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The purpose of this study was to investigate the geometric performance of a modification to

the proposed baseline constellation for the NAVSTAR Olobal Positioning System (GPS). To assist in

the evaluation, a computer program developed by the Rai Corpurtim (17) was obtained and

modified for use in analyzing the geometric performance of this pseudoranging navigation satellite

system. The geometric performance of the currently proposKbaseline 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 greatly 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

" "ur 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 noat necessarily true. Since practically every analysis

to dote 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.

I have had help from many individuals in this thesis effort, and would like to express my

thanks to all of them. In particular, I would like to thank Ms. Sandy Berning (AFWAL/AAAN-3),

for her assistance in obtaining access 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. Edetrom (AFIT Math Department), for his assistance in understanding the

mathematical concepts involved

* I extend my deep appreciation and special thanks to Dr. eorge M. Slouris for his extensive
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guidmnce as my thesis advisor, for the special interest he showed in my work, and for all the

encoragunent he provided me throughout the many months of effort involved. Finally, I wish to

thank my wife Jeannette for her patien and understanding during the course of my graduate

program, and to my sons, James and Michael, for sacrificing many hours of each dIV that they

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

David W. Thorn
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This Investigation determined the effect of changes in eccentricity to the orbits of the

proposed Global Positioning System (OPS) 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 OPS for navigation of the space-based user was explored

by analyzing the geometric performance obtained for a variety of user trajectories and OPS

antenna beemwidths. A computer program which analyzes the marry aspects of the geometric

performance 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 outages on a global basis by nearly 5O. The modification consists of

changing the shape of the OPS circular satellite orbits to slightly elliptical ones, resulting in more

favorable satellite geometry and fewer outages to the user on a global 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 combination of the remaining satellites,

and suggests that rephasing the remaining satellites could significantly improve the degraded

performance. The potential for conventionsi 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

OPS antenna design. Increasing the designed antenna beemwidth was shown to significantly

improve performance for the high altitude user. It was recommended that this modification be

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

high altitude space user.
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A

GLOBAL POSITIONING SYSTEM - A MODIFICATION

TO THE BASELINE SATELLITE CONSTELLATION

FOR IMPROVED GEOMETRIC PERFORMANCE

I. Int c tion

The Navstar Olobal Positioning System (OPS) 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

primarily for global navigation of a terrestrial or near-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

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 OPS can be divided into two multiplicative factors:

position 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 satellites, ionispheric

and atmospheric effects, and various other error sources as indicated in Table I. Since the PDOP

factors depend predominantly on the user/navigation satellite geometries, they can be analyzed

4J



independently of system errors, which depend on a multitude of factors. This characteristic allows

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

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

TABLE I

OPS Error Budget (2:228)

ERROR CONTRIBUTION
(METERS)

L1/1. 2  L1I

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 PredicUon & Model ImplementaUon 2.5 2.5

Other 0.7 0.7

Ionospheric Delay Compensation 2.3 10.0
User Tropospheric Delay Compensation 2.0 2.0
Equipment Receiver Noise & Resolution 1.5 15.0

Multipath 1.2 1.2
Other 0.5 2.0

Ranging Error = RSS Total 1-Sigma 5.3 18.7

3D RtlS Navigation Error - (PDOP RIIS) (Ranging Error) 19.6 69.2
- (3.7) (Ranging Error)

3D Spherical Error Probable - (0.8) (31) RfS) 15.7 55.4

After fully analyzing the geometric performance of the proposed baseline constellation, a

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

modification will "target" the geographic areas of weaker coverage in an attempt to reduce the

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

42
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• -.-. 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 navigation 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 accuracy, a thorough review of the terminology and OPS

concept of operation is necessary. Therefore, Chapter II 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 III, and the dilutions of

precision (DOPs) will be defined and related to overall system accuracy.

Chapters IV and V will be devoted to the data analysis for both the proposed baseline

constellation and the modification to that constellation. The geometric performance of each

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 date extracts

(Appendix E) from the more than 150 computer runs made during this evaluation.

4 3
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II. Systm Conep

Backgroud
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

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

program of studies and tests designed to demonstrate the feasibility of a space-based positioning

and navigation system ( 19:21. 1.1 ). The success of the Navy Navigation Satellite System, better

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

would provide enhanced capabilities and global coverae. 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 62 1 B, could provide the high-dynamic

capability but had its own shortcomings as well, particularly from a survivability standpoint

(10:1177).

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

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

deploy a single system that could best serve the needs of the defense (19:21. 1. 1). A system

concept which combined the best features of both programs, designated the Naystar Olobal

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

to the Joint Program Office (JPO) located at Space Division in Los Angeles.

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

* 4
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funding for the OPS 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

planned to 18. Exhaustive studies have been made since that time to establish the optimum orbital

configuration for these remaining 18 satellites. S /stem accuracy, survivability, satellite

visibility, ease of buildup, locatio and duration of outages, ease of sparing and replacement, and

growth potential of the constellation to 24 satellites were considered in the selection of whet 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 nearly continuous world-wide

coverage that optimizes accuracy over the primary arm of interest (15: E9.3. I).

7

I-'

-2
,18

15 10 4

17 39 2

14 "-,

Figure 1. The Six-P lane, 18-Setilit Basline Configuration (15:19.3.2)



Navstar 5ym Ovrvt

The Nevstar Olabal Positioning Sysem (OPS) is composed of three segments as described

below (Figure 2):
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will be separated from each other in longitude by 600. 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 plane, an ascending satellite In the adjacent plane to the east is 400

above the equatorial plane in Its own orbital plane (15:E9.3. I) Each satellite transmits

navigation signals at frequencies of 1575.4 MHz 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 ( 19:2 1. 1. 1 ). Each satellite

has a mean mission duration of 6.2 yers and a design life of 7.5 years ( 15: E9.3.7), and the

present design provides for the placement of three additional satellites within the constellation to

act as active, in-orbit, replacement spares.

-Control Sgment. The Oround 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 control 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 (19:2 1. 1. 1). The master control station then forms corrections that are uploaded to

the satellites by the uplink antennas (2:227).

User.e.g .t The User Segment selects the (our, best positioned satellites from those

visible and, using the navigation signals passively received from each 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 position, velocity, and

* 7
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system time. The position slution is in the World Geodetic Systemn Coordinates (WOS-72). an

earth-centered, earth-fixed coordinate system, which can be converted to arn' other coordinate

system the user desires( 19:21.1.2).

Space Segment

Satellites Provide RF Signal And Orbital Anid
Clock Parameters

. 18 Satellites

User TrackS Satellite Signal Gw
To Download oata n opt
Pouition, Velocity,. And Timue

Control Seagment

Ground Contro Tracks Satellites And
urn ~mgs ~Uploa1ds Satellite Ephiemeris And Clock

Characteristics
* *a 5 Monitor Station

e 3 Uplinkc Stations
e I Master Control Station

4 Figure 3. OPS Concept of Operation (2:227)



Concept Operatin

With 18 satellites, 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.) OPS satellites
continuously transmit navigation signals at two L-band carrier frequencies: Li, at 1575.42 MHz

and L2, at 1227.6 MHz. L I is modulated by a Cors/Aquisition (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, satellite orbital characteristics, satellite health

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 OPS is accomplished by passive triangulation. To obtain a navigation

solution, the user measures "pseudrange" 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

yet undetermined clock bias. The position of the four satellites is computed using the received

ephemeris data. Using this data 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 dppler shifts on the received carrier

frequency (2:227).

4 9
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Tht Nigation Soun

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-axls

completes the right-handed orthogonal system. Because of the earth's rotation, the x and y

coordinates are constantly changing in longitude with time.

,q 1ST SATELLITE

GREENWICH E/

MERIDIAN

x EOUATOH

Figure 4. Earth-Centered Inertial Frame (14:97)

1

.- I0



The basic nonlinear equations using four satellites are

[(X-X,) 2 + ( y - y )2  (z- zi)2P +4 = R (1)
i where

xi, Yi, Zi = position of the ith satellite (known)

x y z = user position (unknown)

T - clock bias (unknown)

Ri = pseudo range measurement to the Ith satellite

4=

The quantities R I R2 , R3 , and R4 are "pseudoranges" in that they are the sum of the actual

range displacements plus the offset due to user time error. Although these equations can be solved

directly, user equipment employs a much simpler version of these equations which can be derived

by linearization methods as follows (14:97):

Let

Xn,Yn 2n,Tn = nominal (a priori best estimate) valuesofxyz,andT

Ax, Ay, Az, AT = corrections to nominal values

Rni nominal pseudorange measurement to ith satellite

ARI  = residual (difference) between actual and nominal

range measurements

Thus we obtain the following incremental relationships:

. . .
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x = x + Ax

y = yn +Ay

z = Z 4.Az

T = Tn +.AT

Rj = Rn..+AR1

and

[(xn-x1)2 +(yn-v1
2 .z~~2~

Substituting these incremental relationships into (1I) we obtainj

((x0 + Ax- X,)2  +(yn +Ay- y,)2  + (Z, + A z- Z, )2 ]14

-Rn 1 + AR1 - Tn- AT1  (2)

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

[(X A x- x1)2 + (yn + Ay- y,)2  + (z + AZ- Zj )2 j'/s

[(X -x,) 2 + 2 Ax(xn -xi) + (A&x) 2 .+ yn -y,)
2 .+ 2 Ay(yn - j

+ (Z)2 + (2.rZ;)2 + 2 Az, ZI)2 +(AZ)21 (3)

Rearranging terms and eliminating second order terms, this expression can be written

simply as

(a 20)"
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where

a - xn - x,) 2 + (yn - y,) 2 + (z -z,)2

b = [Ax(x n -x i) + AY(Yn -Yi) + Az(zn -zi)l

Expanding this form using the binomial series expansion we obtain

(a + 2b)2 = (a)14 [I + 2b/aI2

= (a) 4 [I + 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

(a) (1 + b/al = (a)4A + (a)"2[b/a

-(a + b/(a)

Rni +AR i -T n -AT (4)

Substituting our incremental relationship for Rnl into this equation and simplifying

(a) Wb/(a) f(a)V+ Tn] +AR i - Tn - AT (5)

or

b/(a)V = AR, - AT (6)

But

Rni=(W) + T
n  (04 Rni -T n
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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:

[(Xn-Xi)/(Rni- T)] AX + [(yn-yi)/(Rni- Tn)] Ay

+ [(z n -zi)/(Rn,- Tn)] Az + AT

-AR (7)

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

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 as

11 12 13 1

12 Pi231.

3 1  B32 3 33 1 3 - AR.

1341 f42 1343 1 AT A R1 4

-.

!G 14I



where j is the direction cosine of the angle between the range 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

B = the 4 x 4 solution matrix

B 11 1312 B13 t

21 B22 B,27 I3

B3 1  3 32 333 1

P141 P)42 P43 I

r 2lA A "
T,.

r - 6 1 AR 2 : AR 3 R ]

Thus our equation becomes simply

Bx= r or x= B- 1 r (8)

which compactly expresses the relationship between pseudorange measurements and user position

and clock bias.

To understand how the geometry of the satellites at a point in time can result in a system

outage, we need only examine the solution matrix. If the ends of the unit vectors from the user to

the four satellites selected are in a 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

the 4 x 4 solution matrix becomes zero (solution matrix becomes singular) and no solution is

15



possible from the four equations. Consequently, the navigation equations "blow up" and what is

known as a "systemn outage" occurs due to the poor geometry. The situation where this occurs is

very close to where the four satellites we in a Common plane in space as shown in Figure 5 below.

GOOD

POOR a
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Ur Position A

In order to determine the accuracy available from the four satellites selected as a function of

their geometry, we must calculate the dilution of precision (DOP) values available from the four

satellites selected. Since the overall position accuracy is 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 I. We have already seen how a poor geometry of the four satellites

selected results in the "blowing up" of the navigation equations; the orresponding effect on the

DOP values is to cmse 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

providing a new combination with more favorable geometry.

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

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

X

x = - I (r

where

* Cr * pseudorange measurement errors

a corresponding error in user position and clock bias

If we let

Cr  coveriance matrix of errors in pseudorange measurements

co sc

Cv  a covariance matrix of the resulting errors in the three
_ components of user position and clock biasI

then the matrix relationship between the two covariance matrices becomes

17
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Cv = B-I Cr B-T (9)

where B is the some 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 bias ( 17: 10). Thus, the error relationships are functions only of satellite

geometry, which leads to the concept of geometric dilution of precision as a measure 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 , a 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

measurements becomes a 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 zero. To a good approximation,

CV (BTB-I.

and assuming sufficient signal strength, this covariance matrix depends only on the direction

and is in no way dependent on the distances 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 values can be obtained from looking at appropriate elements of this matrix.

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

different orbital configurations as well as to measure the overall effect of geometry to errors in

the user's position and time bias.

