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PREFACE 4

This repor t describes a compu ter program designed to anal yze many
*aspec ts of the geometric performance of pseudoranging navigation satel—

lite (navsat) systems for users either on earth or in earth orbit. A

navsat system includes a fleet of satellites , each w ith an acc urate

clock , which transmits emphemeris, time, and other signals. These sig—

nals can be rece ived b y rel atively small , inexpensive equipment , thus
enabling the user to compute his position and time accurately. The
NAVSTAR/G l oba l Positi on ing System (GPS) currently under development is

such a system . The overall user accuracy of such a system can be broken

into two components which , when multiplied together , yield an estima te
of the user ’s position and/or t ime accuracy. The first component ,

addressed in this report , depends on the relative geometry among the

navsats being employed and the user ’s location. The second involves

“system” err ors , such as the accuracy of the ephemeris data of the

- 

I 
navsats , propagation effects , clock accuracies , etc. Convenient corn—

puter analysis of the geometric performance aspect is important in ad—

dressing questions of alternative orbital configurations for the navsats

and the degradation of perf ormance due to failure or destruction of some

or many of them .

The impetus for this research came from Lieutenant Colonel Frank

A. Paparozzi , Directorate of Space , Hq IJSAF (AF/RDSA) , who requested

an analysis of the uti l ity and feasibility of NAVSTAR/GPS navigation

support to high—altitude satellites , for wh ich GPS was not designed.

The research -formed as a part of a Project AIR FORCE

(f ormerl y Project - ~~ud y entitled “Spac e Warfare Issues.” It

should be of use to military and civilian defense analysts responsible

for the design , use , and survivability of CPS and other U.S. space—

related systems . Additional Project AIR FORCE research is in progress

to analyze GPS Phase III design features needed to support high—altitude

spa ce naviga t ion and user equ ipment , as well a~ performance , applica-

tions , utilit y , survivability, and alterna tives.

* Ideally, pseudoranging is a one—way measurement of the true range
plus the user ’s unknown time ofiset with respect to a master reference.

L:~~~~~~ -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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SUMMARY

This  repor t  p r e s e n t s  a d i s c u s s i o n  of pseudoranglrtg navi gation

s a t e l l i t e  (n a v s i c t )  s y s t e m s  (such as the N A V S T A R / G l o b a l  P o s i t  ioning

System (CPS) satel I ito system) , of Geometric Dilu tion of Precision

(Gl)OP), and other geometry—related perf ormance parameters, and a corn—

puter program which computes them. Included are  s a t e l l i t e  s e l e c t i o n

a i geTri t hms w h i c h  wer e developed to minimize the ~omp u t a t  ional effort

required to oh t ; ,  iii t h e  best (or nearly best) set of four required

satellites for computing the GDOP for either a satellite—based or earth—

based user.

A c o m p u t e r  p r o g r a m  f o r  e a r t h — b a s e d  users , developed by the Aero-

space C o r p o r a t i o n , was acquired and extensively modified. Subject to

certain constraints , the original program computed the number of navi-

gation satellites within view of a user at any location , selec ted the
set of four of those within view which would minimize navigation errors ,

and computed the various values of GDOP——namely, the three—dimensiona l

position error , the horizontal position error , the altitude error , and

the t ime e r r o r .

At Rand , the  p r ogr am was m o d i f i e d , e x t e n d e d  to accotmnodat e users

in  any e a r t h  o r b i t , and o p t i m i z e d . F u r t h e r , f a c i l i t i e s  were added to

g ive the  user  c o n v e n i e n t  and p o w e r f u l  In p ut  and o u t p u t  c o n t r o l  . In

s h o r t , the  p rogram d e s c r i b e d  here  is a f l e x i b l e  “ p r o d u c t i o n ” program .

rn a d d i t i o n  t o  the  c o m p u t a t i o n  of nav i g a t i o n  s a te l l i t e  coverage

a v a i l a b l e  to any u ser and the  opt imum v a l u e s  of COOP , the  Rand p rogram

su~ m c i  tides a f e a tu r e  wlu i ch permits the vi r i a t  ion  of t he  navsat

an t e n n a  heamwid t h and determines the  e f f e c t  of t h i s  var  f a t  ion  on nay i —

ga t I ona I a~~ - u racy for  s a t e  I I i t  e u se r s .  The re i r e  T ic ’ r es t  r i c t I otis on

the shape  or s I ze -  of  the orbits e~ f e i t h e r  t h e -  IT .-iV i ga t ton  sa t el I i t  u - s  or

t h e  u s e r s i t e  I 1 it u .

The e-omp iu ( e r  p r o g r a m  i s  w r i t  t e n  in FORTRAN IV and has been imp I t - —

m e- n t  u d  on an [RN 170/1 ‘~8 cumptu t er a t  H;utid . Inc I uded in this report

are: a program listing, an explanation of the variables , a d iscuss ion

of the operation of the program , and samp le results. 
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I .  INTRODUCTION

Pseudorang ing navigation satel l it e- systems t ransmit one—way signals

of their ephemeris , time (based on hi ghly accurat e- and stable onboard

clocks that are periodically calibrated by ground command), and other

signals that allow a user with fairly simp le , ligh tweigh t eq uipmen t to

accurately de ter m ine his posi tion , veloc ity, and time. Such a system ,

called the NAVSTAR/Global Positioning Sys tem (GPS) , is being developed
by the military services at the Air Force Systems Command Space and Mis-

sile Systems Organization. The GPS will eventually consist of 24 satel—
*lites with the following configuration : three orbit p lanes inc l ined

63 deg and separa ted by 120 deg in longitude; eight satellites uni—

formly d istributed in each plane in circular orbits at about 10,901)

n mi altitude (12 hr period). (See Fig. 1.) The system is being de-

signed to provide continuous global navigation to terrestrial or near—

earth users with accuracies on the order of tens of feet. With modifi—

c-ations , the system could provide hi gh—alt itude satellites (above 8000

- 

I n mi) with real t ime navigation support. This navigation support could

effect future satellite designs and operations , tracking, telemetry ,

command and control, and many other space applications.
This report documents a computer program which simulates the orbital

motion of a system of pseudoranging navigation satellites (navsats) and

**the motion of earth—based users or a satellite—based user. The program

computes the number of navigational satellites within view of the user and

the Geometric Dilution of Precision (GDOP) values which are dependent

primarily on the user/satellite geometry .

The position accuracy provided by such systems can be conveniently

divided into two multiplicative factors——GDOP and other “system” errors.

The “system” errors depend on the accuracy of the ephemeris da ta and
time transmitted by the navigation satellites , ionospheric and atmo-

spheric effects , and various mechanization , electronic , and proces s ing

*The GPS Joint Program Office Is considering alternative orbital
confi gurations.

** Ba! list Ic miss II e-s can be treated as s a t e l l i t es  w i t h  orb I ta  I
p er l gees less than e a r t h  radiu s.
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C- r rors in t l ie - m v i  ga l (In sate- I 1 it e m d  user  eqt l  I pmil en t s . Since t he  GDOP

f ;u -  tors  dc-p c-n d p r u - d o m i n a n t  I y on t he  u s c - r/  n ay  i ga t i on satellite- ge-ome tries

t hey can he- a o a ly z e - d  in d e - p e -n d e n t ! y  of sys te -m e r r o r s , w h i c h  depend on

c-os t , t u e-lino I ogv , and effort . Tb is allows s e -p a r a t  e anal vses of a I I c r —

n at  I ye o r b i t a l  c-o n f i gu r a t  ions , user  me) t ion , and t h e  loss of some- of t lie

navigat ion  satellites b y i n t e - r f c - r e n c - e or n e g a t i o n .

The- o r i g i n a l  c o m p u t e r  p rogram was based on t h e  a n a l y s e s  c o n t a in e - d

in  R e f .  I and was dc-s igned w i t h  GPS in mind . B o t h  the  r e f e r e n c e d  r e p o r t

and t h e -  o r i g i n a l  c o m p u t e r  program were w r i t t e n  b y A.  Bogen e m f  t he  Aero-

space- Co rpo r a t  i o n .  The- o r i g i n a l pr og ram was d e s i gned to compei t~ t h e

nu mber  of NAVS T AR / C PS  s a t e !  I i to s  a v a i l a b l e  to an e a r t h — b a s e d  u s e r  (or

eu se rs) and  the var ions COOP va luie s at  s p e c i f i e d  t i m e s .  It  was w r i t  t e n

so t h a t  t h e  se- t of  n a v i gn  I ional  s a t e  11 i tes (-an he- changed s i m p l y  by

chang ing the ini t i a l  orbital elements of each s a t e  I 1 ite. Satellite

not ion is assumed to he Kepler i a n , i . e- . , al  I pert u rbing forces are ne-

g l e c t e d .  Bo th  sa t e l  i i  te c-overage and CDO P v a l u e s  -ould he determined

f o r  a s i n g l e -  e a r t h — b a s e d  use r  l oca t ed  a t  any  I a t  i t m i d e  and l on g i t  tide or

on a g l o b a l  bas i s , w h i c h  i n v o l v e d  an assumed u n i f o rm d i s t r i b u t i o n  of

e a r t h — b a s e d  u s e r s .

