ANY SATELLITE IN VIEN WILL HAVE AN ELEVAT
210N ANOLE GRERTER THAM OR EQUAL TO THOSE LISTED',//,S2X,
3'LATITUDE®,/,2X, 'ELEV*,/, 1X,'ANGLE®, 1X," 90 80 70 60
4 S0 40 330 20 0 O -0 -20 -30 -40 -50
S 60 -0 -60 -90°,/)

805 FORMATCIHO, /777, 1X, ' ACCUMULAT IVE ELEVATION DISTRIBUTION', /,
11X, *PROBRBILITY THAT THE ELEVATION ANGLE IS GREATER THAN OR EQUAL
270 THOSE LISTED', //,48X, “ELEVATION ANGLE® )

810 FORMATCING,?X,” 0 S 10 1S 20 25 30 35 4
10 45 S0 S5 60 ©65 70 S 80 65,//,2,
2 'PROB’, 1X, 16F6. 1)

815 FORMATCIH , 13, 4X, 19F6.2)

FORMATC 1HO, 32X, 'LATITUDE' , //,2X, ‘M°,5X,

' L] ml‘a'l ml’ax'l nl,u'l w.'
2 ax,° 50°,3X,' 40°,3X,’ 30°,3X,° 20°,3X,° 10°,3X,' 0°',3X,’'-10°,
3 3x,°'-20',3X,°-30°,3X, "~40°,3X, *~30°,3X, ‘~60°,3X, '~70°,3X, '~60",
4 3X,°-90',/) |

FORMATC 1HO, 52X, "LATITUDE", //,2X, ‘NUY* , X,

1 * g0°,3X," 85°,3X,° 80°,3X," 75°,

2 3X,' 70°',3X,' 65°,3X,* 60°,3X,' 55°,3X,’' S0°,3X,’ 45°,3X,’ 40°,

2 gl. %.Ial. m‘l”" u‘l“" m.lui. 's'iul' 'o.iul' s.l
' L] l',)

FORMATCIN1, /77, 1X, *DILUTION OF PRECISION - ACCUMULATIVE LATITUDE D
1ISTRIBUTION", 7, 1X, ‘PROBRBILITY TMAT ALTITUDE DOP WILL BE GRERTER T
2HAN NUMBER LISTED', 7/)

835 FORMATC1HY,///, 1X, *DILUTION OF PRECISION - ACCUMUALATIVE LATITUDE D
11STRIBUTION’, 7, 1X, ‘PROBRBILITY THRT POSITION DOP IN HORIZONTAL PLA
24 HILL BE ORERTER THAN NUMBER LISTED',//)

840 FORMATCINY, 777, 1X, *DILUTION OF PRECISION - ACCIRULATIVE LATITUDE D
1ISTRIBUTION', /7, 1X, ‘PROBRBILITY THAT LARGER COMPONENT OF POSITION D
20P WILL BE GREATER THAN MWBER LISTED',//)

845 FORMATCIHY, ///,1X, *DILUTION OF PRECISION - ACCUMULATIVE LATITUDE D
11STRIBUTION', 7, 1X, "PROBRBILITY THAT TIME DOP WILL BE GRERTER THAN
24NEBER LISTED' ,//)
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L 850 FORMATCIHY, /77, 1X, "DILUTION OF PRECISION -~ ACCUMULATIVE LATITUDE D .
1ISTRIBUTION® , /, 1X, 'PROBABILITY THAT THREE OIMENSIONAL POSITION DOP 4

2 HILL BE GREATER THAN NUMBER LISTED',//)

855 FORMATCIHY,///, 1X, 'DILUTION OF PRECISION - ACCUMULATIVE LATITUDE D
11STRIBUTION', 7, 1X, ‘PROBRBILITY THAT FOUR DIMENSIONAL POSITION DOP
2{ILL BE GREATER THAN MUMBER LISTED',//)

860 FORMATCHY,///, 1X, 'DILUTION OF PRECISION PRRAMETERS - ACCUMULATIVE
1 GLOBAL DISTRIBUTION', //,8X, ‘MRBER’ , 7X, "VDOP® ,6X, ‘HDOP® ,6X,

2 ‘MDOP’,6X, *TDOP’,6X, ‘PDOP* ,6X, *GDOP*, /)