18



Dilution i Precision. Values

If we express the diagonal elements of the covariance matrix of errors in user position and

clock bias as VxI Vy, Vz, and VT , then the four dimensional geometrical dilution of

precision (DOP) is obtained by taking the square root of the trace of the matrix:

ODOP = +Vy  +  VT
114

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 invariant with the ccordinate srstem and is used because the most

important consideration in any navigation system is position accuracy; knowing time is a

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 = [Vx+NV +V]"

Several other alternative DOP values are also occasionally 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 altitude dilution of precision (DOP),

the time dilution of precision (TDOP), and the larger component of horizontal

position 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 clock bias (multiplied by the

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

defined mathematically as follows (17: 10):



HDOP [V V "

VDOP - [Vz]

TDOP = VT

MDOP - Max[(Vx)%,(V )"I

at Select ion

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

majority of the time, however, there will be six or more satellites In view by an erth based user

and even more by a low altitude satelllte user, and the computational time required to compute

PDOP values for all the possible combinations o( satellites is excesive.

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

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

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

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

satellites Since the computational time for computing the volume of a tetrahedron for each

different combination of satellites is much less than the time required to calculate a PDOP value

(which reuires a matrix inversion), the computer program used in this work as well as many

other similar studies in the pet is desiged to first compute the volumes of the tetrahudrons

"Massocia with each different combination of four satellites, identify the "best four" which yield

the largest tOreiton volumes, and then use that combination of satellites to compute the DOP

20



r- V

- "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 global

analyses of orbital constellations 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 AJ a

dynamic environment and large computer resources are not available.

21
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IV. Baseline Constellation Analysis

Global DsjtrbutLtn un

Int t . The reference orbit parameters for the OPS baseline constellation used in

this analysis are given in Table II. The computer program used in conducting the analysis was a

modified version of a program developed by the Rand Corporation of Santa Monica, California,

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

which itself is a modification of an earlier program, developed by the Aerospace Corporation

for earth-based users, was selected for the evaluation over the computer program currently being

used by the Aerospace Corporation, EGAD (Efficient GPS Availability Determination) Program

(5:2), for several reasons. First, the Rand Corporation program had been modified to

accommodate users in any earth orbit, while the E(D program did not have any provision for the

space-based user. The EGA) 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 beamwidth 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

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

corrections were found necessary In order for the program to give reliable statistics on DOP's

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

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

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

TABLE 11

7.,.Baseline Constellation Orbital Parameters (13: D2.3.3)

Satellite Orbit Longitude of the Right Ascension of
N ume M n AIt h JDo oe[W

1 1 000 030
2 1 060 030

*3 1 120 030
*4 2 080 090

5 2 140 090
6 2 020 090
7 3 160 150
8 3 040 150
9 3 100 150

*-10 4 060 210
11 4 120 210

*12 4 000 210
13 5 140 270
14 5 020 270
15 5 080 270
16 6 040 330
17 6 100 330
18 6 160 330

8Referenced to astronomical coordinates of 1950.0 as of 1 July 1985,
0 hr 0 min GMlT and regressing at -0.04009 dog/day.

Selection .P araer& For all global distribution runs, a uniform distribution of

users is approximated by the DOP's of users at a given latitude by the cosine of that latitude.

Whenever the constellation selected was a symmetrical arrangement of satellites, only the DOPs
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for the northern hemisphere were calculated as this permitted a larger number of sample 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

northern hemisphere are statistically representative of the entire globe.

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

data runs using alternative parameters. The largest step sizes that would provide statistically

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

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 tfr; -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

analysis was concerned only with the geometric performance of the baseline constellation for a

global basis, rather than for specific user locations, this four hour time period provides

statistically good data for any 24 hour period, due to the repetiveness of the satellite motion.

For the non-symmetrical constellations, the time interval analyzed was increased to six

hours, or half the 12 hour orbital periods of the OPS satellites. This Is the minimum time period

that could be chosen to provide statistically representative data (on a global basis) for any 24

hour period. As a result 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

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.

1 24



TABLE II I

Baseline Constellation Orbital Elements

ORBITAL ELEMENTS
ECC ARGP RASC INC ANOM PER

(Dog) (Dog) (Dog) (Dog) MHrs)

1 0.00 0.00 30.00 55.00 0.00 12.00
2 0.00 0.00 30.00 55.00 120.00 12.00

43 0.00 0.00 30.00 55.00 240.00 12.00
4 0.00 0.00 90.00 55.00 40.00 12.00
5 0.00 0.00 90.00 55.00 160.00 12.00
6 0.00 0.00 90.00 55.00 280.00 12.00
7 0.00 0.00 150.00 55.00 80.00 12.00
8 0.00 0.00 150.00 55.00 200.00 12.00
9 0.00 0.00 150.00 55.00 320.00 12.00

10 0.00 0.00 210.00 55.00 120.00 12.00
I1 0.00 0.00 210.00 55.00 240.00 12.00
12 0.00 0.00 210.00 55.00 360.00 12.00
13 0.00 0.00 270.00 55.00 160.00 12.00
14 0.00 0.00 270.00 55.00 280.00 12.00
15 0.00 0.00 270.00 55.00 40.00 12.00
16 0.00 0.00 330.00 55.00 200.00 12.00
17 0.00 0.00 330.00 55.00 320.00 12.00
18 0.00 0.00 330.00 55.00 80.00 12.00

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
TIM INCREMENT (MIN) - 5
HEMISPHERE EVALUATED - NORTHERN

J1.4 25
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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 a RMS error of 6.0 x

7m, or 42 meters in this case), 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 0.552 of

. the time over a 24 hour period, or stated in another way, PDOP values of less than 6.0 are

available 99.45Z of the time.

TABLE IV

Baseline Constellation Global Distribution - DOP Values

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

0.0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

1.0 1,0000 1.0000 .8772 .7294 1.0000 1.0000

2.0 .5489 .0397 .0141 .1080 .9832 .9976

3.0 .1183 .0060 .0041 .0098 .2125 .3149

4.0 .0288 .0025 .0025 .0049 .0523 .1080

5.0 .0055 .0025 .0025 .0041 .0114 .0317

6.0 .0049 .0025 .0025 .0041 U .0103

7.0 .0041 .0025 .0025 .0025 .0041 .0055

0 The highlighted number represents the percentage of time that an ouytge occurs due

to poor satellite geometry of the baseline constellation. A PDOP value greater than 6.0 is

considered to constitute such an outage.
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This agrees closely with a similar analysis conducted earlier by the Aerospace

Corporation on the same six-plane constellation ( 15: E9.3.2), and verifies the accuracy of the

data If we choose to alternatively define an outage as a PDOP greater than 7.0, as some studies on

earlier constellation designs have assumed, then we can see that PDOP's greater than 7.0 occur

only 0.41 S 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 5 degree elevation angle are shown in

Table VI. For the proposed 18-satellite baseline constellation, at least four satellites are always

available to the earth-based user, and consequently, the outages that occur are due solely

to the por geometry of the satellites eveilable to the user. By examining the

computer output located in the appendix on each individual DOP for each latitude, we can also

determine the location of these outage areas 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 35N and 65S, with corresponding pairs centered at 35S and 65N, as shown

in Figure 7.
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TABLE V

Maximum and Minimum Numbers Seen at Each Latitude and Longitude

MAXIMUM

LONGITUDE (DEG)

I I I 1 1 2 2 2 2 2 3 3 3
2 4 6 0 0 2 4 6 8 0 2 4 6 8 0 2 4

LAT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

90 888888888888888888
80 8 8 8 7 8 8 8 8 7 8 8 8 7 8 8 8 8 7
70 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
60 8 8 8 88 8 8 8 8 8 8 8 8 8 8a8 8 8
50 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
40 7 6 7 8 7 6 7 8 8 7 6 7 8 7 6 7 8 8
30 7 6 7 8 7 6 6 8 8 7 6 7 8 7 6 6 8 8
20 7 7 7 7 6 7 7 7 7 7 7 7 7 6 7 7 7 7
10 7 8 8 8 7 8 8 8 8 7. 8 8 8 7 8 8 8 8
0 7 8 7 8 8 8 8 7 8 7 8 7 8 8 8 8 7 8

LONGITIJE (DEG)

I I1 1! 1 2 2 2 2 2 3 3 3
2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4

LAT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

90 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
80 666666666666666666
70 5 6 5 5 5 5 5 5 5 5 6 5 5 5 5 5 5 5
60 4 5 4 5 4 4 4 4 4 4 5 4 5 4 4 4 4 4
50 555555555555555555
40 5 4 4 5 5 4 4 5 5 5 4 4 5 5 4 4 5 5
30 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
20 555555555555555555
10 5 6 6 5 5 6 6 6 5 5 6 6 5 5 6 6 6 5
0 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
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TABLE VI

Probability of Seeing N or More Satellites

NUMBER OF SATELLITES

LAT 0 1 2 3 4 5 6 7 a

PROBABILITY (IN PERCENT) OF SEEING N OR MORE SATELLITES

90 100.00 100.00 100.00 100.00 100.00 100.00 100.00 30.61 30.61

80 100.00 100.00 100.00 100.00 100.00 100.00 100.00 62.13 3.40

70 100.00 100.00 100.00 100.00 100.00 100.00 97.05 42.40 16.78
60 100.00 100.00 100.00 100.00 100.00 98.41 77.78 44.22 11.34

50 100.00 100.00 100.00 100.00 100.00 100.00 73.02 7.03 0.00
40 100.00 100.00 100.00 100.00 100.00 94.33 57.6 8.84 1.36

30 100.00 100.00 100.00 100.00 100.00 100.00 52.61 14.51 2.72

20 100.00 100.00 100.00 100.00 100.00 100.00 74.38 21.32 0.00
10 100.00 100.00 100.00 100.00 100.00 100.00 89.57 47.85 4.99

0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 57.37 1.36

ON A GLOBAL 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

100.00 100.00 100.00 100.00 100.00 99.17 77.9 31.5 3.49
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Sytem Degradation DM~ LQ Satelift Lsse

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 perf9rmance from Iaes of one

to three satellites was evaluated was evaluated for several representative cases, with an emphasis

on determining the best and worse cases possible, insteadof on the expected performance due

to ran&zrn satellite losses, as most earlier studies have dealt with. "Best case" information

might be particularly useful to those involved in the initial buildup of the constellation to its full
4

operational I 8-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 combinations of

satellite losses to be analyzed (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 setellite selected will degrade the geometric performance in the same way as any other

ame satellite lost. (Only the location of the outages will differ, which could be of interest to

military planners). Similarly, a loss of a pair of satellites ( I) and (4) degrade system

performance the same amount (on a global basis) as a loss of satellites (2) and (5), (3) and (6),

(5) and (8), and many other symmetrically equivalent pairs. (One need only realize that in four

hours satellites (I) and (4) move to the same inertial positions as (2) and (5) were originally
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located in order to understand this).

BeURS By examIning the tabular data on some representative runs in Table VI I, one can

easily see that which satellites are deleted from the constellation greatly afect the amount of

degradtion to system performance.

TABLE VII

System Performance Degradation Due to Satellite Losses

Satellites 2 PDOP 2 PDOP

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
4,5,6* .0780 .0679
1,7,13 .1017 .0900
1,7,8 .1042 .0920
1,4,5 .1057 .0928
1,2,4 .1349 .1245
1,4,7 .1380 .1258
1,9,15 .1387 .1289
1,10,11 .1435 .1325

e 1,8,15** .1584 .1454

*Best case

** Worst Case
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As is evident from this table, the percentage of time a system outage occurs in the two

satellite loss "worst case" scenario is actually greater than the percentage of time that an outage

occurs in the three satellite loss "best case" (8.002 versus 7.80Z ). The range of values

(expressed as percentages of PDOP > 6) Is rather widely spread from the best to worst cases,

varying from 4.782 to 8.00% in the two satellite case and from 7.80X to 15.84X in the three

satellite case. From examining this data, 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

might be expected, losses of satellites widely separated generally result in the "worst case"

scenario. For the three satellite (loss) cases analyzed, this is easily deduced from observing that

the best case occurs when all satellite losses occur in the same plam, while the worst case occurs

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

should satellite losses be sustained, a significant improvement in performance might be

obtained in the Interim (until replxement spares could be launched) by

rephasing the remaining satellites to provide as wide as possible avere

separation between all satellites per period Should the three satellite spares already be

on-orbit as presently planned, it suggests that these spares 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.

3

-4 34l

• ., * " . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . ...-' *", o"a .~ 
' P -

' . ." '-. " . ' ". -



PLANE 1023/ 5 6

0 12000

400.. ... 18.

121
32.. . ....2....... ........10

2800 .... 20.1

240 7' 14

EQUTO 8 / 1

41

.................. .. ............. ..... ............-



Introdution. Although the Global Positioning System was designed for use by the earth

or near-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 area,

yet based on the those studies that have been made regarding this potential application, the results

appear 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 geosynchronous satellites

(1 3:D2.3. ), 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 OPS

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

'a' somewhat limited analysis of the geometric performance of the OPS satellites for the satellite

user, its potential for navigation of the spaceborne user was examined by analyzing DOP's

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

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

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

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

for the high altitude user.