At Rand , t h e  o r i g i n a l  p rogram has been e x t e n s i v e l y  m o d i f i e d  and

extended to permit the simulation of a sate-l u te—based user and any

orbital configuration of navsats. There are no restrictions on a satel-

lite user ’s orbit. It can he circular or c -l l i p tical and can  be entirel y

above or below the altitude of the navsats , or both above and below

(e- .g. , hi ghly e l l i ptic orbits).

The modifications to the orig inal program to accommodate a satel-

lite - user include algorithms which remove unneeded navigation satellit es

that are in view of the satellite user in order to decrease the a m o u n t
*of comp ti til t on

A m iser  p o s i t  ion f i x  r e q u i  re-s a d e t e r m i n a t i o n  of  four unknowns:

- - t hr e e  i-omponen t s  of posi t i on  p lus  t i m e , thu s r e q u i r i n g  p s e u d or an g in g

information from at  least  f o u r  n a v i g a t i o n  s a t e l l i t e s .  S i n c e  t i m e  COOP

*Some e-om hm nat ions of s a t e  I I i t t -  m i s e r orb It and navs ;ut o rbit conf igu—
rat ion are - mor e- e-xpens ive- t o  r u i n  t h a n  o t h e - r s  ; t h i s  w i l l  he exp i ;uine d later.

**TIn - i n c  I t i s l on of  an e-x p I i c i t  tine- en h ,uI at ion  r e du ce - s  t h e -  ~u-curacy
;und st ;ihi Ii t v  re q uu i  ru- me -nts for t h e -  use- r ’s t~loc k , tI~ -rc-hv making the- use- r
e- qn ipm e- n t  s i m p le- r sma I I e r  , I ig i ct e r , more- rmigg -d . and  cheaper

Li - -
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values vary primaril y with t h e- r e lative - geometry of t he  eiser and the

navigation satell i tes , one oh e c t  lye is to select that c-omhinat ion of

four navsats , from all those in V~ e w  o t  time user , wh it-h will yield the

minimum (or near minimum ) values of GDOI’.

The ori ginal computer program cont- ~ine- d an algorithm which quickly

selected the best c-oim~hination of four GPS satellites from a maximum

number of 11 that an (~~J I - H L_ ! i (~~~ / usc-r c-ou ld  see w i t h  a mask ing  angle
*of 5 deg. (See Fig. 2.) The first of th e ’ f o u r  satellites is the one

n e a r e s t  the user ’s zenith and t h e  remaining satellites in view are used

three- at a time to determine the best combination of four. This is an

efficient algorithm that results in the selection of the four navsats

**which will yield the smallest COOP ~L t  all of the time. For 11

satellites in view , the maximum that GPS would prov ide to a terres trial
user , 120 combinations of three are possible after the first satellite
ha s been selected , and there are 330 different combinations of four.

r o r  a s a t e l l i t e — b a s e d  user , assuming  sufficient GPS si gnal strength

in  all directions , the masking angle depends only on the user ’s altitude

and the dimensions assumed for the earth and atmosphere. Therefore , as

t h e  user ’s altitude increases , so will the number of satellites in view.

For a user above about 8000 n ml altitude , about 21 of the 24 GPS satel-

lites would he in view if the satellites were uniformly distributed .

In t h i s  case , a f t e r  selecting the first satellite , 1330 different combi-

nations of three satel lites are possible , and there are 7315 different

combinations of four.

By considering the geometry of the satellite user relative to that

of the satellites in view , it is usually possible to eliminate about half

*If the 24 GPS satellites were uniformly distributed on the spheri-
cal surface 10 ,900 n ml ab ove th e ear th , then the expected number in
view of a user w it h a 5 d eg masking  ang le would he eight. However ,
since GPS satellites are not uniformly distributed , the maximum number
in view can he 11.

** Oc cas ionally, there may be a navsat with a slig htly larger zenith
angle tha t would result in a different selection of the other three nay—
sats and a smaller GDOP. A switch is provided In the program to bypass
the al gorithm and consider all combinations of four navsats In view ,
hut is far more expensive to use.

- 
~~
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ot  t h e m  f rom f u r t h e r  (- o i l s  i d e rat  i on .  Thus , the ori gina l program was

I not only modified to in c lude cm satellite user hut also contains an

al gorithm for such a user  that eliminate - s navigation satell ites in

view which would not vie-I d s m a l l  COOP values. Versions of this algo—

r i t h i n  cou ld  be used i n  sa t  e’lIi t e user  equi pment

I n  genera l , i t  is assumed that the antenna heamwidth and radiated
- power of the navig ation satellite are adequate to assure t h a t  a s a t e l —

I it e user in line— o f—sig h t  of a n a v i g a t i o n  s at e l l i t e  can r e -c e iv e -  pseudo—

- 
rang ing information. However , the Rand program assumes the user sate l—

I it e tins an omni—dire ct iona l antenna hut permits the variation of the
1 ante-no n heamwidths of the navsats and c-an he used to assess ti m e re-su it-

ing e - f f e c - t on satellite user coverage and CDOP values .

The Rand program is  written in FORTRAN IV , and is imp l emented on

an I ll1’1 170/158 computer. It co nsi s t s  of a main rout m e , 12 subroutines ,

one f u n c t i o n  sub program , and one  set of block data. An external sub—

r o u t i n e  w h i c h  invert s a symmetric matrix is required. There are three

types of output: Case’ 1——user on a satellite; Case TI——terrestrial

m i s e r  a t  s p e c i f i e d  l a t i t u d c -  and longitude; and Case 111——terrestrial

m m s e - r s  on a net of latitude ’ and l ong i t u d e  p o i n t s  and  o v e r a l l  g l o b a l

pe - r f o  rman - e

Se-ct ion II discusses the COOP calculations and the Rand c-omputer

pro ~ram in genera l t e rms . Se c t i o n  I I I  describes the computer program

in  coiisi derah !e detail , and Section IV illustrates the more convenient

and P o w e r f u l  i n p u t  and o u t p u t  f e a t u r e s  t h a t  were  added to the  o r i g i n a l
I 

program.

Ii - -~ ~~~~~~~~~~~~~~ - ~~~~-- - ——
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ - ~~~~_ -
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I I .  DISCUSSI ON

NAV I GATI ON SATELLITE DEPLOYMENTS

The Rand computer program , which was partly written with GPS Phase

Il l in mind , wil l  accommodate up to a total of 36 navsats in any orbital

arrangement. One additional satellite (-an he- a user.

Curre-nt plans for the fully operationa l GPS Phase Ill call for 24

s~u te - ll ite s deployed in 12—hr (about 10,900 n mi altitude) ircular orbits

i n c l i n e d  63 deg t o  the earth’ s equatorial p l ane. The 24 satellites will

b e- u n i f o r m l y  d i s t r i b u t e d  in three orbit planes with ascending nodes

se-parated by a longitude of 120 deg. (Alternative orbital configurations

nrc- being considered by the- CPS Joint Program Office.) The eight satel—

lit e ’s in each plane will be separated by 45 deg, and the phasing of the

satellites between planes will be chosen to provide optimum navigation

geometry. This system will be referred to frequently in the following

text and the examp le solutions shown later are based on this system of

navi gational satellites.

USER LOCATIONS

Earth—based users can be located at any earth latitude and longi-

tude. The program will compute the GDOP values for a sing le user , or
for multi p le users on a global basis. Currently, the program wi l l

accommodate only one satellite—borne user. There aie no restrictions

on the orbital elements of any of the navsats or the satellite user.

NAVIGATION SATELLITE VISIBILITY

In Ref. 1 , it is stated that the number of GPS satellites that

would he visible to an earth—based user would never be less than 6

m r grea t e r  than  I I  if the masking angle (elevation ang le o f the user ’s

line of si ght) is S deg. Larger masking angle- s result in fewer satel—

lites being visible to the user and there-fore would pr obab l y decrease
the accuracy In dete-rm ining the- user ’s position. Although smaller mask—

ing angles would , in general , In crease- the- number of satellites visible ,

atmosp heric effe cts could re-smut t i n  large’ e-rrors in the pseudorang ing



information that the user receives from GPS satellites near the user ’s

horizon due to propagation errors.

For a satellite- user , the masking angle required to avoid large

atmospheric propagation effee-ts changes rapidly with the user ’s alti-

tude so that the number of GPS or other navigation satellites in view

increases. In fact , a satellite user above about 8000 n mi altitude

would , on the’ average , see 22 of the 24 GPS satellites. At this alti—

tude , only two satellites , on the average , would be obscured from the
- j user ’s view by the earth pl us 200 n m l of atmosp here abo ve the earth.

This increase in the number of GPS satellites visible to a satellite

user as a function of the user ’s altitude is shown in Fig. 3.