865 FORMATCIH ,9X,F3.1,3X,6F10.4) i
870 FORMATC 1M1, 1X,* MAXIMUM AND MINIMUM NUMBERS SEEN AT ERCH LATITUDE )

1% LONGITUDE* ) X
873 FORMATCIHO, 7,38X, "MINIMM", //,37X, "LONGITUDE", //, q

132X,2¢°1°.9%),2¢"2°,9X),2¢*3",9x), 7,22%,3¢*S* 9K, ‘0, 9X),
2 'S, /,5X, ‘LAT" , 4X,8¢°0",9X), /)
880 rmmm,/,m,°mx|nn°,//,37x,'|.om|une',//,
132X,2¢" 1°,9X),2¢°2°,9%),2¢*3° ,6X), /,22X,3C'S* ,9X, 0", 9X),
2 'S*,/,5%, ‘LAT",4X,8¢'0°,9X), /)
865 FORMAT(IM ,3X,F4.0,3X,3612)
900 FORMATC 1H1,40X, 'NUMBER OF SATELLITES',//,5X, ‘LAT*,3X, 1617)
895 FORMATCIH ,3X,F4.0,5X, 16F7.2)
900 FngM},l, 10X, ‘PROBABIL ITY (IN PERCENT) OF SEEING EXACTLY N SAT
{ELLITES®, /)
905 m&;im,/, 10X, *PROBABILITY CIN PERCENT) OF SEEING N OR MORE SAT
1ELLITES®, /) -
910 FORMATC1HO,/, 1X, ON A GLOBAL BRSIS THE PROBABILITY CIN PERCENT) TH >
1AT EXACTLY N SATELLITES WILL BE SEEN') 3
. 915 FORMATCIHO,/, 1X, 'ON A OLOBAL BRSIS THE PROBABILITY CIN PERCENT) TH
< muoamsma.n.nssmuaesa-:N) -
920 CONTIMUE I
0 N
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SUBROUT INE ORBINIC1)
COMMON/ORBIS/P<37, 23)/CON/CX 18
PCl,2)ePC1, 2)%CC 1)

PCI,3)=PC1, 37%CC1)
PCL,4)=PC1, 4 9CC1)

PC1,5ePC), SCC1)
PC1,9mBINCPCI, 4))

PC1, 10)=COSCPC 1, 4))

PCI, 11)u8INCPCI,3))

PC1, 125=COSCPC1,3))

PCI,21) = PCI,22)%C(6)
SAR22808 . *C(6)
PC1,23)=CSAR/PC1,21) o813
PCL,63mPC1,2158¢1.-PC1, 199C1, 1))
PCI,7280ATC  CC12)/PC1,6))
PC1,8)=CC 12)/CPC1,6%P(1,6))