Antnna Deign. The OPS satellites utilize a helical array that provides a conical shaped

beam 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 earth to a

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

may utilize for navigation. For the L I frequency, the main beam antenna gain at the edge of the
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earth is approximately 14 dB, dropping gradually to about 3 dB at about 21.4 degrees from the

satelllte to earth center line, or an I I dB variability in antenna gain (Figure 11) over this skirt

region (13:D2.3.2).

I5

10

ANTENNA
GAIN IN dB

VIM

30 20 10 0 10 20 30 I
ANGLE FROM ANTENNA CENTER LINE IN DEGREES

Figure 1 1. Main Beam Antenna Gain at L 1 Frequency (13:D2.3.3)

As the user spacecraft approaches the OPS satellites, the NAYSTAR satellites keep their

antennas directed toward the center of the earth, thus forcing the user to obtain signals coming

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

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

updating ephemerides if an accurate on-board clock is available (20:21.2.1).
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GEOMETRY FOR EARTH BACKSIDE VIEWING WITH GPS SATEWTES
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Figure 12. Main OPSBeam eonetry( 11:432)
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Low Altitude Eth O.i A 150 nautical mile altitude circular parking orbit

(Case I ) was selected as a typical low altitude earth orbit for the evaluation. The orbit chosen had

an inclination of 28 degrees and a 90 minute perio. COP vetues were computed at Increments of 5

minutes over a total time of 12 hours. For the designed antenna half-angle beamwidth 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 bemnwidths was not necessary.

1ntai= Altitude Earth Orbits For this evaluation, a highly elliptical

Kohman transfer orbit (Case 2) from a low altitude 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 0 degree inclination. The orbital period was 10.56 hours. DOP values

were computed at 5 minute intervals over a 12 hour period When analyzed with the designed

antenna half-angle beemwidth of 21.4 degrees, four or more satellites were visible only 17.93 of

the time , three or more satellites for 24.1 X of the time, and two or more satellites for 51 2 of

the time. No satellites were visible to the user in this orbit 29X of the time.

The some satellite user orbit was also analyzed 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 35.2X of the time. The results are

4

summarized in Table VIII.
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Table VIII

Baseline Constellation Evaluation - Satellite User

X of Time n or More Satellites
User Antenna Visible

Satellite WIDTH 1 2 Q Q4EI ge

Case 1 21.4 100.0 100.0 100.0 100.0 1.61 -2.155

Case2 21.4 71.0 51.0 24.1 17.9 1.544-
45.0 100.0 100.0 100.0 100.0 1.539- 38.663

Case3 21.4 100.0 100.0 100.0 100.0 1.537- 1.818

Case 4 21.4 62.8 29.5 12.4 7.8 1.505-
45.0 100.0 100.0 100.0 100.0 1.523 -127.57
90.0 100.0 100.0 100.0 100.0 1.504- 9.361

Case 5 21.4 55.2 22.1 1.4 0.0
45.0 100.0 100.0 100.0 100.0 14.55 -93.023
90.0 100.0 100.0 100.0 100.0 6.199- 7.928
180.0 100.0 100.0 100.0 100.0 5.560 - 7.505

L=w Altude Irado. . 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,

4 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 beamwidth

6 throughout the flight, ranging from 1.537 to 1.818, as shown In Table VIII. 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.

SALIude Ballistc Mlssile I.ajietot . A highly elliptical ballistic

trajectory (Case 4) with an eccentricity of .82 and a 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 were visible only 7.82 of the time, three or more

satellites only 12.4 X of the time, and two or more visible only 29.52 of the time. There were no

satellites visible 37.2Z 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 then 6.0 were achieved 20.9% 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 9.36 1, and PDOP values less than 6.0 were achieved 50.3%

of the time, and values less than 7.0 were achieved over 722 of the time.

i Altitude EaL OrbiL. A circular, geosynchronous earth orbit (Case 5) was

selected for evaluation and analyzed for several different antenna configurations. DOPs were again

computed at five minute intervals over a 12 hour period. With the designed antenna beemwidth

there were never four satellites visible. Three or more satellites were visible only 1.4% of the

time, two or more 22.12 of the time, and one or more visible only 55.22 of the time. The

geosynchronous user can observe no satellites 44.8% of the time with the designed antenna

.4 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 VIII), 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 62.1S 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

to 7.505.

AVERAGE NUMBER OF VISIBLE
SATELLITES

14.0 !'
12.0 /I2 (

Number 8.0 1
Visible 6.0

4.0

2.0

0.0
0 25 50 75 100 125 150 175 200

Altitude (NM x 100)

Figure 13. Average Satellite Visibility as a Function of Altitude

umma . For the low altitude satellite user, the baseline OPS constellation will provide

accuracies far exceeding those obtained on the earth's surface, as for these altitudes ( less than

about 1800 nautical miles), PDOP values generally improve with increasing altitude. More

* satellites are generally visible to choose from, resulting In better geometry, as shown in Figure

13. As the satellite user approaches higher altitudes, however, the constraints due to antenna

beemwidth cause a significant degradation of performance and result in frequent outages caused by

the insufficient number of satellites available to the user. Even in these situations, however,
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navigation can be made possible by means of sequential measurements from the OPS 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 accuracy that can be obtained by

increasing the antenna half-angle beemwidth can certainly not be overlooked, as such a

modification of antenna design could significantly increase 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 OPS 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 th,'se satellites should be widely distributed about the user in all directions to minimize PDOP

values. Even with unlimited antenna gain and 360 degree coverage (180 degree 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 OPS satellites with respect to the user continues

to diminish with distance. Consequently, the altitude dilution of precision (VDOP) 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, OPS 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 Mod!icatim Ana ais

The rifled Constellation

Jntroductiol. The six-plane, 18-satellite constellation analyzed in Chapter IV was

recognized as having better overall capability than a variety of other candidate 18-satellite

constellations evaluated and is now considered to be the baseline GPS constellation. One of the

primary reasons that this constellation was chosen over an earlier three-plane, nonuniform

constellation baseline proposal was that a significant Improvement of satellite coverage was

obtained with the six-plane configuration (15:E9.3.8). The 99.5% 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

X,; 100% coverage and translates into size and duration of degraded performance areas (15:E9.3.2).

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

advantageous 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 necessarily involving multiple intersecting

orbits," has been the underlying basis for this assumption. Although it would appear to be a

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. If a

modification to this baseline constellation could be made that would result in more favorable

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

seems logical to expect that coverage could be improved even further. Since a change 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.

AssumtDiosl. It was assumed that the only modification to be made to the baseline

constellation was 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 550, and was

seprated 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 separated from the other within a

particular orbit by four hours, or exactly one-third of the period. Relative phasing of the

satellites from one orbital plane to the next remained at 400 ; 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 400 above the equatorial plane in its own orbital plane. Since elliptical orbits were used, the

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

adjacent plane to the east ahead of the equator by 400 of eccentric anomaly. For eae in

constellation buildup, as well as in the evaluation and comparison with the baseline constellation,

it was assumed that the eccentricity chosen for one orbit would be used for all six orbits.

Choosing=I Modified Cose .Latio. With the assumptions stated above, there

* , still 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 then 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

as 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, a tremendous improvement in performance was noted; unfortunately, however, this was

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 a result of the preliminary computer runs, it

was determined that a near optimum location, on a global basis, for the perigees of the modified

elliptical orbits was in the plane of the equator, as outages occurred less frequently in these

particular cases than any other location analyzed.

After analyzing 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). It is significant to note that all eccentricities between .01 and. 1 provided superior

performance than that of the baseline constellation in terms of reducing system outages.
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TABLE IX

Global Distribution Preliminary Data Runs

Z PDOP ZPDOP
Eo. Are of Perigm f Din1 H1h >6 7.

.05 239.7 Northern .0012 .0010

.05 239.7 Southern .0107 .0087

.02 239.7 Northern .0070 .0048

.02 239.7 Southern .0084 .0068

.05 224.5 Northern .0009 .0003

.05 224.5 Southern .0114 .0106

.02 224.5 Northern .0028 .0023

.02 224.5 Southern .0082 .0069

.02 198.4 Northern .0032 .0025

.02 198.4 Southern .0071 .0062
.01 0.0 Northern .0048 .0039
.02 0.0 Northern .0041 .0037
.03 0.0 Northern .0041 .0034
.04 0.0 Northern .0038 .0029
.05 0.0 Northern .0040 .0026
.07 0.0 Northern .0029 .0017
.085 0.0 Northern .0034 .0015
.10 0.0 Northern .0037 .0016

Global Diributin Hun

Int.ution- Since the modified constellation selected was, like the baseline

constellation, 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

* - analysis. The latitude, longitude, and time steps were chosen to be the same as used for the

baseline constellation global distribution run, which allowed for the direct comparison of the

- 47

." • o



results. The time interval selected for the run, as in the case of the baseline constellation, was

four hours, as after this length of time the pattern of outages was repetitive due to the symmetric

arrangement of satellites.

TABLE X

Modified Constellation Orbital Elements

ORBITAL ELEMENTS
ECC ARGP RASC INC ANOI PER

(Doeg) (Deg) (Deg) (Deg) (Irs)

1 0.07 0.00 30.00 55.00 0.00 12.00
2 0.07 0.00 30.00 55.00 126.60 12.00
3 0.07 0.00 30.00 55.00 233.40 12.00
4 0.07 0.00 90.00 55.00 42.80 12.00
5 0.07 0.00 90.00 55.00 160.30 12.00
6 0.07 0.00 90.00 55.00 269.50 12.00
7 0.07 0.00 150.00 55.00 83.80 12.00
8 0.07 0.00 150.00 55.00 193.90 12.00
9 0.07 0.00 150.00 55.00 310.00 12.00

10 0.07 0.00 210.00 55.00 123.30 12.00
11 0.07 0.00 210.00 55.00 230.00 12.00
12 0.07 0.00 210.00 55.00 355.70 12.00
13 0.07 0.00 270.00 55.00 161.40 12.00
14 0.07 0.00 270.00 55.00 270.60 12.00
15 0.07 0.00 270.00 55.00 44.10 12.00
16 0.07 0.00 330.00 55.00 198.60 12.00
17 0.07 0.00 330.00 55.00 315.90 12.00
18 0.07 0.00 330.00 55.00 89.40 12.00

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) - 5
HEMISPHERE EVALUATED - NORTHERN
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Results. The results of the global analysis computer run for the modified constellation

are shown in Table Xl. 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 a 47% reduction of outages over the baseline constellation

(Figure 14), which has outages occuring 0.55% of the time. If PDOP values greater than 7.0 are

used as a means of comparison, outages (PDOP values greater than 7.0) are reduced by over 58%.

TABLE XI

Modified Constellation Global Distribution - DOP Values

DILUTION OF PRECISION PARAMETERS - ACCUMULATIVE GLOBAL DISTRIBUTION

(Percentage of Time That DOP Value Shown is Exceeded)

VALU xW ID M f op om

0.0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

1.0 1.0000 1.0000 .8260 .7297 1.0000 1,0000

2.0 .5681 .0439 .0185 .1009 .9849 .9991

3.0 .1202 .0030 .0018 .0143 2257 .3430

4.0 .0334 .0009 .0006 .0018 .0650 .1111

5.0 .0063 .0004 .0004 .0013 .0138 .0431

6.0 .0022 .0004 .0003 .0011 AM .0114

7.0 .0012 .0003 .0003 .0009 .0017 .0028

The highlighted number represents the percentage of time that an OUtavW occurs due

to poor satellite geometry of the baseline constellation. A PDOP value greater than 6.0 Is

considered to constitute such an outage.

I
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Constellation Comparison
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Figure 14. Comparison of System Outages
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Figure 15S Comparison of PDOP Values Less Then 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 reduction in the

percentage of times that the best PDOP values are obtainable, as depicted in Figure 15. An

examination of the data in Table XII and Table XIII provides the reason 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 erth-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 data clearly shows that five or more satellites were

in view 100Z of the time at all northern latitudes sampled except at 60°N and 400N, which were

also the latitudes at which the outages occurred.

The modified constellation, however, provides a higher probability of seeing five or more

satellites at these same latitudes, which means that in addition to the change in relative 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

addition 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 previously occurred

in these areas. Since this fifth satellite was provided at the expense of a reduction of the number

of satellites available in other ares which previously had a 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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percent (98.92X to 99.17S) that five or more satellites would be seen, it effectively

redistributed the "wealth" by targeting those areas of the world with weakest coverage.