*USER _POSITION ACCURACY

A user of a pseudorang ing navsat system needs measurements from

four satellites in order to determine his position (three components)

and time . The redundancy afforded by having more than four satellites

available permits a choice of the one set of four which will yield small

val ues of GDOP. These valties depend on both the pseudorange measurement

errors (system errors) and the relative positions of the four GPS satel—

lit es selected.

The geome tri c rela tionsh ips be tween the user ’s position , the post—

tions of the four navigation satellites , and the four pseudorange mea—

suremnents are given by Ref . 1:

~~ 
i \2 I

— tJ~~) 
= ~~ — 

bj  . (1)

J=l

where I = 1, 2 , 3, 4 and is the index of each of the four equations ,

j  = 1, 2 , 3 and is the index for each of three orthogonal di—
— rections centered at the user ,

th th
X = the j  component of the position of the i navsat ,

U = the j  component of the position of the user ,
r 1 

= the pseudorange measurement from the user to the I nay—

sat , and
b = the user ’s clock bias in uni t s  of distance.

*These fo rmulat ions are par t ly  based on in format ion  from Paul
Jorgenson of the Aerospace Corporation .

_ _ _ _ _  ~~~~~~ 
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The- in f o r m a t i o n  ne eded to s o l v e  for the - f o u r  u n k n ow n s , U . and h ,

are t i me-  p seudorange  m e a s u r e men t s , r , ,  and t he  c omp o n e n t s  of t h e  posi-

tions of the four n av s a t s  , X . If
1-I

Cm 
= the e’ovarfance matrix of the errors In the pseudorange

measurements , and

C time- covariance matrix of the’ resulting errors in the
V

navigation paramete-rs (three components of user posi-

tion and miser clock bias) ,

t h e n  i t  c -an he ’ shown t h a t

C = C 1 
C c

_T

where- C is a 4 x 4 matrix of the- coefficients of time- unknowns in the

equations obtained by linearizing Eq. (1) about II and b , and is a

f u n c t i o n  of on ly  the  d i r e - t i o n  co s i n e s  of the  u n i t  vee-to r s  f rom the

user  to the-  f o u r  n avsat s  and t h e  user ’ s n i o ck  b ias .

There are some’ s m a l l  geomet r i c  e f f e c t s  c o n t a i n e d  in Cm ( fo r  cx—

- 

- a m p l e , the  e f f e c t  of e l e v a t i o n  ang le on ionospheric model ing e r r o r s ) ;

these e’ffects will he even less for a satellite user. Thus , a good

approximation of the geometric performance c-an he obtained by assuming

t h a t  Cm is an i d e n t i t y  m a t r i x .  This means t h a t  t h e  r ang ing  errors

from cam-lu navsat are assumed to he u n i t y ,  random , and unco r r e l a t ed .

Hence , to a good approximation ,

= 
(
~ T~ )_l

and depends only on the’ J i r e c tL~~e ? from the user to the four navsats

and is in no way dependent on the dis~~v2c~eo between the user and the

satellites , as long as there is sufficient signal streng th.

The various CDOP values can be obtained from the appropriate ele—

of the ma t r ix  C , i.e., the diagonal elements. If C is expressed

a 11 a12 a 13 a 14

a 2 1 a 22 a 23 a 24
C =

- -
- 

V a 31 a 32 a 33 a 34

a4 1 a42 a43 a44

• _ _ _ _ _
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an o v e r a l l  measure- of geomet r ic  u t  f ee t  , CIX)P , I~ oht -m ined I rum t h e

s~ iare- root of the- trace of the- matrix.

CDO P = 
f a i i  

+ a22 + ~133 + ~I 44~

where a 1 1 ,  a 2 2 ,  a 33 r e l a t e  to er rors  in  p o s i t i o n  (x , y ,  z ) ,  and a 44 to

the  user ’s t i m e  b i a s .  T h i s  factor I n c - l udes all four unknowns (three

dimensions of position and time ) and is the conventional measure of

over a l l  performance. The othe-r DOP values are :

1/2PDO P = a11 + a22 + a33

HDOP = a
1 1  + a22 J l1

’2

VDO P = ~a33~~
/’2

TDOP = 

N~~ I~~

’2

1/2 1/2MDOP = Max a
11 , a~ 2 ,

where PDOP, HDOP , VDOP , TDOP , and MDOP are the multip l y i n g  DOP fac tors

that app ly for the three—dimensiona l pos i t ion  error , the hor izonta l

position error , the altitude error , the t ime error , and the larger com-

ponent of the horizontal position error , respectively.

Because the effects of system errors (those Independent of geom-

etry ) are multip lied by the DOP factors , it is desirable to select the

four navsats of those available that will yield minimum DOP values

(generall y, PDOP).

The resul ts of many computer runs and ana ly tic approxima tions show

H that there is almost total correlation between PDOP and the volume of

the tetrahedron formed by lines connecting time ti ps of the four unit
**vectors  f rom the user toward the four n avsats .  Usua l l y (but rare ly

*The o r ig in  of the x , y ,  z coordinate system (a ri ght—handed system)
is at the user ’s position . The z axis Is in the direction of the user ’s
vertical; the x axis points north and the y axis  points east In a p lane
norma l to the - z dire-c - t ion .

** For examp le , PDO P ra n he- shown to he inv e - r se ly  proport ional  to
s i x  t imes the volume of the tetrahedron and dir e ctly proportional to
he t rare of a romp I I cmi t -d 3 x 3 mat r i x. (2 )

L ~~~~~~~ — _ _ _ _ _ _  • ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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n o t ) ,  the larger this volume , the smaller the PDOP values. The amount

of computational time required to compute this volume is much less than

the computation of PDOP itself , which involves a matrix inversion.

Thus , the program was designed to firs t compute the volumes of the

tetrahedrons associated with the different combinations of four nay—

sats , identif y the combination of four which yields the largest tetra—

hedron volume , and then use that combination to compute the DOP values.

Another advantage of e-omput ing the tetrahedron volume as a prelude to

computing the DOPs is that the time rate of change of the volume , and

consequently an estim ate- of t h e  t ime rate of change of PDOP , can easily

be o ht a i n e d ;~ ~ however , t h i s  is not imp lemented in the program .

S A T E L L I T E  SELECTION

An earth—based user of a 24—satellite CPS system will see a maxi-

mum of 11 of the 24 satellites if his masking angle is as low as S deg.

I f  i t  is assumed that 11 satellites are in view , and the one closes t to

the miser ’s zenith is chosen as one of the four satellites required , there

are  120 combinations if the remaining 10 satellites are taken three at

a time . This is not a large number of combinations to be investigated ,

SO the ori ginal program did not include an al gorithm which would reduce

time number o f combinations t o  he examined . There is an option in the

present program which allows the satellites to he combined four at a

t ime , without the zenith restriction , but still using the tetrahedron
volume .

In the case of a high—al titude satellite user of the baseline GPS

confIguration , 22 of the 24 satellites may be visible at any t ime. If

this occurs , there ar e 1330 comb inat ions to be investi gated , and there

is an option in the program wh ich allows all combina tions of four to

be examined . An algorithm was developed to eliminate from the calcula—

tions those s a t e l l i t e s  which have unfavorable re la t ive  locations . This

opt ion  usua l ly  cuts the execution time for the program by about a factor

of 10. In general , about h a l f  of the s a t e l l i t e s  in view can be e l i m i —

ma ted . The algorithm Is derived in Appendix A.

Figure 4 is a p lo t  of PDO P for a s a t e l l i t e  user in a hig hly e l l i p—

t i e  orbit versus time and altitude , and the varia t ion of the parame ter

A. A.~~ .-L 1..A . i -~~~~~- -  -~~ ~~~~~~ 
V . ~
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valu e for  C , as described in Appendix A. If the user satellite is in

a low eartim orbit (less than 300 n m i )  or above the CPS altitude , tIme

l)OPs will , in general , be time same for all of the satellite selection

options. However , as the satellite user ’s altitude approaches the al-

titude of the navsats from beneath , the zenith selection option p lus

small values of C will not yield the minimum DOPs because the algorithm

may eliminate some navsats whiclm should be retained. Tlmis is caused

by the fact tlmat the a l g o r i t lm m  re ta ins  only those navsa t s  that  are in

a band determined by C wh ich is norma l to a line f r om tim e ear th ’s center

to time satellite user , rather than those in a band normal to the vector

from tIme user to the zenith satellite. However , for all user altitudes ,

the use of a l l  navsats in view , taken four at a time , will yield mini—

mum l)OPs (based on using the tetrahedron volume). If the navsats ’ or—

bita l configuration involv es el l iptic orbits or more than one circular

orbi t “shell ,” there are cases where all navsats taken four at a time

must be used or extreme care exercised in selecting a parameter value

fo r  ‘. See Appendix A for details.

4 
___
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I I I .  COMPUTER PROGRAM OPERATION

The first ca rd of the i n p u t  c o n t a i n s  t i m e  swi  t c h m  f o r  c h o o s i n g  t h e

case dc-sired (LOC: LOG = 1, satellite user; LOG 2 , ear th—based  user :

LOG = 3 , global c m l  culations) ; tim e numhe- r of nmm v s;i ts (NiL) ; and the

sw I t ch for -hoos I ng t h e  navsa t se - I c -c-ti on techni que- ( I  SCMP: I SCMP =

0, zenith; ISCMP = 1, all satellites , fo ur at a t i m e ) .