SUBROUT INE ORBITC1,T,PER, R, VEL,AC)
COMMON/ORB 1S /0P(3?, 25 ) /CON/C( 18)
DIMENSION R(3),VEL(3),ACCI), TRANS(3,3),0¢3), QEL(3),QC(3), UC36),
1 E(36),BIGT(36),LILT(36),U(36),CV(36),5U(36), PER(36)
REAL LILT
IFCT.GT.0) 00 TO 10
UC 1 )=0PC 1 ,S)
SINE=CSQRTC 1. -0PC 1, 1798295 INCOPC 1, 5)5)/¢ 1. +0PC 1, 179COSCOPC1,5)))
RAD=COPC(, 22 %C1.~0PC1, 17%$2))/C1.40PC |, 1)%COSCOPC1,5)))
EC1 RSINCSINE)
IFCOPC1,1).ME.0.) GO TO 15 .
IFCUCI).LT.<CC33/2.)) EC) »E(])
IFCCUC] ). GE. CCC3)/2. ). AND.
1 (UC1).LE.(3.9C(3)/2. ))) ECI mC(3»-ECI)
IFCUCT ).6T. (3.9C(35/2. ) ECI MmC(4 MEC])
60 T0 20
1S CONTINUE
IFCRAD.LT.OPCI,22). AND.UC1 ) .LE.CC3)) ECI ) =ECH)
IFCRAD.GT.OPC1,22)) EC] 3C(3»EC1)
IFCRAD.LT.OPC 1,22 AND.UC) 3.6T.CC3)) ECI dmCC4MECI)
20  CONTINUE
BIGTC | 2=CPERC | YCEC | >-0PC1, 1 WSINE))/(24.%C(4))
LILTCI =BIGTC 1)
60 TO 25
10 DELs=.{
LILTCI DBIGTC 2T
ECI 3=0.
35 ECI)=EC] #DEL
oL ILTC1 >=CPERCI YCECI -0PC1, 19SINCEC] 33))/(24.%C(4))
IFCABSCY).LE. .00001) G0 TO 30
IFCY.GT.0) GO TO 35
EC1 =EC| >-DEL
DEL=DEL/10.
60 T0 35
30 CONTINE
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IFCEC) ). GE.CC4)) ECImEC] >C(4) ’
SINV=CSORTC 1.~0PC |, 1 W2 WSINCEC] )3)/C1.~0PC I, 1 COSCECH ))) .
V(1 ASINGSIN)
RP=OPC 1,22 %(1.-0P(1, 1 #COSCEC1 X))
PeOPC |, 22)%C1.-0PC1 , 1 %42)
IFCOPCI, 1).NE.0. ) GO TO 40
IFCECHD, LT. <C(3572. 3D YCI D¢ 1)
IFCCEC) ).6E. (C(3)/2. 2).AND. |
1 CEC1).LE.(3.%C(3)/2.))) UCI »=C3»Uc1) .
IFCECH).6T. (3.9C(3)/2. )) UCI JaCCa X (1) *
G0 TO 23 |
40 CONTINE ]
IFCRP .LT.P.AND.ECI).LE.CC4)> UCI »UC1) i
IFCRP.GT.P) U(1 mC(3-UCI) -_
IFCRP.LT.P.AND.EC1 ).GT.CC4>) UCI MCC42UC1) 3
25 CONTINGE
CUC | JCOSCUC T )
SUC I JSINCUC I ))
UCH d=yC | H0PC),2)
0PC1, 13)=COBCUCI ))
OPC1, 14)=SINCUCI )
SPHeOP( |, 14 )%0PC1,9)
CPH=SQRT 1. +4SPHYSPH)
OPC1, 13)=ASINCSPHI*C(2)
0PC), 18)=UC1 )
Fl=1.40PC1, 10CUC 1)
Q¢ 1=0PC1,8)/F 1
QC2>=0.
Q<3>0.
QELC1)mOPC 1, 17%0PC1, 7)9SUC1 )
QEL(2)=QPC 1, 7)9F |
QEL(3)0.
QCC 1 >-0PC 1, 839 19F 1
aC(2>~0.
QC(3)=0.
CALL TRHATX (TRANS, I)
CALL MATMUL CTRANS,Q,R)
CALL MATMUL (TRANS,QEL,VEL)
CALL MATMUL (TRANS,QC,AC)
OPC1,24)=(T- AINT(T+.5) 7CC4)
OPC1, 16 mATANZ(R(2),RC15)-0P(1,24)
0PC1, 16)=0PC |, 16 9C(2)
RETURN

PR
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SUBROUT INE TRMATXCTR, 1)
DIMENSION TR(3,3)

COMMON/ORBI S /0P(37, 25)/CON/C( 18)

TRACT, 15=0PC1, 12)%0PC1, 13-0PC1, 1190PC1, 107%0PC1 , 14)
TRC1,2)m0PC 1, 12)%0PC |, 14 540PC 1, 11%0PC 1 107%0PC ), 13)
TRC1,35m0PC 1, 115%0PC1,9)

TRC2, 13= OPC], 11%0PC 1, 13)40PC1, 12)%0PC 1, 10Y%0PC 1, 14)
TRC2,2)=-0PC 1, 11%0PC 1, 14 40PC 1, 12)%0PC |, 107%0PC 1, 13) .
\ TR(2,3)=~0PC 1, 12)%0P( | ,9) i
' e TRC3, 15m0PC 1, 9I%0PC( , 14) |
TR(3,2>= OPC1,9%0P(1, 13)
TR(3,3=0P( 1, 10)

e
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TR(1,2)=~-1.%TR(1,2)

RETURN

END
 mamamaaa e
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SUBROUT INE MATMUL(T,V,0)
DIMENSION T¢3,3),U(3),0(3)
00 10 I=1,3

0C1 0.