TABLE XII

Maximum and Minimum Numbers Seen at Each Latitude and Longitude-Modified Constellation

LONGITUDE (DE)

II I 1 1 2 2 2 2 2 3 3 3
24680246802468024

LAT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

90 888888888888888888
80 788878887887788887
70 8 8 8 8 8 8 8 8 8 8 8 878 8 8 8 887

60 8 88 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
50 7 77 777 77677 767 7777
40 7 6 6 8 7 7 6 8 8 7 7 6 8 7 6 6 8 8
30 7 7 6 7 7 7 6 8 8 7 7 6 7 7 7 6 7 7
20 6 8 7 76 8 8 7 7 7 7 7 7 68 8 7 7
10 7 8 7 8 8 8 8 7 7 7 8 7 7 7 8 8 7 7
0 7 a 7 7 8 7 7 7 8 7 8 7 8 7 a 8 7 7

LON61T.DE (DE)

I I 1 1 2 2 2 2 2 3 3 3
24680246802468024

LAT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

90 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
80 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
70 5 6 6 5 5 5 6 5 5 5 6 5 5 5 5 5 5 5
60 4 5 5 5 4 4 5 5 4 4 6 5 5 4 6 5 5 5
50 5 5 5 5 5 5 5 5 5 5 4 5 5 5 4 4 4 5
40 5 4 4 5 5 4 4 4 5 5 4 4 5 5 4 4 5 5
30 554555555555555555
20 55445 55 45 554455545
10 5 6 6 6 5 6 6 6 5 5 6 6 5 5 6 6 5 5

* 0 6 5 5 5 6 6 5 5 5 6 5 5 5 6 6 5 5 5
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TABLE XIII
Probablity of Seeing N or More Satellites-Modified Constellation

NUMBER OF SATELLITES

LAT 0 1 2 3 4 5 6 7 8

PROBABILITY (IN PERCENT) OF SEEING N OR MORE SATELLITES

90 100.00 100.00 100.00 100.00 100.00 100.00 100.00 40.82 24.49

80 100.00 100.00 100.00 100.00 100.00 100.00 100.00 61.22 3.51

70 100.00 100.00 100.00 100.00 100.00 100.00 96.03 42.40 14.97

60 100.00 100.00 100.00 100.00 100.00 99.21 82.54 41.27 10.20

50 100.00 100.00 100.00 100.00 100.00 99.32 70.07 12.47 0.00

40 100.00 100.00 100.00 100.00 100.00 95.12 62.02 7.26 1.59

30 100.00 100.00 100.00 100.00 100.00 99.89 63.49 14.97 .23

20 100.00 100.00 100.00 100.00 100.00 97.85 74.49 20.86 1.36

10 100.00 100.00 100.00 100.00 100.00 100.00 94.44 45.24 2.04

0 100.00 100.00 100.00 100.00 100.00 100.00 96.71 52.61 1.81

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
100.00 100.00 100.00 100.00 100.00 98.92 80.25 30.42 2.79
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ISyvstem Degraatio ue D IQt elit Losses i

JntroJuctioCfn. The effect of satellite losses from the modified baseline constellation was

analyzed for comparison with the results obtained from the analysis of the baseline constellation

discussed in Chapter IV. 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 remains 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 200 and both

hemispheres were evaluated These parameters were identical to those used in the analysis of

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

esults. The percentage of time that system outages occurred due to satellite losses from

the modified constellation are listed in Table XIV. The percentages in brackets represent the

corresponding values obtained for the same losses analyzed for the baseline constellation (Table

VII). In practically every case, 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 X to 15.3% of the time and in the two satellite

case from 4.552 to 7.47% of the time, representing the best and worst case scenarios.
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TABLE XIV

System Performance Degradation Due to Satellite Losses- Modified Constellation

Satellites 2 PDOP 9 PDOP

1 .0228 [.02321 .0161 [.02011 -
1,5* .0455 [.0478] .0329 1.0407]
1,10* .0774 [.0800] .0661 1.0725
4,5,6* .0811 [.0780] .0574 [.0679]
1,8,15** .1530 [.1584 .1349 [.1454]

• Best cse
** Worst Case

Satite USer

Introduction. In analyzing the geometric performance of the modified baseline

constellation for the satellite user, three cases were considered, an intermediate altitude earth

orbit, a high altitude earth orbit, and a 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

purposes 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 baseline constellation, and the cases analyzed were

identical to those described In Chapter IV. It was assumed that the OPS 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.

nteri ate Altitude Earth Orbits. 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 beamwldth of 21.4 degrees and 45 degrees. With the designed antenna

half-angle beamwidth of 21.4 degrees, four or more satellites were visible 18.62 of the time

compared with 17.92 for the baseline constellation. Three or more satellites were visible 26.2%

of the time versus 24. 1 2 for the baseline, and two or more satellites were visible 53.82 of the

time compared with 51 X for the baseline. No satellites were visible to the satellite user 27.6%

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, significantly 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 32.42 of the time compared with

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

: li.g tue Ballist Missile Trajec. ory. The same highly elliptical missile

trajectory (Case 4) described in Chapter IV 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 7.82 of the time, identical to the results of the baseline analysis. Three

or more satellites were available 14.0% of the time compared to the baseline 12.42, two or more

were visible 30.2% of the time versus 29.52 for the baseline, and one or more satellites were

available 61.22 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 baseline constellation.

Table XV

Modified Constellation Evaluation - Satellite User

% of Time n or More Satellites
User Antenna Visible
Satellite BWIDTH 1 2 3 4 PE nnD

Case 2 21.4 72.4 53.8 26.2 18.6 1.536-
45.0 100.0 100.0 100.0 100.0 1.539- 123

Case4 21.4 61.2 30.2 14.0 7.8 1.506-
45.0 100.0 100.0 100.0 100.0 1.598-345

Case5 21.4 53.8 25.5 2.7 0.0
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- 8.8

Hig Aitud Erth Orbits. A circular geosynchronous orbit was selected (Case 5)

for evaluation at antenna half-angle beemwidths of 21.4, 45, and 90 degrees. With the designed

antenna 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 25.5% 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 beemwidth was increased to 45 degrees and higher, four or

more satellites were always available to the user. At a half-angle beemwidth of 90 degrees, PDOP

values less than 7.0 were achieved 75.8Z of the time compared with 62.1 Z of the time for the

baseline constellation.

Surnmla. The geometric performance of the modified constellation for the satellite 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

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

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

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

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

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

for use in near-earth space navigation.

4

4 5 8
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Vl. CoDIuijgns/Recommendations

The BaseJJln Satellite Constellation

The 18-satellite configuration now considered the OPS 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

-.TTcoverage available, and the amount of degradation caused by such loses 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 OPS for positioning in the

- conventional way is primarily a function of both the user's altitude and the antenna bemwidth of

the OPS 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
0

the typical global user due to the lncrer= l 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 rapidly deteriorate with increasing altitude, as

fewer and fewer satellites remain avpilable for selection. Outages become more and more frequent

0
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until altitudes are reached where conventional positioning using four satellites simultaneously

becomes impossible. Modifying the antenna beemwidth design of the OPS satellites appears very

promising for expanding the usefulness of OPS to the high altitude satellite user, but even without

such a modification, greatly improved positioning capability 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 measurements with the memory

inherent in the known orbital dynamics of the satellite will make navigation possible for these

users as well.

TI 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 made to the baseline

constellation which changed 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 nearly 50Z, 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

world, it has generally been assumed that circular orbits are preferable for whole-earth

coverage. This assumption, however, does not appear to be valid at least 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*I
. " 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 baseline 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 spac-based

user with positioning accuracy comparable to that of the baseline, and perh8ps 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. In

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 3PS 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 example, is approximately .022 degrees per day, and would require periodic

corrections. Further analysis 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 changing the eccentricity of the OPS satellite orbits could improve geometric

performance and reduce the percentage of system outages, and n7ot to find the optimal

constellation, other elliptical variations of the baseline should also be analyzed for comparison.

The feesibility of modifying OPS antenna design to bAtter accommodate the space-based user
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*should also be closely examined. Although OPS was not originally designed for use in space

navigation, the potential applications into this area appear very promising. Increasing the

dntenna beamwidth, if practical, would greatly improve the availability of the OPS satellites to

users operating in space, and would make available to the user extremely accurate estimates of

position
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Glossary o1 Technical, Terms

Antenna lf-rnuui BwnmIdth - the angle between the antenna centerline and the edge of the

main lobe skirt of the OPS antenna pattern

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

Argument of PmiM - 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

Amding M& - 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

D I sJ - the error, or fixed bias, in the user's imprecise clock relative to OPS system time
provided by the OPS satellites which contributes an error in range measurement

Dilutim if Precisiu (DM2) - a parameter used for measuring system position accuracy of
the OPS satellites as a function of the variability of satellite geometry

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

Eccentrc AnmInli - the angle between the semi-major axis of an ellipse and a point on a circle
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

Jinlrit - a constant defining the shape of an elliptical or other conic orbit

FudmmIal PJMM - the plane of the equator

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

MEMn ronam Odi - a circular orbit with a period of 24 hours, situated in the plane of the
equator, such at the satellite alweys remains over the same point of the earth

Homm TrInfiw - an elliptical transfer orbit between two circular orbits requiring minimum
fuel for the maneuver

- 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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IJilintio - the angle which describes the orientation of the orbital plane with the plane of the

equator

Ilmpiherik DjdW - 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

Julia IM - the time from which the Julian Calendar dates (46 B.C.)

Lonailtud of A n ng Node - the angle, in the plane of the equator, between the vector
pointing to the vernal equinox and the ascending node, measured counterclockwise when viewed
from the north side of the fundamental plane

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

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

iOrbital Eigmnu s - the six, Independent quantities 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

OQutao - 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 OPS satellites (less than four)

EM - the position dilution of precision parameter which reflects the dilution of positioning
accuracy in three dimensions

Perim - 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

PIudgrM - the sum of the actual range displacement from the user to OPS satellite plus the
offset due to the user time error (clock bias)

Relative PhasIM - 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

Sutiite Comtellation - a particular arrangement or configuration of a specific number of
satellites

- ullite Geometry - the geometrical relationship of the four selected OPS satellites relative to
the user and each other

64
,. .... ..-. .- .... ......... - - . • .. ,, ,. . ... ...

.- '-:--- - .- '. . - .; - - ... ' ' -..- .' . . , " : '. . - .-.. - .:-.- ._ . . ... . . . . . ..,- -- , . .-. • . i -... ; i .? Z - ."



S 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

Si-mla r Ax s - a constant defining the size of a conic orbit

Satellite jU - a OPS user situated in space (space-based user)

SidernIl luu - 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 23h56m04s of solar time)

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

I=s Anmaly - the angle, in the plane of the satellite's orbit, between periapsis and the position
of the satellite at a particular time, or epoch

Univ sai TJJ e - the local mean solar time on the Greenwich meridian, also called Greenwich
Mean Time or Zulu time

VDOP - the parameter reflecting the dilution of precision in the vertical dimension (altitude

error)
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Introduction

The computer program used for the analysis of all satellite constellations evaluated in this

study 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 I, the user is on a

satellite; in Case II, the user is positioned at a specific latitude and longitude on the earth's

surface; and, in Case III, a group of users are located at a set of latitudes and longitudes forming a

net over the whole surface or an entire hemisphere of the earth (17:15). Since only Case I and

Case III were used in this evaluation, no sample output is provided for Case II; that portion of the

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

Progra Modifications

The original program was written in Fortran IV and implemented on an IBM 370/158

computer. This version of the program has been converted to Fortran V for compatibility with a

Fortran V compiler. The size dimension of matrix KXX in the main program and in subroutines

TAT and TALL was reduced to accomodte 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 COVNAV of the original program, and for greater

ease in entering data, formatting was changed to allow free field data Input.

Although the original program contained statements that would allow 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 OP 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 beamwldth; 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 not

provide this information as output

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

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

and cause system outages to occur), additional statements were added to the program 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 approach 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

as long as they are set substantially higher than those values constituting such an outage. The
o

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

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

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

the effect upon geometric performance caused by a particular 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.