There a r t - t h r e e ty p e s  of m a  Icu lat ions  p e - r t o r m e d  b y the  program:

• in Case I , time use r is on a satell it t- ; in Case II , the user is stationed

at a spec! fic latitud e- and long i t u d e  on time-  e a r t i m  s s u r f a c e - ; and , in

Ca se I I I , a group of users a re located at a set of latitudes and longi-

tudes wh I ch form a net over the who 1 e ~su r f a m e or a lie-mi sphere of the

earth .

Along with eat - l i  of the- three- case s , t h e - r e  i s  a c h o i c e -  e e l  t h -  nay—

sat sd c-ct ion technique - to he used. In Case- I • wime- n the user is on a

satellite , one (hole- c- is to use t ime  navsat  wim I el m is most ne-ar 1 y above- ‘
~~

-

b e l o w  t i m e  tlse-r as one of the- four satel I i tes in  tIm~- calcul at ion of the

vo l ume of t ime t e - t r ah e - d r o n  ( z e n i t h  or nadi r  m o d e ) ;  t ime  o the r  choice is

to use all of the navsats in view , taken four at a time. In Cases II

and Ill , one choice is to use the navsat most nearly overhead of the

earth—based user as one of tlme four satellites jim all calculations of

the volume , and the other choice is all of the satellites in view taken

four at a tim e.

In  a l l  cases , t h e  has i t- input to t h e  p rog ram is  t h e  m m u mhe- r of nay—

siits and their orbital e-lements: eccentricity, argument of peri gee ,

right ascension , inclination , initial true anomaly (at t = 0), and

• period . On the- input cards , NiL is the number of satellites in the

navsat system. P(N,K) is time- a r r ay  i n t o  w h i c h  t h e  o r b i t a l  e l e m e n t s  a re

read , where N is the iden t if i emi t ion number a f time- n avsa t , and K = I to  S

is the- index on thu first five- orbit a l elem ents. The index K is held

const aimt anti the orhi t mi i c- i c-me-nt for t imat index is re-ad in fo r  i l l  nay—

s-it s ( i . e . , a l l  ~-c - e - i i t r i m - it ie- s , time-n a l l  ;mrg imm e -nt S mi f  peri gee , ete.

The- f I n;m I I npu t s 1(1 r the na vsa t s a r -  t i m e  1 r p er i o d s , w h i c h  a re  re ’ad j i l t o

t h e -  ti r e - m v PER(NI - A l t e r these- in pn tS , n av s a l  m i s e r  r e - l a t ed  d a t a  i s  re-ad

in , wh I elm wi r i m - s  by (‘ ISe

. ~~~~~~~~~ 
-:

~~~~~~~ 
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For Case I, N iL + I is the~ number of the i~ser sat e llite. The

first satellite user data card of a Case- I input contains the eccen-

tricit y , argument of perig e e- , righ t ascension , Inc- I ination , and initial

true anomaly of the user satellite at t = 0. The second card contains

the period of the user , the antenna heamwidth half—ang l e- of the navsats

relative to a vector from th e- n av sa t  t o ti le center of the earth (MN),

and a numerical value (C) used in the calculation of tile width of the

band on the spheri c-al surface containing tile navsats , where time satel—

Iites for consideration in the “DOP ” c a l c u l a t i o n s  w i l l  he sought  (see

Appendix A). The third card contains the time increment , in minutes .

at wh ich the calculations are desired (INC), and the total number of
*

these time increments , pl u s one (ITF) . For each run , the first page

of output contains the orbital elements and all other input values.

The- subsequent output for Case I is the user altitude , VI)OP, UDOP , MDOP ,

TDOP , PDOP, and CDOP at tim e chosen time Increments , p lus the ilent i fi—

cation numbers of t h e  four navsats used C7~~~d all others In view . If

there are less than four satellites in view , there will he no print

line for that time step— -it is merely skipped and the program continues.

The first navsat user data card for a Case II run contains the

l atitude (ATL), longitude (ONCL), and masking angle of the user (ELEVAT ,

see Fig. 2). The see-ond -ard contains the t ime increment , in minutes ,

at which the calculations are desired (INC) and the total number of
*these time increments required , plus one (ITF). The output for Case

TI  is identical to Case I——except that the altitude is always zero.

In Case III , the users are located at a set of latitudes and

longitudes which form a net over the surface of the earth. The prime

objective of this Case is average overall system performance- for earth

users over a period of time , with a secondary objective of prov iding

a “snapsho t ” of the DOPs at specified time steps at each long itude

and latitude Intersection specified. For overall performance , global
**statistics are calculated for a uniform distribution of users over

the su r f a c e  of the earth or in the northern hemisphere , and for a f ull

- 

- 
The “ p lus one ” accounts for the “ zero ” t ime  point .

A uniform distribution of users Is approximated by the DOPs of
users at mm given latitude by the cosine of that latitude.
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orbital period or a symmetrical part thereot . The total time input

must assure tim is condition if overall performance for earth users is

t u e objective.

li m e- net of users can be chosen in v a r i o u s  c o m b i n a t i o n s .  B a s i c - a l l y ,

time- calculations can be done at 10 deg steps in both longitude- and lati-

t ude- , c overing the whole surfac- e or the earth ; or at 10 deg steps of

long itude and .~ l e t  steps of latitude for covering the northern hemi-

sphe re- . In addition , increments of these basic steps can be chosen so

that the calculations will be performed at every 20 or every 30 deg,

etc. , of long itude mind at every 20 or every 30 deg. , etc., or at ev -ry

S or every 15 deg, etc., of latitude. Global statistics calculations

ave-raged over tine are output at the completion ef the calculations , but

a “ snapsho t ” of the DOPs at each longitude and latitude selected are

available at any time point.

The first navsat user card for a Case III input contains the lati—

tude step size (i~ATl)EG) and the masking angle of the users (ELEVAT).

The see-ond card contains the latitude increment (LATIC) and the long i-

tude increment (LONIC). If LATIC = 3 and LATDEG = 5, then calculations

will be made at 0, 15 , 30 deg ,  etc., In latitude. If LONIC = 2, then

calculations will be made at 0, 20 , 40 , deg., etc., In long itude. The

second card also contains the time increment , in minutes , at which the

calculations are desired (INC) and the total number of these time incre-

ments , plus one , required to comp lete a full orbital period or to reach

a condition of symmetry (ITF), if overall performance is the objective .

The final two variables on the second navsat user card are concerned

with the “snapshot” request. If IPFREQ = 0 , no “ snapshot ” ca lcula t ions

are made; if It is greater than 0, then ITIME is set to an interger and

“snapshot ” calculations will be made and printed. For examp le , if the
user has c-it msc- n INC = 10 and ITIME 5, then “snapshot ” output will

occur mit t tme- = 0, SO , 100 , etc. I f  the “snapshot ” c a l c u l m i t Ions are

requeste-d , t h -  miser will always get output at  t ime = 0.

Since the- program Is quite costly for global calculat Ions , the

c o m p u tat i o n  t i m e  step should he sma I I enough to I t~ l4Pt a represent  mm I

global distrihut Ion . The size- of the time step w i l l  depend on th~-

navsat  o r b i t a l  conf  I gu r a t  i on .  e m i t  p u t  for the’ average overall gI obmi l

—- __i____ _ 
-
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p e r l o r m m m n c e -  m e r e  elevation d i s t r i b u t i o n , l a t i t u d e  - Ie -v at ion distribution ,

mn -cumulative ’ global di st r i h u t  ion  of hOPs , maximum m e nd m n in i muue  number

of sa te l l i t e s  se e - mi  - c t t h - - latitu des mend loui g i tudes of t u e  n e t , the’ proh—

ability of seeing t’xac~~l y -~ s a t el l i t e s , and the  proha biti ty of -se e l oc,

N or more satellites bo tic by latitude and on an average (weigh ted by

the’ -osine of latitud e- ) global basis.

T a b l e  I (pages  1 9 — 2 2 )  (-on tme ins an exp I t m n a t  i o n  of  the ’ v m m n a b  Ic-s in

t ime-  MA I N  p rogram , and Tab I~’ 2 (pages  2 1 —  27 )  c -o n t a ins an e-x ~ l ana t ion of

ti me’ v ; c r i m m h l e s  in  t h i c -  s i m h r o m i t  i n c - s  ll! / i n  t i m e - i  r c a l l i n g  se -q u e~n ce- s .  Table

• 3 (pmmg e - s 2 8 — 2 9 )  sh o w s  t h e  m a n n e r  in  w h i ch time’ inpn. cards t ire- cot up.

A pp endix B p rovides  a l i s t i n g  of t i m e  c-nt i re-  p rogram .

A few t imed r u n s  were  made ’ . Table ’  4 (page 30) sh o w s  a compar i son

of some - of ti me- comput  i ng  p a r a m e t e r s .

Tl~e’ p r o g r a m  l i m e s  h e - c u  d inc-mis i oned  to acc -ommod :et e  me t o t a l  of 36 na y —

Sn t s . In Case’ I , t h i s  m e- te ns 36 n m m v s a t  s and one sa te  I l l  te  u se-r .  Cases

i i  m e n d  I l l  m e r e  l i m i t e d  to  a m a x i m u m  of 36 n a v s a t s .  A l l  cases can evoke

tIme  opt ion  of u s i n g  t e l l  n ;m v s at s  in  v i e w , tak e- n f o u r  at  a t i m e , h u t , i i i

Case’ Ill and in C isc’ I (for hi  gh — ; e l t i  t u d e  s a t e - )  I i  t e  u se r s )  , t h e  run

t ime won I d he - p r olm i b  i t l Vt ~~. I f  I c-S s t h a r m  36 s at e l  l i t  c-s mere  to  he use- d

time- dimensions of matrix K X X ( I , 4)  ( i n  MAIN , and in  s u b r o u t i ne s  TAA T

and TALL )  si iou Id he- re-cl eu-ed to c u t  down core- s tormI ge . The- i n d e x  I is

c a l c u l a t e d  f r o m  t i m e -  f o r m u l a

n!
- 

r!  (n - r ) !

wile -re  n = number  of  n a v s m c t s  m mn d  r = 4 .

Fe) r Case’ I , t i l e -  c m i l c u l  m i t  i ons  become- less ae -cura  e as the  a l t i t u d e

of mm use ’r above- t i l e ’  navsat s i n c r ea s e s .  Ti m e- s u b r o u t i n e  w h i c h  i n v e r t s

the hOP matrix i t t  i n  double precision in order to alleviate some of

t im is p rob len . Howeve- r , above ’ a rat i o of 5mm tell it e eIse- r a 1 t i t cede to

navsmi t mil t j tte d e of about 20, the- matr ix he-c -ones sufficiently ill—

cond i t  i oned t h m i t  e - r ro r s  I ’ - - j iu t o  occur in the’ [RIPS.
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Tab le 2

EXPLANATION OF VARIABLES AND CALLING SEQUENCES OF SUBROUTINES

The subrouti ne call wi th the variable names in it s argument lis t , as
it appears in MAIN , is shown first. The subroutine name , wi th the
variable names in its argument list and an accompany ing explanat ion,
appears second .

O R B I N I ( N )

O R B I N I ( 1)  I , satellite number

P(l ,2)=P(I,2)*C(l) Argument of periapsis x 0.01745 
Calculated only H

P(I ,3)=P(I ,3)*C(l) Right ascension of the node x 0.01745 to change units

P(I ,4)=P(I,4)*c(1) Inclination x 0.01745 from degrees
to radians

P(I ,5)=P(I,5)*C(l) Initial true anomaly x 0.01745

P(l ,9)=sin I I, inclination

P(I ,lO)=cos i
P(I ,ll)=sin Q ~~~, right ascension of node

P(I ,12)=cos U
P(I ,2 1) a , orbit semi—major axis in feet

SAA earth synchronous satellite radius in feet

P(I ,23)’-ratio of synchronous radius to orbit semi—major axis
P(I ,6)=a(l—.e2) e , eccen tr ic it y

P(I ,7)= Vp/[a(l_e2)I ~i , gravitat ional constant
P(I ,8) Vu/[a2(1_e 2)]

POINT(LONG, LAT, TID,UPV)

PO I NT(ALO ,ALA , TI M , VEC) ALO , longitude

ALA , latitude

TIM, t ime in days

VEC , vector from the center of the earth to

a user at a s p e c i f i c  l a t i t ude  and

longitude

EW= long(rad)+2ir (time)

SN lat(rad)