00 10 J=1,3

0C1 mOC | }TC1, JPCJ)
RETURN

10
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SUBROUT INE POINTCALD, ALA, TIN, VEC)
COPPION/CON/C 18)

DIMENSION VEC(3)
ENmALO®CC 1 2+CC4 %T I

SHALARC( 1)

VEC( 1=C¢ 10 7COS(SN YCOSCEN)
VEC(2=C( 10 YCOS(SN S INCEW)
VEC(3)=CC 109G INCEN)

SUBROUT INE TRAT (MAX, XX, MATRIX)
DIMENSION MATRIXC 10620, 4)
D0 10 I=1, 10626

00 10 Ii=1,4
MATRIXCH, 11 =0
IFC(MAX.LT.3) GO TO 30
FDOX=CHAX=2 Y CHAX~ 1 JHHAX /6
PETI=MAY-1

ER=HAX

IO+ 1

NA=O

DO 25 K=2,1t

KO=K+ 1

00 20 L=KO, ™

KTaL+1

00 1S M=KT,!#10

NANAS |

MATRIXCNA, 2)=K
MATRIXCNA, 3 )=l
PATRIXCNA, 4 Y=l

CONT INUE

CONT INUE

CONTINUE

RETURN

SUBROUT INE VOLUME (UVEC, |DSAT, V0L )

DIMENSION UWEC(37,3), IDSAT(4), ONEC3), THDC(3), THREEC3), FOUR(3)
DIFENSION TIF(3), THT(3),0MT(3), CROSS(3)

KP=§DBATC 1)

93
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8y

KB=|DSAT(2)

KC=IDSAT(3)

KD=)DSAT(4)

00 10 N=1,3

ONE (N )=UVECCKR, N)

THOCN D=UVECCKB, N>

THREE (N )=UVECCKC, N>

FOURCN >=UVECCKD, N

CALL UECTOR (THO,2,FOUR, TIF)
CALL VECTOR (THREE,2,TWO, TNT)
CALL VECTOR (ONE, 2, THO,ONT)
CALL VECTOR (TMT,3, I¥,CROSS)
VOL=ABSCDOTCONT, CROSS))
RETURN

B0

SUBROUT INE COUNAV (B, 1D, AT, S1G)
DIMENSION 1D¢37),B(4),816¢6),0(37,4)
DIMENSION RINUC4, 4>, IKRREAC40), TRACH,4)
DO 20 I=1,4

00 15 J=1,|

TRAC1,J)=0.

DO 10 K=1,MAT

L=1D¢K)

TRACI, JO=TRACI, JMGCL, | YOCL, J)

CONT |NUE

TRACY, | J=TRACI, J)

CONT INUE

TRACH, | =TRACH, | 2 1.E-12

CONT | NUE

CALL LINVZF CTRA,4,4,RINV, 1,HKAREA, IER)
IFCIER.EQ. 129) 60 TO 35

DO 30 I=1,4

D0 25 J=1,4

TRACH, JO=RINVC T, J)

RINVCI, J)=0

CONT INJE

CONT | NUE

S16C 1)=8QRT(TAA(3,3))

S16¢2>=SQRTCTRAC 1, 1+TRA(2,2))

$16¢3 >=AMAX 1(SQRTCTRAAC 1, 1)), SORTCTRAC2,2)))
S16(4 =SORTCTRAC4, 4))

S16¢S MSORTCTRAC 1, 1 2+TRAC2, 2 +TAR(3, 3))
$16¢0=SORTCTRAC 1, 12+TRR(2, 22+ TRAC3, 3)+TRA(4, 4))
RETURN

16 15=1000.

$16¢2)=1000.

$16¢3)=1000.

8106¢4)=1000.

$16¢S=1000.