Expla ion nL Variables InMain Program

The variables used in the main program and an explanation of their use is provided in Table

XVI and Table XVII. Table XVI 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 Variables in Main Program- Satellite User (17:19-20)

FORTRAN EQUATIONS EXP I ANAT

RF(IV) Vector from the center of the earth to a navsat (where
RMX(N,IV) N is the "identification number" of the navsat and "IV"
R(IV) is the index of the components of the vector)

UPV(IV) P Vector from the center of the earth to e user satellite
4 RMX( IP ,IV) (where "IP" is the identification number" of the user

satellite and "IV" is as above)

UTS 0 Vector from a user satellite to a navsat

AR R Length of vector

AP P Length of vectorP

A Cos-t(r/R), where r = radius of earth

B Cos-l(r/P)

PHI 40 Cos- (r/R) + cos- (r/P)

THETN On  Cos- (R * P/RP)

AU U Length of vector0

4 BETAN On Cos- 1(-0 0 P/UP)

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

4
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TABLE XVI (Continued)

FORTRAN EQUATIONS EXPLANATION

BWIDTH 8 - P(n- n)

USUV(IINT(N),IV) i, 1=1 ,2,3,4 Unit vectors from a user toward 4 navsats (where

U(IV) IINT(N) contains the "identification number" of the
satellites which have not been eliminated and "IV"
as before)

THETT 8 T If P>R OT=Cs-I(R/P)

If PKR and P (of the navsat closest to zenith)>11'/2;
OT = 109.50 - sin-I(P sin 19.50/R)

If PKR and P (of the navsat closest to zenith) 1r/2;
8T = 70.50 - sin- I( P sin 19.5/R)

DELONE 8 If Sin2 T > C, 81 = Sin-I(C/Sin 81 )

If Sin2 8 TKC, 8 1= 8 T

DELTWO 82 If Sin 2 
T > C, 82 = 81

if Sin 2 9 T KC, 82 = Cos-I( 1-20)- OT

NJL Number of navsats

ISCMP Navsat selection technique parameter (ISCMP=O
for zenith; ISCMP= 1 for all satellites taken four
at a time)

P(N,K) Array containing the orbital elements for the satellites
(where N is the identification number of the navsat and
k= 1 to 5 is the index on the first five orbital elements)

PER(N) Orbital period of navsat or user satellite
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TABLE XVI (Continued)

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)

7
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TABLE XVII

Explanation of Variables in Main Program- User on Ground ( 17:21-22)

FORTRAN FEXPLAA&TJ.

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 Vector from the center of the earth to a satellite

UPV Vector from the center of the earth to a user

STN Vector 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

Z Vector 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)
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TABLE XVII (Continued)

FORTRAN EXPLANATIO

O( NSOD( N),I) Direction Cosines (where NSOD(N) contains the "identification
numbers" of the four selected nevsats and I = 1 to 4)

SIGT(N) An array containing the DOP parameters

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

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

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

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

QSR(IQSR) Range into which the printed variable falls; IQSR = 1 ,36 in steps
of .2

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

MAXO(IL,IK) Maximum number of navsets seen at the intersections of latitudes
and longitudes; IL=latltude index, IK= longitude Index

MIN(IL,IK) Minimum number of navsats seen at the intersections of latitudes
and longitudes; IL=latltude index, IK= longitude Index
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TABLE XVII (Continued)

IFORTRAN EXPLAION

OBLAT(IL,N) Probability (in percent) of seeing exactly N navsats; IL =
latitude index, N=number of na'sats

ACLAT(IL,N) Probability (in percent) of seeing N or more navsats; IL =
latitude index, N=number of navsats

OBDIS(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(I) An array containing the "identification numbers" of deleted
satellites

Explanation gL Subroutines

Table XVIII 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 17.

I[
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TABLE XVIII

Computer Program Subroutines (17:23-27)

SBUNH E DESRIPTIO

ORBINI(N) Initializes the orbital elements for the navsats and user satellite
from the input data

ORBIT( I,T,PER,RVELAC) Iterates for the eccentric anomaly and computes the true anomaly

for each time step

TRMATX(TR,I) Calculates the 3 x 3 coordinate transformation matrix, TR

MATMUL(T,V,O) Performs coordinate transformation of a vector by matrix
multiplication

POINT(ALOIALA,TIM,VEC) Calculates the vector from the center of the earth to the user at
a specific latitude and longitude

TMT(MAX,MXXMATRIX) Sets up the sequence of navsets which are to be examined, using
either the one above or below the user as one of the four in each
calculation of the tetrahedron volume

VOLUME(UVEC,IDSAT,VOL) Calculates the volume of the tetrahedron formed by the set of
four satellites used

COVNAV(G,ID,NAT,SIG) Computes the six dilution of precision values (DOPs)

BLOCK DATA Contains various parameter values used in the program

VECTOR( VI I ,V'.,V3) Performs vector additions, subtractions, and cross products

DOT(V I ,V2) Function which calculates dot product of two vectors

UNIVEC(V,UY) Calculates unit vectors

TALL(MAX,MXXMATRIX) Sets up the sequence of nevsets which are to be examined, using
all satellites taken four at a time

SATDEL(P,PER,NJ,NDJDEL) Deletes specified satellites from the nominal constellation
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Comnuter Program Listing

1. MAIN PROGRAM [77-90]

2. ORBINI (1) [91]

3. ORBIT (I,T,PER,R,VELAC) [91-92]

4. TRMATX (TR,I) [92-931

5. MATMUL (T.V.0) [93]

6. POINT (ALOALA,TIM,VEC) [93]

7. TMAT (MAX,MXX,rIATRIX) [93]

8. VOLUME (UVEC,IDSAT,VOL) [93-94]

9. COVNA (O,ID,NAT,SIO) [94]

10. BLOCK DATA (95]

11. VECTOR (V IIV2,V3) [95]

12. DOT (V I V2) [95.

13. UNIVEC (YIUV) (95]

14. TALL (MAX,MXX,MATRIX) [95-96]

15. SATDEL (P,PER,NJL,NDEL.JDEL) [96]
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TABLE XIX

COMPUTER PROGRAM LISTING

THIS FROMin IS A MIOIFICATION OF A CMVITE FRM BY
** THE ID CORPOMT1 ION ITHE GECOfMhIC PWRWICEA OF PSE1I0O-

RANING AIIATICN SATELITE SYSTPI, MELWOED FOR EUW.

HMJSTFIR (onS) AWL.Y8IB PROGAMI
(A THESIS PfOECT)

By

CFIT D 1U . THONIN

C HRII PROGAI

DININSION MI(3),O(37,4), 10S(37), ISIC(4),CXX(1062,4),NiSG(3?),R(3)
1.RF(3),FIM(3?,3),SIOTC),U(3),LF'(3),UmP(37,3)UTS(3),IE(3),Z(3),
2 YE(3),XN(3), ISRWE(37), I INT(37),LEL(37), IOU(3?),SThC3)
DIleISIW OSR(3S),CAB( 19, 18),GLED( 18),PIB( 18),ACLAT( l,35),

1 AICT0(3),uALT(1,35),c3DIS(3s),a..(1g),MI~ulg,3),'M(1q,35),
2 IZAX( 9, 1B),fISPL(lg),9cE( 1,35,6),UEG(19,356,),&MO(6,35),
3 CO(1935,S6), 1SFP(32),PER(35)

FEF LAT, LOWU, LM, Lm, LAD
DIISION imEl()

IPRINTNO
Z( I)m.
Z(2m.
Z(3)-i.E+1O

C LOCl; USER ONl SRTLLITE
C LOC2; USER ON OIW AT SPECI FI ED LAT I TUE FMD LOW I TI
C GOS LOAL. Ca.CURT IONS

RERD (5, *) LOC,KL, I SDO, NOEL
IF(NIDE.EQ.0) WO TO 50

50 00 TO (100,110, 120),LOC

-I W0 0105 K-1,5
PERO (5,*) (P(N,K),N.1,KL)

105 C~ffIME
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EW(5,*) (PER(),N1,N.L)
IFCIUELE.0) CFLL SATEEL (P,PER,tk&,Hl3.,qEEL)

FE (5,*) PER(HJM),AIN1CK
REjlD (5,*) INCITF
00 TO15

C
110 00 115 K-1,5

115 COMTI ME

IF (111UL.If.) CALL SAIDE (P, PER,NI'L,I(IELEL)
READ (5,*) RTLI"B,ELEUIT
READ (5,*) INC, IV
W 1TO 155

120 00 125 K-lS

125 CO(TIIE

IF(IIJ.ELI.0) CALL SITME (P,PER,N.L,t(IE,J3EL)
4 lRIM (5,*) LATDEG,ELEWIT

PERO (5, *) LAT IC, LON IC, I MC, 17, 1 PFFEQ, I T I E

NSPL(ffi)N0
DO0130 MB3.1, 35

NIN(NA,IB)30

W0 130 HC-1,6

UcE0(ff,1,fC)-O.
130 S=cE(,1,IC-

00 135 HON1, 18

00 140 HR- 1, 35
00 140 10-1, 6

140 GLO(1,1)wO.
00 150 HP1, 12

W0145 MDR.1, 36
AcLT(R,ID)0.

145 OKRT (MR,MD)E
150 GLEB(MR)=0.

PRINT 195
PRINT 1g0
03160 Ifh1,tkL
PRINT 215, IP,(P(IP,IU),IU-1,5),PER(IP)

150 CcNTINLE
IF(LOC. EQ.1I) PA INT 2D0

IF(LOC.EO. 1) PRINT 215, 1IP,CP(I P, I U), I Un1, 5), PER( IP)
IF(LOC.EQ.2) PRINT 210, RTL,0NGL,B.ELw
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;1 6 -

IF(LOC.ECI.3) PRINT 205, ELEURT,LATVEG,LATIC,LOIIC,ITIME

PRINT 220, ITT,INC
IF(LOC.EQ.1) PRINT 225, AIN,CK

IF(LOC.E. 1.14.ISCF.EO.O) PRINT 15
IF(ISCHP.EO. 1) PRINT 170

C THE FOLLOU INW FOWffTS HRUE T O 0 11TH IVPMT
C

105 FORMRT(11O,'THE SATELLITE MOST NEARLY OUERHEW IS USED AS ONE
IOF THE FOW/, I X, -I N ALL CALCLAT I ONS OF THE AUJIE OF THETTI

166 FORMT 1140, lOX, 'TIE SATELL ITE MOST NEARLY ABOE OR BELON I S USED A
IS ONE OF TIE FOLM'/,IIX,'IN ALL CRLCLATIONS OF TIE VOLUME OF THE

170 FORMTC1M(IN, OX, 'ALL SATE.LLITES, WRIEN FOUR AT A T IlPE, SEDB INM'
1,/,IIXOTHE CALCULRTIONS OF TIE VOLUME OF TIE TETRREOOW)

175 FORHRT(I015)
tOO FORffl(I2F6.O)
165 FORMRT(7F1O.0)
190 FORRIT(1HO,22X,' EC, 3X, ' RGP',4X,'RRSC, 4X,INC', X,'ROM',4X,

195 F-ORI(H,//,'OffITAL ELEMENTS')
200 FORII10, lOX, 'USER SATELLITE ORBITAL ELEMENTS'/I)
205 FORMT I( 1140, 10(, 'OLUARL D ISTR I UTI ON CRLCULRT I OHS ,

*~~~~ I 1IX, WMlSK NVGLE =* ,F6.2,' EEE'/
* *..*2 IIX,'LATITUDE STEP a ',FG.2,* DEGREES%,/,

3 1 IX, LRTITUDE INCREMENT Is1 1,/
4 11X,'LOMIIOITItICREMET a*,31
5 1lIX, 'DI 1LUfTI ON OF PEC I9I ON PARAER PR INTED AT TIlHE INMCREMENT 0
vF .,15)

2 10 FORMTII( IHD,1IM(, -USER LOCAT ION ON ERTH'I1IX,
1 'LAT ITUDE *,F5.2, 'OEBREES/,11X, 'LONIITUE -'F5.2,
2 DEGREES',/ I1IX, 'MIMGINB GLE 'F6. 2, ' DEGREES')

*215 FORI9T(1H , IS(,I3, IX, FB.3,WS. 2)
220 FORMI (140,lOX,'TOTRL TIME(MI") 1,5, /,IX,

I 'TINE INCREIENT (MIN)u '13)
22 FORAlTI( IH , IOX, 'ERMlIDTH ANGLE(DED) a ', F6.2,/1 IX,

I 'FRITION OF MRUJSRT SPHIERICAL ARA a %,F6.3)
C
C SET IP ORBITAL ELEMENTS
C

00 230 N.1,NJ.
P(N,22).22008.*(PER(N)/24. )**(2./3.)
CALL O0BINI (N)

230 CONTINUE
IFCLOC.E.2.0R.LOC.EQ.3) G0 TO 235
P( IP, 22)2208. *(PER( I P)24. >01(2. /3.)
CALL ORBINI (IP)

235 COlfTIMUE
INCAE10

*DI00525 IT-1, IV
TIDNLATCINCA)/1440.
ITwoT( IT-I )*INC
I"CA.INCROINC:
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""N.I P
IF(LOC.EO.2.OR.LOC.EQ.3) MP06L
00240 H. 1. U1
CRLL OM IT (N.,TJ 0.PER, W, UE, R)
00 240 11.1.,3

UH(N, IU)uAP( I )
240 CWIT I ME

IFCLOC.EQ.2) 00 TO 333
IFCLOC.EQ.3) WO TO 33-

W0 245 IU.11,3
LPUKIU).ffl(IP, IV)

243 CONT I LE
I K-O

W0 250 IU1.13
R( IU.UI IV)

250 CT I LE
CRLLU.IECTOR (R,2,UPU,UTS)
ROWII(OT(R,R))
AP4*WPT(UWU, WVJ))

(CS2 .0926 144E+407/M)
IF(AP.LE.2.0025144E+0?) PRINT 251

251 FWftIAT(H ,/,3X,TEMNIRTI0H OF RUM, fLTITUDE APPROACHING ZERO')
IF(FIP.LE.2.0925144E+0?) STOP
BRCOB2 .0026 144.07/A)
P1414.6