~~~~~~~~ - ~J ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
-

~~~~~~~~~~~~~ 

-

~~~~~~~~
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Table 2 (continued)

VEC(l)=(radjus of the earth at the equator)(cos lat)(cos long)

VEC(2)=(radlus of the earth at the equator)(cos lat)(sin long)

VEC(3)=(radius of the earth at the equator)(sin lat)

COVNAV(G ,N SGD ,4 SIGT)

COVNAV( c , ID , NAT , SIG) C, dircrtion cosine matrix

ID , index of t he  navsats  which were chosen

as the “best ” four

NAT , the number of them (always  fou r )

SIC , d i l u t i o n  of precision parameters re-

turned to MAIN
This subroutine is the onl y one which requires a local system

subroutine——a matrix inversion. This subroutine calculates [G
TG]

_l

and ri-turns the values in SIG (l—6 ), which are the I)OPs.

TRMA TX (TR AN S , I)

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

- 
- 

1 , satellite number

TR(l ,l) cos U COS U — sin U cos i sin u u, argument of
TR( l ,2) —cos U sin u — sin U cos i cos u latitude

TR( 1 , 3) sin U sin i

TR(2 ,l)=sin U cos u + cos U cos I sin u

TR (2 ,2)=— sin U sin u + cos U cos I cos u

TR(2 ,3) —cos U sin I

T R ( 3 , l ) = s in  I sin u

TR (3 ,2) sIn I cos u

TR (3 ,3) cos 1.

MA TMUL(T RANS ,Q, R)

MA TMUL(T RAN S ,QEL J VEL)

- 

-- 

~~~~~~~
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Table 2 ( c o n t i n u e d )

MATMUL(TRANS ,QC ,AC )

MATMUL(T ,V ,O) T , 3 x 3 coordinate transforma tion matrix

V. vector to be transformed

0, vec tor re turned

VOLUME(USUV, ISIC,VOLUM)

VOLIJME(UVEC,IDSAT ,VOL) UVEC , unit vector from the user to each

navsat in view

IDSAT , index of the navsat

VOL , volume of the tetrahedron formed by

the set of four  sa te l l i tes  used

ORBIT(N ,TID,PER,RF ,VE ,AA)

ORBIT( I ,T , PER , R ,VEL ,AC) N , I , sa te l l i te  number

TID, T, time in days

PER , period of a s a t e l l i t e

RF , R , vector to a s a t e l l i t e  from the center

of the earth

yE , VEL , v e l o c i t y  not used
1 at present

AA , AC , acce lera t ion  due to gravi ty  
~

This subrout ine  i te ra tes  for the eccen t r ic  anomal y and computes

the true anomaly If time = 0 , the following is computed :

V ( I ) = O P ( I , 5 )=v , true anomaly

SINE ~/j~~2 sin v J / [ l  + e cos v J ,  sin E

E(I)=E, arcsin E, eccentric anomaly

BIGT( I )= t im e  from peri gee for s a t e l l i t e

If time > 0 , E ( I )  is obtained by itera t ing, then the following is

computed :

SINV= i~~~~~ e2 sin E l / E l  - e cos E )  = sin v

V ( I ) — a r c s i n  v, true anomaly

lJ(I)=V(I)+OP(I,2), v + argument of perlapsis = v + w u , a rgu —

mt-nt of lat Etude

- -  

-



—26—

Table 2 (continued)

OP(I ,13) cos u

OP(I ,14) = sin u

OP(I,15) = latitude

O P ( I ,18) = u , argument of latitude

Q(l) = Ia (l—e 2)/El + e cos vJ

Q ( 2 )  = 0 for calculatin g R

Q(3) = 0 )
QEL(l) e sin
QEL(2) =\/~i/~~a(l_e 2) for calculating VEL
QEI.(3) = 0 )
QC(l) = (1 + e cos v)

2 
II/1a

2(l_ e2)2]

O C ( 2 )  = 0 for calculating AC
QC( 3) = 0

OP ( I , 24)  = e a r t h  r o t a t i o n

OP(l ,16) = longitude of the satellite

TAAT (NSS , KCOM, KXX)

TAAT (MA X ,MXX ,MATRIX) MAX , 1 less than the number of navsats to

be examined for use

MXX , the number of combinations of those

navsa ts

MATRIX , contains indices of the navsats to

be examined , three at a time

This subroutine sets up the sequence of navsats 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 .

TAL L(KOT ,KCO
~
, KXX )

TALL (MA X ,MXX ,MATRTX) MAX , the  number of navsats to be examined

for use

MXX , the number of combinations of those

navsa t S

- 
-
~~~~- ~~~~~~~~~~~~~~~~~~~~~~
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Table 2 (continued)

MATRIX , con ta ins  Indices of the navsats

to be examined , four  at a time

This su b r o u t i n e  sets up the sequence of navsats  which  are to be
examined , using all satellites taken four at a time.

BLOCK DATA

Contains various parameter values used in the program , althoug h

not all  of them are used in the current version .

VECTOR(VI, I,V2 ,V3)

This subroutine performs vector additions , subtrac tions , and

cross products.

U N I V E C ( U , UV )

This subroutine calculates unit vectOrs.