166 >=1000.
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BLOCK DRTA

COMMON/CON/C( 18

DATA C/.01745329252,57.295779513,3. 1419926536, 6. 28318330718,
11.52079630,6076. 116,0.,0. ,0. ,2.0920 143504€+07,
27.29211385E-03, 1. 4076380E+ 16, 365 25636835 ,92.91
3E+08,0.0167272, 23. 44436, -77.7303,5280. /

e

SUBROUT INE VECTORCV1, 1,U2,U3)
DIFMENSION U1¢3),V2¢3),U3(3)
60 TO <10, 15,20), |

10 U3CHHmUICTHH(T)
U3(2)m1(22402(2)
V3(3 )= 1¢3 2U2¢3)
RETURN

15 UBC1UICT-Y2( 1)
U3(2)=U1(2)-Y2¢2)
U3(3 Y 1¢3-U2(3)
RETURN

20 U3C1=U1C2)2(3)-U1(32(2)
U3€2)=1(39U2¢ 1-U1C 1 %U2(3)
U3(3 U 1< 1 MU2(2)-U1C2 M2 1)

FUNCTION DOT(V1,V2)

DIMENSION V1(3),V2(3)

DOT=U 1 1 002 1 34U 1(22(2 )+ 1(3M2(3)
RETURN

END

Suppiuupuiuiatuiniuinpniefuisfulupniaiciiainiabiuinjeguiairingiafiaiieiofapaipguiofiigoiiaiioiiiuiiiuiiuiaio
SUBROUT INE UNIVEC (U, V)
DIMENSION UC3),U0(3)
DENOM = SQRTCDOTCY,U))
WC1) = UC1)/DENON
U(2) = U(2)/DENOH
W(3) = U(3)/DENON

SUBROUT INE TALL (MAX, 100K, MATRIX)
DIMENSION MATRIXC10626,4)
DO 10 I=1, 10626
00 10 |1=1,4
10 MATRIXCI, | 15=0
IFCMAX.LT.3) 60 TO 35
IDO(=(MAX~-3 Y (MAX~=2 Y (HAX~ 1 YSHIAX /24
KK=HAX-3
LL=MAX-2
IR 1
NN=HAX

el s il
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135
20
23 CONTINUE
30
K~

- .
THIS SUBROUT INE ALLOWS THE USER TO SELECTIVELY

DELETE UP TO TEN SATELLITES FROM THE NOMINAL CONSTEL-
LATION. "NDEL' 1S THE MUWBER OF SATELLITES TO BE DELETED
AND IS ENTERED RS THE LAST ITEM ON THE FIRST LINE OF
DATA INPUT. ISEN SATELLITES ARE TO BE DELETED, THE NEXT
LINE OF DATA SHOULD CONTRIN THE I|DENTIFICATION MUMBERS
OF THE SATELLITES TO BE DELETED FROM THE CONSTELLATION
ENTERED IN DESCENDING ORDER (HIGHEST 10 NUMBER TO LOHEST).
‘JOELCI)" CONTRINS THE ID MUMBERS OF THESE SRTELLITES.

SRS RERR R

L
=
-
=5
o
L
=
L
t o4

SUBROUT INE SATDEL (P, PER, N, NDEL., JOEL )
DIMENSION P(37,25),PER(36), JOELC10)
DO 40 J=1,NDEL
YE T
D0 20 N=JDEL(J), ML
Mtt+ 1
DO 10 K=1,5
PCN, K )=PCH,K)
PERCN>=PER(HM)
10 CONTIMUE
20  CONTINUE
DO 25 L=1,5
25  PM,L)=0
PERCM =0
40 CONTIME
RETURN
0
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Appendix D
Samples of Computer Output

At e a

2

A A

This section of the appendix contains a sample of the computer program output for each of
the two types of runs utilized in this analysis. Table XX provides the complete output obtained for
a representative global distribution run in which a network of earth-based users are uniformly

distributed over the surface of the earth. Table XXI contains the complete output listing

representing the case in which the user is situated on a satellite (space-based user). Nosample

et A a st MEEEERA B .t " .

output is provided for the case of a single user at a specific location on the earth (Case 2), as this i

1 portion of the program was not used in this analysis.
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This section of the appendix contains some selected output from the numerous computer runs

:‘.' made and used in the analysis of the baseline constellation and its modification. - The ~mplete
program output listing is provided for the global distribution run made for each of these satellite
constellations. Portions of the output from several other runs, which were used in analyzing the

effect of satelifte losses on each consteliation, have also been provided. Finally, extracts of output

from several of the computer runs used in the analysis of the geometric performance for the

«
space-based user are included as indicative of the performance obtainable for varying antenna
half-angle beamwidths.
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