* - 0OTPO0T(R,riF)

IF(TETN.GE.PHI) G TO 285
* - ALW.SWTC0TCUTS, IfS))

0Wm(UTS,mW)
MI VWIMS(-fLP/(RU.,6'P))
AIUIOIN/C(2)

IF(AIUIO.LT.l.IITH) GO TO 25

EI J.GETRN-C MEI F(BEIAN .OT. C(5)) UETfVC(# -Im
255 IF(BETAIN.LT.BETAI) 0O TO 260

00 TO 25
260 1S~h

265 COTIE
4 IFCIK.LT.4) WO TO 622

W0295 11, IK
IF(IWRE().E.19AIh00 G TO 270
GO TO 295

270 INGX.I
00 275 Mal, INX
I KINIKI I1 NMK

275 CWfINIE
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W0 290 KI=IIX, IK

290 CWII MHE
0O TO 290

295 CONTIE
290 1INT(1)-ISAThO

I R I CP.ESO. I) W0 TO 335

C THE IRIBEF OF THE SATELLITES WHICH4 FIT CRITERIA FOR USE, PUB THE
C ME MENEST T O CPRftE HWE BEEM CRLCLLATED
C

- . IOS(1)MIINT(1)

2. 0O 295 IU-1,3

295 CIMThUE
CALL IIECTO (R,2,UPU,UTS)
CALL LIMIIEC (UTS,U)
0W 300 111.1,3

300 CIONTIME
0 DO 325 "-2, lK

00 305 111.1,3

305 C~I tIE
CALL ISECTOR (R,2,LIPI,UTS)
CFLL UIUEC (UTS,U)
00 310 111.1,3

310 CIONTIlnE
AR4WIT(OTCR,R4))
RPuSPT=T(rtFU,LIU))
IF(FI . T.IR) THETT-ACO(9R/')
IF(F.LE..AI.DM.ETAS.0T.C(5)) THETl.1Og.5/C(2)-SIN(FP*.33680

IRA)

IF(Fl.LE.RA.ETA8.LE.C(5)) THErT=7.5/C2)-ASIHMF.38Oe/R
OCTW-MO(R,LFV)
THETNEACOS(OHPANIOW))

* SINTTwSIH(THETT)
SINrS"-IITT*02

9.. IF(SIMTS.GT.CK) G0 TO 315
MIEzETNETT
FN0.1.-(CKI.5)
DELTORO )-THETT
00 TO 320

315 CMIT I HE
* DELCIEuASIHCCK/SINTT)

DELTIIO4B.CIE
320 1 F(TIETh. LT. (THETT-CELCIE)) 0O TO 325

IRTHIEh.GOT. (TIETT+METM)) 00 TO 325

* .IOSCNS)EIINTCN)

325 Cf I ME
IF(NBS.LE.4) G0 TO GM5
00 TO335

c

.181



C - B10OFER OSTELLITE

c
C MaLLLTICIIS FOR USER ONi EII RT SPEC IF IED LAT FM1 LONG, AM
C GLOBAL DISTRIKUTIUiHB FOLL.OW
330 COTf I ME

LU.- 19
335 GH I PfUE

IFCLOC.EQ.2.IOR.LGC.EQ. 1) LEO-I
IF(L0C.EQ.2.OR.LOC.EQ.1) LLL-1
00 500 K.1,LKL,LONIC
00 500 L-1,LLL,LRTIC
IF(LOC.EQI.1.SA.SC.EC1.O) 00 TO 401
IF(LOC.EQ..M.ISCMt.E0.1) GO TO 375
LOHG-FLOAFT(K-1 1.
LARTW.-PLWITCL-I1)OLRTEG
IF(LOC.EQ.2) LOMGOMG
IF(LOC.EQ.2) LRT-ATI
CALL POINT CLCO,LAT,TID,tPWJ)

CL(L)inc(L)II.
W0350 M-1,tKL
00 340 IIJ.1,3
RC IU).ANX, IV)

340 CIMTIKE
CALL UECTO (LI,2,R,M~)
SE-DOT(STH, U )/SQT(DOT(STH, STM )*O(LPJ, LPJ))
IFMSE.GE. .999) SE-SIGNI(.,SE)
EL-ASIM(SE)*C(2)
IF(EL.LT.ELE~fT) GO TO 350

I I KT(NS)
UEL(H~..
Cft.L UECTO (R,2,UFP,US)
CRLL IMIUEC (UTSU)
00 345 1 U-1, 3
USUVUI, IU)IJ( IV)

345 CONTItIE
350 CNT I ME
333 CONT I E

NSTMMT4iss
N9PL(LA)M9LCL ).MS

HI GO.

I X-I I T(UM)

IFCEER.GT.HIGH) GO TO 350J
IF(EA.LE.HIGH) GO TO 35

380 HIGS4.AE

355 CONTIE
00370 IIJ-1,SS
IF(II.EO.Mt) NXnt
IF(M.LT.Mt) NX"WU*
IF(M.8T.M#) ?U-4J
I08(NX)n-INTf(NU)
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00 TO400

C I05(1455) HAS THE SATELLITE WEfEST TO MS.4EM, THE FILL OTHERS
C 14HICH FIT CRITERIA
C
C MMX CRLCIATIOMI9 ME CONCEOE WI1TH FINING THE C"IINTION OF
CFOUR SATELLITES WHIICH HRE THE GMEAEST WRLLE OF THE LMA1EE OF TIE

C TETRAHEDIOM O~E BY THEN

390 CONTIttE
CAL.L 1ECTOR (R,.2,LFPU,UTS)
CALL IMI1EC (UTS,U)
00 385 1 U- 1, 3

395 CONTIIIE

DO0395 1 JK- 1,I1K
395 1 OS( I JK I f(I JK)

00 TO 401
400 IF(MBS.LT.4) GO TO 479
401 BOX-10.

IFR(ISCHP. EQ. I) GO TO 405

CALL TRAT (HSS,KCN,KXX)

GO TO 410
405 KOT-IK

IF(LOC.EQ.2.OR.LOC.EQ.3) KOTNSS
CALL TAILL (KOT,KCat,K0XX)

410 00 430 M- 1, KCO
00 415 LPQ.LPN,4

IS IC(LPQ ).IOSMAI)
415 CONT I ME

CALL IU.LNE (USJ, I sI C,I.ULtI)
IFQ(UE1.GT.9OX) GO TO 420
IF(UCLI31.LE.DO) G0 TO 430

420 BOXEUMLLI
00 425 M-1,4
NSG(II).ISIC(fl)

425 CON I ME
430 CONT IME

DO 440 14.1,4
00 435 111.1,3
R(IUMNSD(n), IV)

435 CON I ME
COLL 1ECTOR (R,2,LPJ,UTS)
CALL UECTOR (Z.3,UFV,YE)
CALL ECTOR (IPU, 3, YE, XI)
AX-SWTC0T(XN, 21))
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RYu(W(T(YE,YE))

RLJuR/W6 118-3444.
AS-SQRT(OOT(UTS, UTS))
G(NSGO(N), 1 ).OO(XN, UTS )/(AXS
G(NSGO(N), 2)-OOT(Y'E, UTS )/(RY*ffS)
G(NSGD(N ),3 )00T(tIPJITS )j(VMS)
G(NSI3(),4)-1.

440 CONT E
CRLL COAMM (O,NSG,4,SIOT)
IF(LOC.EQ.3) GO TO 460
IF(LCC.EQ.2) N.T=O.
00 445 11=1,4
IOUT(IU)ISOII

445 CONTTI ME

LK-4
0O 455 tI-1,KOT
ITST=NSG( IL)
IF(ITST.EQ. IOS(tO) GO To 450
LK=LK+ I
IOUT(UO=-IOSQII)

4 00 TO 4W

IF(IL.EQ.5) GO TO 480
455 CUflT ME
480 KS-W1

W0 465 UK=,KGT
IOUT(UO)IOS(UC)

485 CONT IIME
ITWUT-(IT-l)Itc
KTREKTR42
IF(MOT.GOT. 18) KTR.KTRs1I
IF(KTR.GE.40) GO TO 470

GO TO 475
470 PRINT 525

c475 PRINT 30, ITOUT,LT,(SIOT(P),KP1,5),(IGUT(IP),W1,KOT)

C ENOV OF CN..CULRTIOII FOR SINGLE USER ON EMTH
C

GO TO 825

C FOLLOII CALCLILATIONS FOR GLOBL DISTRIWJTIOH

479 KOT-NSS
SIST(1)-1000.
SIOT(2)=1000.

4 SICT(3)-1000.

SlGO).1000.

SlOT(S).1000.
460 W0 483 tDOP1,
485 CDOP(L,K, IOP).SIOT(IDOP)

* 00 490 MS- 1,

400 9KE(L,KR,NS)-SME(L,K,S)1I.
W0495 "Fin1,KOT
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110OS(NR)
ELT=UEL(I)
KO.IHltWINT(ELT/l. >4-, 19)

45 CAOcL, KG -AG(L, KDf 1.
IIAX(L,K 4RX(MRX(L,K), KOT)
NINCL,K)IOCNIN(L,K),KOT)
G9LAT(L, NSP )CLAT(L, tUP)+ 1.

IF(LOC.EQ.3.VE. IPFFEQ.EQ.O) 00 TO 625
C NO) 'ITEWEDIATE PAINT

IFCPRINT.E..AI.IT.EQ. 1) 00 TO 505
C PAINT FIRST TINE STEP

I PA INT I PAINT+ I
IF(IPAINT.E. ITII'E) GO TO 505

C PAINT EACH TIMIE STEP REQUESTED
GO TO G25

505 IPAINT-O
00 515 IDCPl,6
IF(IDOP.EQ.1) PAINT 535, ITOIJT
IF(IDGP.EQ.2) PAINT 540, ITOIJT
IF(IOP.E.3) PAINT 545, ITOJT

*IF(IDOP.E.4) PAINT 550, ITOUT
IFCIDOP.EQ.S) PAINT 55, ITOIJT
IF(IDOP.EQ.6) PAINT 580, ITCOJT
I F(LRTOEO. EQ. 10. ) PA INT 55
IF(LATDEE.EQ.5.) PAINT 570
ICT- 10

00 5 10 1IC:1, 35
ICT-ICT41O
IF(ICTLE.90.ORACT.GE.1igo PAINT 575, ICT,COPCIK, IC, lOOP), 1K

1=1, it'
IFCICT.EI. 100) PAINT 580, (CDOP(IK, IC, 10(P), K1-, it
IF(ICT.EQ.ii0) PAINT 595, (COOPK,IC,10P,IK-1,1t'
IF(ICT.EQ. 120) PAINT 590, (CNOP(IK, IC, IDE?), IK1, It'
IF(ICT.EQ. 130) PAIN4T 505, (CCOP(IK, IC, lOOP), IK=1, ig)
IF(ICT.EQ. 140) PAINT 600, (CDOP(IK, IC, lOOP), 1K1 it
IF(ICT.EQ. 150) PAINT 605, (COOPCIK, IC, lOOP), IK'.i, it
IF(ICT.EQ. 180) PAINT 610, (COOP(IK,IC,IOP),IK-,lg)
IFCICT.EQ.170) PAINT 515, (CO(KIOO)I-,9
IF(ICT.EQ. ISO) PAINT 620, (CO(IK,IC,IOOP), 1K-I, 10)

510 WINTIME
4515 COIT I ME

00 520 ICL1,i0
D0 520 ICK-I,30
D0 520 ICD-I,6

520 CDOP(WCL, WCK, ICD)-0.

4 C TIE FOLLOINO FORNMTS IRUE TO 0O MI1TH A SPECIFIED TIME STEP
C REQUEST FOR PRINTINGO
C

525 FO.BfIHI,,IX, TIIIE(t)', IX, RILTCIII,4X, IA3O,
1 5X, l OOP -, SX, -HWP ,S5X, -TDOP 5SX, -P" 5X, OOP ,4X,
2 -SATELL ITES 0HOS, //)

o - 530 Fmm~ti(1140, I?,Fg.o,&cFg.3), lX, I(IX, 12),/,m),17I?(X, 12))
531 FORifl(IN,I7,Fg.0, SNLY *,14,' UTELLITES FIRE VISIBLE)
535 FOR ( INI1, //, IOX, TIIHE a ,I16,200(, U(P - ALT I TIEE) l IHO540 FORMTI(1N,//,JOX,*TII'E - ',I6,20X, lOOP - POSITION ElINHOl
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- .545 FORMTI( I1,/IX,'TI HE a ,16, 2M, 'MIOP - LARGE CCOM OF P06