DOT(Vl ,V2)

This function subprogram calculates dot products. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 4

COMPUTING COSTS (IBM 370/158 COMPUTER)

Case I, Satellite User

Amount
Number Number of CPU Time of Core Costs
o~~~~~~~~~ Choice 

a 
Time Steps  

- 
(see) (bytes) (MUs)

24 All 48 223 300 K 27.24

24 Zenith/nadir 48 21 300 K 2.68

36 A l l  57 348 722 K 4 2 . 7 0

36 Z e n i t h / n a d i r  120 67 300 K 8.31

Case I I , S i n g l e  E a r t h — B a s e d  User

~~__ ~~~~~I
_ ~ LIJFTL~~~~~TI~

Case 111 , G l o b a l  Ni~t of E a r t h — B a s e d  Users

~ I~~~ 
30 O K ~~~_

149 29

‘ “All ” refers to tising all navsats in view , 4 at a time , in all
calculations; zenith/nadir refers to using the navsat most directl y
above or below as one of the  4 in all calculations.

‘Cost in Machine Units——a direct measure of computing cost used
at Rand , which accounts for core , CPU time , and input/output resources
used for a given r u n ;  currently, a Machine Unit (MU) costs about $1.25.

_ _  _ _  - -~~~~~~~~
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IV. PROGRAM INPUT AND OUTPUT

Table 5 (pages 32—36) is a listing of the input data set for a

Case I run (using the navsat most nearly above or below the user in

all calculations) and its resulting output. This run treats the user

satellite as a very hi gh apogee ballistic missile. Table 6 (pages 37—

43) is i listing of the input data set for a Case II run (using all

C navsats in view , taken four at a t ime) and its resulting output.

Table 7 (pages 44—55) is a listing of the input data set for a global

distribution of earth—based users with its output. 

— - - — -—- — - — -
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Table 5 (Continued)

ORB ITAL  ELEMENTS
a

ECC A R G P  R A S C  INC A N C M P E R

1 0.0 0.0 0.0 63.00 0.0 12.00
2 0.0 0.0 0.0 63.00 45.00 12.00
3 0.0 0.0 0.0 63.00 90.00 12.00
4 0.0 0.0 3.0 63.00 135.00 12.00
5 0.0 0.0 0.0 63.00 180.00 12.00
6 0.0 0.0 0.0 63.00 225.00 12.00
7 0.0 0.0 0.0 63.00 270.00 12.00
d 0.0 0.0 0.0 63.00 315.00 12.00
9 0.0 0.0 120.00 63.00 15.00 12.00

10 0.0 0.0 120 .03 o 3.00 60.00 12.00
11 0.0 0.0 120.00 63.00 105.00 12.00
12 C.0 0.0 120 .00 63.00 150.00 12.00
13 0.0 0 .0 120 .00  63 .00  195.00 12.00
1’. 0.0 0.0 120.00 63.00 240.00 12.00
15 0.0 0.0 120.00 63.00 285.00 12.00
16 0.0 0.0 120.00 63.00 330.00 12.00
iT 0.0 0.0 240.00 63.00 30.00 11.00
Id 0.0 0.0 240.00 63.00 15.00 12.00
19 0.0 0.0 240 .00  63.00 120.00 12.00
20 0.0 0.0 240.00 63.00 165.00 12.00
21 0.0 0.0 240 .00  63.00 2 10.00 12.00
22 0.0 0.0 240.00 63.00 2 55.00 12.00
23 0.0 0.0 240.00 63 .00  300.00 12.00
24 0.0 0.0 240.00 63.00 345.00 12.00

USER SATEL L ITE ORBIT A L. ELEME N TS

25 0.82 11.24 47.50 144.21 69.76 11.05

TOTAL T IM E ( M IN )  = 990
T I M E 1~ C R E M E N T ( MIN I  = 10
B E &MW IOT H ANGLE (DEG ) 180.00
FRA C TIC N OF N~~V S~~T SPHER ICAL AREA 0.340

THE SATELLITE MOST N EARLY ABOVE OR BELO W IS USED AS ONE OF THE FOUR
IN ALL CALC ULATIONS OF THE VOLUME OF THE TETRAHEDRON

a
During fi nal preparation of this report , the authors were informed

by the NAVSTAR/GPS Joint Program Office that the planned orbital con—
f i guration for GPS had been changed . Users who wish to simulate the
currently planned configuration should interchange the anomalies of
satellites 9 through 16 with those of satellites 17 throug h 24 , ShOWn
above. No other changes are required.
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T ah l c  6 (Cont inued)

ORBI TAL ELEME N TS

ECC A RG P R A S C  INC AN OM PER

1 0.0 0.3 0.0 63.00 0.0 12.00
2 0.0 0.0 0.0 63.00 45.00 12.00
3 0.0 0.0 0.0 63.00 90.00 12.00

1, 0.0 0.0 0.0 63.00 135.00 12.00
5 0.0 0.0 0.0 63.00 180.00 12.00
6 0.0 0.3 0.0 63.00 225.00 12.00
7 0.0 0.0 0.0 63.00 270.00 12.00
8 0.0 0.0 0.0 63.00 315.00 12.00

0.0 0.0 120.00 63.00 15.00 12.00
10 0.0 0.0 120.00 63.00 60.00 12.00
11 0.u 0.0 120.00 63.00 105.00 12.03
12 0.0 0.0 120.00 63.00 150.00 12.00
13 0.0 0.0 120.00 63.00 195.00 12.00
14 0.0 0.0 120.00 63.00 240.00 12.00
15 0.0 0.0 120 .00 63.00 285.00 12.00
16 0.0 0.0 120.00 63.00 330.00 12.00
11 0.0 0.0 240.00 63.00 30.00 12.00
18 0.0 0.0 240.00 63.00 75.00 12.00
19 0.0 0.0 243.00 63.00 120.00 12.00

0.0 0.0 243.00 63.00 165.00 12.00
2L 0.0 0.0 243.00 63.00 210.00 12.00
?2 0.0 0.0 240.00 63.00 255.00 12.00
23 0.0 0.0 240.00 63.00 300.00 12.00
24 0.0 0.0 240.00 63.30 345.00 12.00

tJ SE P L O C A T I O N  ON EARTH
LA TITUD E = 0.0 DEGREES

— L ONGITUDE = 0.0 DEGREES
MAS KING ANGLE = 5.00 DEGREES

TOTAL T IM E ( MIN )  = 720
TI NE I N C R E M E N T ( M IN )  6

Alt. S A T I EL L I  T c S ,  T A K E N  FOU R AT A T IME ,  ARE USE D IN
THE C A L C IJ I A T I U N S  OF THE V0L IPIE OF THE TET RAHEDRON 
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Table 7 (Con tInued)

O R B I T A L  E L E M E N T S

E CC A R G P  R ASC I NC ANO M P E R

1 0.0 0.0 0.0 63.00 0.0 [2.00
2 0.0 0.0 0.4) 63.00 45.00 12.00
3 0.0 0.0 0.0 63.00 90.00 12.00
4 u.0 0.0 0.0 63.00 135.00 12.00
5 0.0 0.0 0.0 63.00 1~ 0.O0 12.00
6 0.0 0.0 0.0 63.00 225.00 12.00
7 0.0 0.0 0.0 63.00 270.00 12.4)0
u 0.0 0.0 0.0 63.00 315.00 12.00

0.0 0.0 120.00 63.00 15.00 12.00
10 0.0 0.0 ~20.00 63.00 60.00 12.00
11 0.0 0.0 123.00 63.00 105.00 12.00
12 O.C 0.0 120.00 63.00 150.00 12.00
13 0.0 0.0 120.00 63.00 195.00 12.00
14 0.0 0.0 123.00 63.00 240.00 12.00
15 0.0 0.3 123.00 ~-3.00 285.00 12.00
16 0.0 0.0 120.00 63.00 330.00 12.00
17 0.0 0.0 240.00 63.00 30.00 12.00
lb 0.0 0.0 240.0.) b3.00 15.00 12.00
19 0.0 0.0 243.00 63.00 120.00 12.00
20 0.0 0.0 240.00 63.00 165.00 12.00
21 3.0 0.0 243.00 63.00 210.00 12.00
22 0.0 0.0 240.00 63.00 255.00 12.00
23 0.) 0.0 240.00 63.00 300.00 12.00
24 0.0 0.0 240.00 63.00 345.00 12.00

G L O B A L  D I S T R I B U T I O N  C A L C UL A T I O N S

MASKING ANGLE = 5.00 DEGREES
LATITUDE STE P = 5.00 DEGREES -

L A T I T UDE I N C R E MENT = 1
F LON G I T U D E I N C R E M E N T  = I

DI LI IT I ON OF PREC IS IO F I PARAMETERS PRINTED AT TIM E INCREMENT Of 0

TOTAL TIME(MI N I 250
TIME INC REME NT (M IN~ = 250

THE SATELLITE MOST NE ARLY 0VE~ H E A D  IS U S E D  AS ONE OF T HE F O U R
IN ALL CALCULATI ONS OF THE VOLUME OF THE TETRAHEDRON
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Appendix A

NAVSAT SELECTION ALGORITHMS FOR A SATELLITE USER

This appendix describes the algorithms used to select , f r om a l l

of the navsats in view of a satellite user , those most l ikely to yi i-ld

small DOP values. These al gorithms were developed to reduce computa-

tion costs , accomp lished by selec ting a value for the input parameter

C (0 C < I), w h i c h  is the fraction of the area of a sphere with radius

equal to the orbital radius of the navsats. If the navsat system orbital

configuration involves elli ptic orbits , thes e al gorithms cannot be used
*and C shou ld  be set equal to one . Also , computation costs can be re-

duced further , with little sacrifice in position determination accuracy,

if the zenith/nadir satellite selection mode is used to reduce computa-

tion time .

If the navsat orbital configuration involves more than one circular

‘irbit altitude (a “multishel l’1 sys tem) and the satellite user is above

all of the shells , th e algorithm can be used as presented below . If the

satelli te user is between or below the shells part of the t ime , the situ-

ation is more complex because there are two possible values for 
~T 

(see

below)——one for the “zenith~ navsat on the same side of the earth as the

user , and one for the “nadir” navsat on the other side of the earth

from the user. In this case , suitable values of C can be obtained by

careful consideration of the user/navsat system relative geometries .

As with elliptic orbit navsats , C can be set equal to o’e , and the

zenith/nadir navsat selection mode can be used to minimize computation

t i m e .

The following is a descrip tion of the a lgor i thms  fo r  use wi th  any

s a t e l l i t e  user orb i t , as long as the navsat system uses a single a l t i t u d e ,

c i rcu lar  o rb i t .  The number of navsats considered for use after the

zenith/nadir uavsat is selected by C; the larger C is, the larger the

n umber of navsats considered . Values of C from 0.4  to 0.6 generally

yield good results.

*The algorithm s (~ilf l  he used if the satellite user is always above

or below ;II I of the navsats and the v a l u e  of R , w h i c h  Is used In the
exprt-s s Ion to oht .i i n  C t ,  Is r e p r e se n t . nt  lye of the navsat orbits. (1-or

-xamp l I ’ , set R equal to the average of the semlma~ or axes of the navsat
O rh i 1 ’-~. ) thiS ~ouId require a minor m odificati on of the computer pro-
gram .

- _2-t~~ 
~~~~~~~~~~~~ 
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The two algorithms derived below , one for the satellite user above

t h e  navsats and the other for the satellite user below , use the same

criteria for selecting the first navsat of the  f o u r  to be used for the

computation of the DOPs , i.e., the satellite , of those in view of the

user , which is closest to the user ’s zenith or nadir. However , the

criteria for selecting the remaining three satellites are not the same

for the two algorithms .

SELECTION OF THE FIRST NAVSAT 
—

For convenience of exp lana ti on , Fig. A- i  shows t h e  use r  above the =

n av s a t s , the spherical surface containing the navsats , and the e a r t h

plus 200 n mi of atmosphere (hereafter called earth). Also , the shaded

area that is shown will contain the navsats which are retained for the

computation of the DOPs , as we will describe later.

At each time point , the angles  0 and i~ are computed for each

user  and navsat combination from

I —  *-1! R p
e = ~~~~~

and (A-I)

-l 1 -U p
= cos S

If  ~~ - -
~~~, w h e r e  ~ = cos~~ ( -

~ 
) + cos 1 (f ) , then t h e  satel lite is

obscured from the user ’s view by the earth and is discarded from further

consideration until the next step.

If the ang le  ~ which is equal to i~ — (0 + V ) ,  is greater than

the navsat antenna beam half—ang le , then the user satellite will not be

illuminated by t he  navsat antenna beam and the navsat will not be used

in the calculations .

The angle S~~. corresponding to the fir st satellite not obscured by

the earth , and the number of the satellite are stored . Subsequent ~- ‘s

are computed and compared to the S in storage , and the satellite yield-

ing the smallest S is the first of the faur navsats used for the compu-

tation of DOP values.

P = I P I  (the l ength of P) and R = J R J  (the length of R). 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fi g .A- 1—Satellite user above the navsat altitude
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1-’or the axis of the navsat a n t e n n a  point ing t o w ar d  t he  c - e n t e r  of

t h e  earth , it is c i t - a r  that any navsat above the p lane represented by

l i n e  A—B in Fi g. A — I  mus t  have an a n t e n n a  beam with half—ang le greater

than 90 deg in order to illuminate the  c - c a t e l l i t e  u se r .  I f  t l i ~- naysat

is below the plane , the antenna beam half—ang le required will be less

t h a n  90 deg.

SATELLITE USER ABOVE THE NAVSAT SYST~~1

If  the remaining thr et- navsats needed for the GDOP c o m p u t a t i o n s

are on or near  the t a n ge n t circl e A—B (Fig. A—i) and are separated in

l o n g i t u d e  by 20 d t ’~~, t h en  t h e  vo l ume of t h e  t e t r a h e d r o n  formed , as

shown in F’i g. A—2 (a ,h ,c ,d), will he a near maximum and the  cor respond-

ing PD0}~ v a l u e s  will (almost always) be minimum . The prohabilit~ th at

ti l t- three satellite s will be so arranged i- c small; thus , all of t h e

satellite s in a band (similar to a hand between two p a r a l l e l s  01 lati-

tude) c o n t a i n i n g  the  tangent  c i r c l e , and whose w i d t h  cor responds  to  t h e

sum of t h e  central ang les 
~l 

and 
~2 

are i~ C t  a)ned for the st-h-ct ion  of

the three remaining satellites. The satellites ant in this band are

discarded  f rom f u r t her  consideration until t i l e ’  next time point. The

ang les -

~~~ 

and are obtained from

— i l  c \ . . 2 . -‘S = s in  — ----—-—- i  if sin > C , (A—2)
1 ~~~~ 0

T~ 
T

where cos C = R J / P j ,  and ‘S 2 
= or

= 11
T 

if sin
2 

0
T 

C , (A-I)

and

2 
= cos

1 
(i — 2C -

The centra l angle 0
T 

cos~~ (
~

) is shown in Fig. A-I . The quan-

tity 0 < C < I (an Input quantity) represents the rati o of the area of

The tangent circ le A—B , between a cone with apex a t  the user ’s
pos ition and the spherical surface containing the navsats , c orr t -sjcolld ’c
to the max I mum Va tie i- r a n  h ive .

fl

- —‘- CC.’ - -. - - -

- -
‘

-

~~~~~~~- - - ~~ - ----~~~

_ _



C —60—

User

e~

Note: e1, e2, e3, and e4 are
un it vectors from the
user toward the four
navsat

Fig. A—2—Tet rahedrOfl formed by the ends of unit vectors
f rom a sate llite user toward four navsots
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th & ’ band to the  area of t h e  sp here  c o n t a i n i n g  t h e  n a v s a ts .  If  the ’

satellites are uniformly distributed , the number of navsats in t h e  band

will be tile p r o d u c t  of C t imes tile total number of navsats. Thus , for
C = 0.25 , th e n u m b er  of CPS satellites in t h e hand (on the- average)

would be 6. Since the navsats are not usually uniformly distributed ,

C ~ 0.5 should ensure that there will be an adequate number of navsats

a vai l  abl e- .

SA 1 I- :LLITE_ USER BELOW THE NAVSAT SYSTEM _ALTITUI ) E

The characteristics of the al gorithm for satellite selection for

a satellite user below the navsats , as shown in Fig. A— 3 , are not

readily apparent if it is desirable ’ to reduce the computational effort

that results when all satel lite-s - in view are taken four a t  a t ime . The

number o f different combinations of four sa t e -l u tes can  be large. For

examp le , a user near the altitude of GPS will , on the  average- , sC-c - 22

of the  24 GPS satellites , and t he number of different combinations of

four wil/ be- 7315.

The satellite selection a] gorithm presented h e r e  and used in  tile ’

program i s  based on t i n e  s i m p l i f y i n g  a s s u m p t i o n s  that tile’ first of tile

f o u r  s a t e l l i t e s  to be used for computing GDOP values is the one nea re s t

t h e -  u ser ’s z e n i t h  (or  n a d i r )  and t h a t  th e - o t h e r  three ’  sa te - ] ii tes are

in or n ea r  a p lane- which is normal to the vector P. The a d d i t i o n a l

program s t a t e m e n t s  r e q u i r e d  to se lec t  the  of - t; i~’:c’~ orientation of the

p laice - were nut used because of singularity problems that could occur

when t he  use r is ust b( low the- n av sa t  a l t i t u d e .