550 FOFIT( IN1,//IM(, TI HE a 1I6, 2M,'TDOW - TIME')
55 FO3( INH1,//10%,'TI HE a 16, 20,'POOP - THFEE 0I1tMM I 019L POSI T

I ION 8,-90)
560 rFON'T1H,//,IOX,*TIHE - ',16,20X,OOP - FOUR 0IENSIOfL POSITI

10N ERROR')
565 FO T(1HO,52x7,LRTIflm3E',//,, 90',3X, 80',3X(, 70 ,3(, * 80',

I Mx,' 5-0',3X,' 430,3X, -40',3X,' 250* ,M,' 10*,3x,' *-?O,a, '-60',

570 F~MWl(IH,5Z,'LfrIT1E,//,gX,' W0,3X,' 65 3 0' ,3X, 75%,
I ax,' 70o,M(, 50'x, ,3X,' 55',3X, 50o,3X, 456,3X, 400,
2 ax, - 35 ', (, 30 -, M, ' 25 ', M, - 0' ,aX, 15,(' 10x,3i,',5x ,
3 3X, od)

575 FOWWMMH ,2x(, 13, IX, 19F6.2)
560 FON~TC1H ,'LV, IX,10*, IX, I9.2)

600 FOAMT(IH , 0', IX 10 ',lIX,l9Fo. 2)

460 FORTdH I ,N'T'lIx,. 150',IX, i9F6.2)
610 FORMT(IH ;','jIx, -GO, ixf 1W6.2)
615 FOWTIH , -', IX, -170', IX, 19F6.2)

622 ITOT(IT-1)*INC
* ~FILTOP/67. 16-3444.

ICR4TR2
IF (KTR . E.40) W0 TO 623

GO TO 624
623 PRIMT 525

KTR.0
624 PRI HT 53 1, 1 TOT, ALT, I K

IF(LOC.EO.1.OR.MO.E.2) 00 TO 920

W0 630 LI1l,35
630 OSCL I )NLORT(L- 1)0. 2

00640 1 x1, 19
PIB(tX)_.
00 635 1 Y.1, 19

635 PI9dIX~mlB(IX).CMXIY, IX)
640 PIS(IX)EPIBdIX/FfLORTNSTO)).l00.

W0661 LRE 1, 19
IF(CL(LR).EQ.O. .OR.N9PL(LA).EQ.0) G0 TO 661
W065 Ii,36

4~ 06501.1,6
MhMS(LR,N, I ).o.
00 645 J41, 35

645 9((IA,NH, I ).U(EBX(LR,NH, I )46+E(L, J, 0)
650 U(EB(LA, M, I -SKEOLA, H, I )/CL(LR)

00660 LC1,19
CAG(L,LC)-..

0 8ON LF4.C, 18
65 0WXLA, LC ).cAMLR, LC )cN(LA, LF)

a(LR, LC ).a (LA, LC )^wOA(mrL(LR))
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55i cCNT I IE
PRI CNT 760E

PRINHT 765, (PI19(I1X), I Xm1, 18)
IF(LATDE.E(.5.) PRINT 795
I F(LR1DO. EQ. 10. ) PR INT 8O
ICTS-5

I CT- ICTS
PRINT 815, ICT,(CABOXLR,LC),LA.1, 19)

W65 CONIfIE

00690L" uIn, 1g
IF(CL(IJI).EQ.0. .OR.NSPL(Lh).EQO) 00 TO 660
cIWuOMMVO.-FLOAT(LI-t )LMIuM ) )

00 670 1 M. 1, 6
D 670 1 1=1,35

670 GLOB( IH, II )Nam( SI, Il sMoxJ, I I ,IN"m
00 675 1211,18s

675 GLN)MCLEB(UI )CAB(LI, LW )CI
eso CNT I 

005M LNm1,1Is

PRINT 905
PRINT 810, COLESIC)I, ic18 )

xi Pl 00690 I lu1,35
690 am0(1in, I1 ).(3L6(11, I I)/=I

00 695 39P-,1,5
IFCUOP.EQ. 1) PRINT 830
IFCJ0P.EQl.2) PRINT 9OX
IF(CP.EQ.3) PRINT IA0
IF(E)CP.EQ.4) PRINT 845
IF(JUOP.EQ.5) PRINT 850
IF(JWe.Eo.o) PRINT O
IF(LRTO.EEI. 10. ) PRINT m2
IF(LRYBD.E.5.) PRINT 825
006= I(W1m,35
PRINT 775, QSR(IQSA),(MS701X(LK, ICSR,JEP),LK-1, 19)

695 CNT I ME
PRINT 850
00700 IQSRM1,35
PRINT g6o, QMRCISR), (MLO(I,IQ0m), I?11,6)

700 CGIT I ME
PRINT 870

1 F(LATDG. EQ. 10. ) LRw- 10.
IF(LMTDE.EIQ.5.) L.-5.
PRINT 880
00 705 1L. 1, 19
PRINT 8M, LMG, QMXIL, 110, IK-1,35)

705 CONT IMLE
PRINT m1
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00 715 I1.1, 19
00 710 IX=1,35

710 CNT I ME
PRINT M9, LGW,(IN(IL,IK),II.I35)

715 CONT I ME
00 720 N.1,m9PO

W0720 Lai$ 19
IF(CL(L).EQ.0. .OR.NSPL(L).EQ.O) 00 TO 720
OUTL, N).(ULAT(L, N)/CL(L ))* 100.

*720 COfT IE
M0 730 Lei, 19
W0730 Nm1ItISSPO
ACLAT(L,HN)u0.
W0725 "NI, MMSP

725 RCLRT(L, N -CLAT(L, N M(LA(L, N)
730 COWf I ME

Como.
W 07401 19
IF(CLCL).EQ.O. .OR.NSPL.(L).EQ.0) O0 TO 740
CC(0. -FLOTL- I )LNWEB)*CC 0)
c0.comCR
00735 No 1, ISSPO

735 0UOIS(N)UOIS(N)'EGLRTCL,N)*CA
740 CWXfIIIIE

W0745 f$R1,MISSFO
745 OUDIS(MNCOIS(N)/CO

W0 750 Nm1IINSSPO
* ACTOT (Hrn.

W0 750 IWI,frSSPO
*.750 ICT10T1("N)IT0T()'0U0I S(1)

W0 75 1.1,32

755 CONIIME

IF OIg9P.T. 16) "Ms-I1S
PRINT 890, (ISAPP(I li 16)

760 PRINT O00

WO 765 1 L-1, 19
PRINT 89, LG(UR(LN~MtS

765 CWfI MEN
* PRINT 95

1-mXIW.
00770 11L-1. 19
PRINT 95, LUW, (ACLAT( IN),Nm ?M 1)

770 CONT I WE
6 - PRINT 910

PRINT 790, (OIS(M),IHW,fMI)
PRINT 915
PRINT 790, (RTOT(N),N4PII)-
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IF(M*SSPO.LT. 16) 90 TO 92
IF(MB.GT. 16) GO TO 92D

19.17
PRINT 690, (ISW(I),1=17,32)
00 TO 780

c
C THE FOLLOWING FORWFS HIJE TO 00 WITN A OLUN.L SYSTEM
C

775 FORHRCIH FP4.1,3X,19FG.3)
760 FCR~lI(H,/////IX,'ELEVTION DISTRIBUTION - PROBIRILIlY THRT TIE

ISATELLITE I" UIEW WILL HRUE ELEU*TION RME AS LISTED,//,4SX,
2 'EEURTION Ai.E')

785 FOW~iI 1,G X,' 0-5 5-10 10-15 15-20 2D-25 25-30 3D-35 35-40 40
1-45 45-50 50-W 5-e so-es W70 70-75 75-0 60-W 5 -gO',//, 2X,
2 'PR0S', IX, ISF. 1)

790 FORMTI( 1H,0,'PROS' ,SX, 0F7.2)
795 PO I(14,/1,IX, 'LATITUEE ELEURT ION DISTRIBUTION% /,

I IX, 'PRIMBILITY THAT ANY URTELLITE IN UIEIJ WILL NRUE AN ELEU*T
2101 N LE GREAETER THWI OR Wll. TO THOSE L ISTED, //, =X
3'LRTITUE,/,2X,'ELEU',/,X,ANOLE', IX,' go 65 60 75
4 70 65 80 55 9D 45 40 35 30 25 20

*5 15 10 5 0',/)
900 FORHRTIN,////, IX,'LTITUOE EmET ION DISTRIBUT ION',/,

1 IX,. 'PRMGB1L I TY THAT RINY UTELL ITE INHU WEI M ILL IRUE RN ELEU*T
21011 ANGLE GRER THWI OR EQUAL TO THOSE LISTED,//,52X,
3'LRTITtIEE',/,X,'ELEU',/,X'NOLE', IX,' go 60 70 60
4 50 40 30 20 10 0 - 10 -20 -30 -40 -50
5 -60 -70 -00 -we',/

lI x, 'PROBBILITY THAT THE ELIMNTION MODLE IS GREATER TIWI OA EQUR
2T OS LISTED', //,480X, 5.SMUTION MNOLE)

810 FORWIiO,7X,' 0 5 10 15 20 25 30 35 4
10 45 50 U5 60 65 70 75 60 65 ,/,ZX,
2 'PROB, IX, iSF.i1)

815 F0NT(IH ,13,4X,IWG6.2)
820 RWMT( iHO,=2, 'LATITWIE', //,2X, 111',5)X,

1 ' go,3X(, 0,3X, ' 70@,3X,$ 00',
2 3)(,' 50' ,3X, ' 40' ,M(, 30' ,M(, 20',M(,' 10' ,71, 0' ,3X, '-10*,

3 M, '-20',3X, '-3',3X, '-40' ,M(, '-0' ,3X, '-00',3X, ,
4 V,-0', /)

62 rFW'(1HO,52, 'LATITI.E,//,2X, 'IU',5X,
1 90*,3X,' 65',3X, - 80',=,. m78,
2 V,- 70', 3X, ' 5',3X, ' 60' ,3X,o 55U@,3x, '50', 3Xo 45' ,3X, ' 406,

3 3X, ' 35',MX, ' 31)',M(, ' 23',3X, ' 20',M(, ' 10,X,'i',M(, ' 3.,
4 V, old/)

630 FORM I( IN 1,//IX, ' LUTI ON OF PRECISI 1ON - ACCUNLAT I YE LRT I TUE 0
ISTRIUUT ION , /, IX,'PROILITV THRT RILTITUDm OW MILL BEOETER T

a 2NWN NIUB LITD,/
935 F0RiIHIl,///,X,'DILUTION OF PRECISION - AXXWRIIE LRTITWIE 0

IISTRIBUT ION',/,X'PRBIILITY THAT POSITION NOP IN HOIZNTR. PLA
2HE MILL BE GREATER TIWI IUUE LISTED//)

840 FOlMRTIHI,//,IX,'ILUTIOH OF PRECISION - RCCaMA.MIUE LRTI11= 0
I ISTRWBUT ION ,/, IX, 'PROBFUILITY THAT LM COMMIENT OF POSITION 0
20P WILL SE GREATER THAN HUNBERI LIST=',//)

945 FORMflTCHI,///, IX, 'DILUTION OF PRECISION - AECCUfLATIIE LATITUOE 0
IISTRWBUTIO',/, IX,'PFRGILITY THAT TUPE NOP MILL BE GREATER TIWI
BINUM LISTED//)
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850 FORMT(IN1,///IX, D ILUTI ON OF PRECIS ION - ARInLAT I E LAT I TUE 0
I ISTRI BUT I O', IX, 'PROIMIIITY THfiT THREE 0D1IENS I OWL POS IT ION DOP

2 M ILL BE OREATER TiWI NIMBER L ISTED,/P)
855 FOMTC1H1,///, X,DILTION OF PRECISION - ARJLATIWE LATITiWE 0

IISThIWJTIOW-,/,IX,PFROIUILITY THRT FOIP DII'ENSIORL POSITION OOP
3'IILL BE WOMTE THAN I'UUER LISTED,//)

960 FOMT( I1, ///, X,DILUT ION OF PRECISION PFAEER - FK"ILWTI UE
1 0L0.. DISTIUTIOWH, //,SX, - uER07X, tUDP ,6X, 1100P-,X

805 FORIIAT(H ,9X,F3.I,3X,5FIO.4)
870 FORM I(I1, IX, flW V MI HI NII J UR SEEN AT EAICH LAT IllJCE

it LOIGITIE)

1 30,2 1,gX,2'2,gX,2(3,9X(),/,m,3('5 ,gX, 0 ,gX),
2 $5,/,X, LAT,4X,8(0,9X),/)

BW F0RWlT( 10, /,38X, l.MFXII', //,3?X, LONGI61mE ,
I m2),2(1,9X),22,X),2(3,9),/,2X,3C'5,X0,OX),
2 -5,/,5X, LT,4X,(O0,9X),/)

805 FORT(1H ,F4.O,3X,35I2)
90 F~MW( IH1, 40X, -INUER OF WAELL ITES,//5X, -LAT , 3(, 1617)

6SW FORWT(IH 3,F4.O,3X, IG7.2)
900 FORHR I( I, /, lOX, 'F FUBI LI TY ( INI PERCENT ) OF SEEI NO EXAICTLY H SAT

IELLITES,/)
905 FORII(1H0,/,IOX,'PRGSRILITV (IN PERCENT) OF SEEING N OR WOE SAT

IELLITES',/)
9 10 FOATI( IND, /, IX,'CNN A GLUAFL ORS8I8 THE PROUI LI TY ( IN PERCENT TH

tAT EXACTLY N SATELLITES MILL BE SEEN)
9 15 IFORNR ( , /, IX, 'ON A 0LB9. UIS1 TIE PROWI LI TY ( IN PERCENT) TN

tAT N OR MORE SAELL ITIES M ILL K SEEN)

END
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SUROMINE MAINIMI
WIIONI ISP3,25)AMV/CC 18)

PC 1,2 P( 1,2 *C 1)

*PCI,4-(1,4*C1l)
- .PCI,5.CI,5)$C1)

PCI ,9)-INCPC 1,4))
PCI, 1O).COB(P(I,4))
PC I, I I)ESIMCPC 1,3))
PCI, 12 (SP(1,3))

PC1,21) aPCI,22>*CCO)

PCI ,2) (M/CI 21)P1,6.

PC I,8mC(12)/CP( I,6)PC1,6))

SWBFKTIHE 0AITI,T,PER,R,IL,I)
COMtIM/ISOPC3,25)/w1/C( 1)
DIMENION R(3),UB..C3),AIC3), (IS3,3),03),QEL3),CC3),UC3S),

I EC36),BIBTC3S),LILTC36),U(36),CVJC3S),SJC3S),PERC35)
FOL LILT
IF(T.BT.O) W0 TO 10

SIMEf-C9RTC .-WPC , 1)*2SIIOPC I,5)))/C 1.4.OPCI, I)MM(OPC 1,5)))

E( I )mfiI(S I ?f)
IF(OPC, M.E.O. ) 0O TO 15
IFCUCI ).LT.(C3)/2.)) ECI E(I
IFCCUCi ).GE.(C3)/2. )).A1.

I CVCI).LE.C3.*CC3)/2.))) E(I)EC3-ECI)
IFCUCI ).GT.(3.SCC3)fl.)) ECI )CC)4ECI
0O TO 20

15 CcMIM.E
IF(RA.LT.CP(,22).M.UCI).LE.CC3)) ECI).ECI
IFCFM.GT.OPCI,22)) EI >C(3)-ECI )

* IFC(Fl.LT.PI,2).AM.U(I).BT.C(3)) ECI).CC4)*ECI)
-- 20 CIGKTIME

BIGO ).CPERCI )*CECI )-CPCI, 1)*SIHE))/C24.*CC4))
LILTCI )ESIOTCI)
GO TO 25

10 MEu. I
S LILTCIDIGI.T

EC I ).O.
*35 E(I )EE( I MEL

YOULLTOI-(PERIEI -PC, D*SINED))))/(24.*C4))
IFCASCY).LE. .0000) 00 TO 30

* IF(Y.OT.O) WO TO 35
*E EI )NE(I >-ME

DELM/10.
WO TO 35

30 CW~IME



. . .. - . . . . r r-r r --

IF(E(I).GE.C(4)) E(I)EE(I)-CC4)

UCI )EmIN(St I)

p-W .Cp(I)*(1.-Wp(I 1)002)
IF(OP(I,1)SME.0.) GO TO 40
IF(E(I.LTCC3/2.)) UI)-Um(I)
IF(ME(I OAE. (CC3/2. )).WVM.

I F(E( I ). OT.-(3. OCM3f2.)) U(I )NC4MK(I)
0O TO 25

40 ~CNTIM

IF(WP.LT.P.MD.E(I .LE.CC4)) U(wI MKI)(

25 WTTfI ME
CU( I )4N=(U( I)
U(l).OfI)4OPC112)

OP(I1, 14)-SIN (U( I)

CP( I, 15).ABINCSP)OC(2)
Fl-i1 ..CP( I )0c(
FC Is)1. ( 1, 1)*WFl

QEL(2)mCP(I ,)fll

QC(2 )0.
X3 MRO.

C&LL tIRNL C(h1,Q,R)
ItLL MITIIL (ANS,W.,LEL)
CALL IUDEL (ThS1S,QCAC)
CPCI*24)0CT- AIIITT.5)Y'CC4)
CPCI, 16)-T2R(2),R(fl-PCI,24)
CPCI, 16P(I, IS)OCC2)a

SUROUTIPE TNTIX(T,I)
OltIBICH Th(33)

o W~l~n/CIS/P3,25)/M/CC 19)
13(1, I1*P(I,0 12)*P(I, 13)-CP(I, 11)*CP(I, 10)P(i,0 14)
T(,2-P(l, 12)*CP(I, I4WP(I, I IP(1, 10)P(I, 13)
T3(2,1D- OPOl,Il)qW~o, 3fcP(I, 12)0ap(I, 1O)qpI, 14)
Th(2,2)-CP( I 1)*P( I, 14)4WP( , I2*~, 10)OC(I, 13)

o TR(2,3).(i, 12)qP(i,g)
TR(3,2.C(OqPI 1)

Th(3,3)-P(l, 10)
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TR(1,2)-t.*TRC1,2)

SLAGOUTIME tM11ILCT,U,O)
OIENSIC T(3,3),U(3),O(3)
M0 10 Is1, 3

W0 10 J-1,3
10 O(I).0(I)T(lJ)WJ(J)

MUHOUTIHE POIKTCLO,.LR,TIN,LEC)

DIMMiICH LECM3
E3ORL0OC( I )C(4)*T IN

UC( I ).C( I0)*S(SH)c0(EJ)
VEC(2 )C( 10)*MO(SH )*S IN(EIJ)

UBAOUTIME TMRT CPM,IX,MMIX)
DIEIISWN MMhIX(IOoM,4)

00 10 11-114
10 "Thim(I,11 )-

IF(M.LT.3) W TO 30

HtI~tX4 I

00 20 L4(0,IHt
4 KTmL4I

00 15 ".T'HII

mIRIX(M,2).K

15 CCHTIME

30 FELNI

SUBMIT I HE VLUhE (WEC, I DOT, UM)
OIIEHICH W(3),ThT3), OfT(),CRN(3) (3TH 3)F ()
OIIEISION TAE(3,3),IIT(3), 3)O3,~lE3,OR3
KFNIOT( 1)
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KONOSAT(2)
KC-108f(3)

W0 10 M- 1, 3
CI E(N )tRE(KR, N)
TUOCh )-MM~(KB,N)
WH(N)JEC(KC, N)

10 FMIR(MM.(cKD,N)
CFaL UECTM (TIIO2,FO3,TPF)
CALL UECTOR (TfI,2,TWDOTIT)
CALL .ECTOR (OIE.2.NOT)
ML ISECTOR (ThT,3,THWrcRgS)

*SUWMTI HE CUM (0, 10, MT,S8I1)
0110610"I lD(3?),B(4),9I0(5),0(37,4)
DIENBIOH AltU(4,4),IJKAM(4G),TFR(4,4)
W0 20 1=104
DO 15 J-1, I
TMIR ,J).
W0 10 K- 1, IRT
L-ID(K
TFI(I,J)-TFR(I,J)+0(L, I )0O(L,J)

10 WfTIIIE
TRA(J, I )-TI( I, J)

15 CONTItIE
TM(I,I)-TMI(l,I)41.E-12

20 ~CTI?6E

IF(IER.EQ. 129) W0 TO 35
* 00 30 1-1,4

00 25 J-1,4
TMR( I,J~mIJ( I ,J)
AIIu(I,J)-O

25 COW [M~E
30 COIITIIME

S 10G(31 )4 (ShR(,31)) )) QT(R(22)

SIG(4)=W~(TR(4,4))
9 1 (5mT(TFI( 1, 1 )sTMR(2,2)4TMR(3,3))
SI1O(6)-ScP(TR( 1, 1 )4TRR(2,2)TMR(3,3 >4TM(4,4))

- . 35 BIB(1000.
810(2)nlOGO.

* S1603)-WO.
810(4-OGO.
SIB(S)-wO.
BIG(S) lowO.
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WLI DATA
CCIIICIl/CcI/C(18)
OTA C/.01745329g2,5?.2957 13,3.1415926=36,6.283185018,
1i.57079530,6076.116,0. ,o. ,0.,2.0926143504E.0',
27.2921155EM-5, 1.407638E+16,35.6383 .91
3E.4, 0.0167272, 23.44435,-??. 7303,5290./
iMD

IllUFOITIII WlrOlR(V1,, IU2,U3)
OlEII[S"~r Ul(3),U2(3),V3(3)

00 TO ( 10, 15,20), 1
10 3(1)mVl(1)42(1)

U3(2).UI(2)44J2(2)
V3(3)-Ut(3 >Kt2(3)
lETtRm

15 U3(1I),,UI(1)-U2(1)

U3(2)EJ1C(2)-J2(2)
U3(3)NJ(3)-M2(3)FETtFM

20 U3( I ),, 1(2)42(3)- 1(3)2(2)
U3(2),,1(3)*2( 1 )-UI( I MM2(3)
U3(3).4 1 ( 1YeQ2(2>-U1(2)*12( 1 )
ERN

FI1CTI0 DOT(UI,V2)
OIIIN U(3),U2(3)
DOT- 1 ( I )6JM2( I )W I(2)*52(2 1(3)j2(3)
FEWAU I
EDD

SFUfTIE UMl (1),WI)
01E 610" U(3), (3)
10 SQRT(OT(UU))
UW,(l a U<I)#NIM
W(<2) a U(i) EID

IW(3) a U3)/00T =FETUFM
E"D

SJotrrlf ME TALL (rlR,?IX, ITRIX)
DIMIGl" rIMrIX(1062,4)
D0 10 [-10 105M8
00 10 11"1,4

10 IIITIX( I I I )-*
IF<I1RX.LT.3) 00 TO 35

UO(=(IsRX-3 )*(IIRX-2)*(mRX- 1 )llX/24
KO=M-3

-LL95-2
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030 K-IKK

00 25 14(0, LL

00 0 rK, M1

DO 15 HN~IM

MM IM, I1)-
MM IX(II,2)=L

WTRIX(R,4).tt
15 ICNTIIIE
20 ~CNTI VIE

35 REWIIN

END)

Ths S UBRUTI HE ALOU THE USER TO SELECT I ELY *
DELETE IP TO TENl SATELLITES FRMl THE NOIINL CWISTEL- *
I.RTIWI. 'NIEL' IS THE 19NWE OF SATELLITES TO BE DEIMMED *
FOS IS ENTEREDARSTHE LRST ITEMIO TE FIRST LIE OF

S DATA I IfUf. MEUN SATELL ITES FEE TO BE DELETFED, THE tEXCF
LIVME OF DATA S10ILI COI NII THE I DENTI FI CAT ION IUUMM
O F TIE SATELLITES TO BE DELETED FRON TIE CONSTELLAT IN
ENTED IN D EIMO ORDER (HIOMEST 1I 13 TO ICIES).
'JOEL(I' COMTINS TIE I0 1131KMR OF THESE SATELLITES.

SUMAITIME SATEL(P,PER,lLL,NVCE,I.EEL)
DIINSION P(37,25),PER(36),JEL( 10)
00 40 J-1, ME
N&.NJ.- I
DO 20 PPNM&E(J),1U.

DO 10 K-1,5

PERN )EA(N)
10 CON I ME
20 CONFIIIE

00 25 L-1,5
25 P(H,L).0

PER(I1).0
40 WfITRME

END
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L..7
A112di

SampeM of Com Output

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). No sample

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

portion of the program was not used in this analysis.
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Selected I~ataExtracts

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 wnplete

program output listing is provided for the global distribution run made fo each of these batellite

constellations. Portions of the output from several other runs, which were used in analyzing the

effect of satellite losses on each constellation, 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 fo varying antenna

half-angle bemwidths.
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This investigation determined the effect of changes in eccentricity to

the orbits of the proposed 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 em-
phasis on determining which combination of remaining satellites provided the
best and worst cases. The potential of GPS for navigation of the space-based

user was explored by analyzing the geometric performance obtained for a variety

of user trajectories and GPS antenna beamwidths. A computer program which

analyzes the many aspects of the geometric performance 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 outages on a global basis by nearly 50%.

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 global average. Further consider-

ation to determine its feasibility was recommended. The ' egradation of cov-

erage due to satellite losses was found to be largely dependent on the combina-
tion of the remaining satellitesA a'r'suggests that the rephasing of the remain-
ing satellites could significantly improve the degraded performance. The

potential for conventional use of GPS for navigation in space was shown to
exist for the low altitude user 7 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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