Fi gure A—3 ShoW ’-  the’ orbit containing the f i r s t  of the four nay—

sats chosen for th e - tetrahedron volume computation and the’ band , on

t h e  sp herical -~c c r f a -e- containing the navsats , which will be used t o

select the other three navsats. I 
-

The angles 
1 

and 
~2 

are- determined as b e f o r e , except  c T now

computed  f rom

o = p + coS
1 (_ -~ -I- cos ,

T \ I
_
~I /

If obtaining minimum CDOP values is ~sscn tial , it Is re-commended

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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_______ 
riavsat

U
User a .

p

A a 1(1/! ~~~~~~ 
_ _  

B

Earth

Fig.A-3—Orientat on with satel’ite user

below the riavsat altitude 
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whe r e - is th e - angl e - be t ween t h e -  use r ’s horiz ontal and a I i n c  f r o m  t i n ’

115cr to  t u e  c - j r - I t ’  r e pr e s e nted by t h e -  1 inc A—B i n  F i g .  A — I .  I f  t i n e ’

f i r s t  navsat  (ilocce’n Is on t i l e ’  user ‘s ver t it - a l , t l i e n  i t  can  be’ shown

that the opt m u m  value- for is a b o u t  l’~. 5 dt ’~, . T h i s  v a l u e -  of I w i l l

m a x i m i z e  the volume ot the tetrahedron formed by joining the t i p s  of

he f o u r  urn i t  v e c t o r s  w h i c h  p o i n t  f r o m  th e - user to th e -  f o u r  navsa t s.

It the ’ fir s t . chosen navsat is at ove t h e  user ’ s h o r i z o n t a l  (as  shown in

tint’ fi gure’) , ti n e- angle e w i l l  be be low the- us er ’s i no r  i z o n t a l — — a n d  V l C

\ ‘ersi .

Fl gli r t - A— I shows t h a t  t i l e ’  h a l f — a n g le  of t h e ’ n av sa t a n t e n n a  he ’am ,

win i c -h i s  di re-c ted t oWa rd the? e-enter of the- cart h , mus t  be as l a r g e  as

t ine- ang l e  - i i f  t h e ’  c l — i c r sate’!! l t e  is to rec e ive rang ing i n f o r m a t i o n

I rum ci navsa t l o t ’ cited at  po j ot  A.  C

~~~~~~~~~~~~~~~~ ~
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Appendix B

PROGRAM L I S 1I N G

1. MAIN (pages 65—77]

2. ORBINI(I) [page- 78 1
3. OR B I T ( I , T , R ,VEL ,AC) [pages 7 9 — 8 0 )

4. TRMATX(TR ,I) [page 81]

5. MATMIJL(T ,V ,O) [page 82]

6 . POINT(AL O ,ALA ,TIM ,VEC) [page 83]

7. TAAT(MA X ,KXX ,MATRIX) [page 84]

8. VOLU M E( OVEC , IDSAT ,VOL) [page 85]

9. COVNAV(G ,ID ,NAT ,SIG) [page 86]

10. BLOCK DATA [page 87]

ii. VECTOR(Vl ,I ,V2 ,V3) [page 88]

12. DOT(Vl , V2) [page 89]

13. UNIVEC(V ,UV) [page 90]

14 . TALL(KOT ,KXX ,MATRIX) [page 911

4
-
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MAIN

COMMON/ORB IS/P (37,25) /CON/C ( 18)
DIMENSION AA (3hG (37,4), IOS (37),ISIC(4),KXX (S8905,4),NSGD (37),R (3)

1,RF (3),RMX (37,3),SIGTIo),U(3),UPV(3),USUV (37,3),UTS (3),VE (3),Z(3),
2 YE (3),XN ( 3),ISAVE (37),I INT (3I),UEL (37),IOUT (37),STN (3)
DIMENSION Q5R(3b),CAG(19,18),GLEB(18),P(B (18),ACLAT( 19,36),

I ACTOT (36) ,OBLAT (19,36),UBDIS (36),CL (19) ,MIN (19,36),MAX( 19,36),
2 CAGX (19,ld),NSPL(19),SKEG([9,36,6),SKEGX(19,36,6),GLOS (6,36),
3 CDOP (19,36,6),ISAPP (32),PER (36)
REAL LAT,LONG,LATDEG ,LADG ,LAO
KTR 48
I PR I NT=0
Z(1)=0.
Z(2)=O.
Z(3)=l.E+10

C
C LOC=1; USER UN SATELLITE
C LOC=2; USER ON GROUND AT SPECIFIED LATITUDE AND LONGITUDE
C LOC= 3; GLOBAL CALCULAT IONS
C

READ (5,115 ) LOC,NJL,ISCMP
GO TO (100,11 0,120), LOC

C
100 DO 105 Kz 1,5

READ (5,180) ( P( N ,K) , Nz 1,NJL)
105 CONTINUE

READ (5,180) (PER (N ),N=1,NJL)
NJM=NJL-i~ 1
READ (5,180) (P(NJM,K),K=l,5)
READ (5,185) PER (MJM ),A IN,CK
READ (5,175) INC,ITF
GO TO 155

C
110 00 115 K 1 ,5

REA D (5 ,100)  (P(N,K) ,N= 1,NJL )
115 CONTINUE

R EAD (5 ,180) ( PER( N) ,N=1 ,NJL )
READ (5,185) ATL,ONGL ,ELEVAT
READ (5,175) INC,ITF
GO TO 155

C
120 00 125 Kz l ,5

READ (5 ,180) (P(N,K) ,Na 1,NJ L )
125 CONT INUE

READ (5 ,180) ( PER( N) ,N—1 ,NJ1 )
READ (5 ,185)  L A r D E G , E L E v A T
READ (5 ,175) LAT IC ,LO NIC , INC, ITF , I PFREQ , IT IME
DO 135 MA=1 ,19
C L I  MA F =0.
NSPL ( MA ) =0
00 130 M8’1,36
H IN(MA,NB) =30
MAX ( MA,M B) =O
DO 130 MC= 1,6
SK EGX ( MA , M B,  MC =0.
CDOP (MA,MB ,MC )=0.

130 SKEG (MA,MB,MC)z0.
DC 135 MD=1,18
CAGX ( MA , MD ) = 0.

-‘

~

CCCC

~
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MAIN

1 35 CAG (MA,MD)=0 .
DC 140 MA= 1,36
00 140 MB= 1,6

140 GLOS ( MB .MA ) =0 .
DO 150 MA =1 , 19
ACTOT(MA )—G .
OBDIS (MA )=0.
00 145 MO=I,36
ACLAT (MA ,MO) =Q•

145 OBLAT (MA .MDI-0 .
150 GLEB (MA )0.

C
155 CONT INUE

WRITE (6,195 )
WRITE (6,190)
DO 160 IP=I,NJL
WRITE (6,215) (IP, (PUP, IV ), IV 1,5) ,PER ( IP))

160 CONTINUE
IF (LOC.EU.1l WRITE (6,200)
I P=NJL.1
IF( LOC.E0.1) WRITE  (6 ,215)  lIP, ( P( I P , IV ) , I V = 1 ,5 )  , P E R ( I P ) )
IF (LQC.E Q.2) WR ITE (6 ,210)  ATL ,ONGL ,ELEV AT
IF (LOC .E Q.3) WRITE (6,205) ELEVAT ,LATDEG, LATLC,L ON IC , ITIME
ITT= ( ITF—1 )*INC
WRITE (6,220) ITT,INC
IF (LOC .E Q.1) WR ITE (6,225) AIN,CK
IF (LOC.E Q.1.AII~D.ISCMP.EQ.O% WRITE (6,166 )
IF (LOC .NE . 1.AND.ISCIP.E Q.0) WRITE (6,165)
IF (ISCMP .E Q.1) WRITE (6,170)

C
C THE FOLLOW I NG FORMATS HAVE TO DO WITH INPUT
C

165 FORMAT (1HO,1OX ,’THE SATELLITE MOST NEARL Y OVERHEAD IS USED AS ONE
1OF THE FOIJR’I,IIX , ’IN ALL CALCULATIONS OF THE VOLUME OF THE TETRAK
2EORON’)

166 FORMAT (IHO,10X, ’THE SATELLITE MOST NEARL Y ABOVE OR BELOW IS USED A
IS ONE OF THE FOUR’/,IIX , ’IN ALL CALCULATIONS OF THE VOLUME OF THE
2TETRAHEDRON’

170 FORMAT (IHO,IOX, ’AL.L SATELLITES , TAKEN FOUR AT A TIME, ARE USED IN’
1,/,IIX,’THE CALCULATIONS OF THE VOLUME OF THE TETRAHEDRON’ )

175 FU RMAT ( 1015 )
- - 

180 FOR MAT ( 12F6 . 0 )
185 FOR MAT (7F 10.0)
190 FORMAT ( IHO ,2 2X , ’ E C C ’  ,5x, ’AR GP’ ,4X , ’ RA SC ’,4X,  ‘INC ’,5X, ’ANOM’ ,4X,

j’PER’ ,//)
H l~95 FCRMAT (IHI,//32X,’ORBITAL ELEMENTS’ )

200 FORrAT (IHO ,10x, ’USER SATELLITE ORBITAL ELEMENTS’/)
205 FORMA T (IHO,10X, ’GLJBAL DISTRIBUTION CALCULAT IONS ’,//,

1 11X, ’MASK ING ANGL E = ‘,F6.2,’ DEGREES’ ,!,
2 IIX, ’LAT ITUQE STEP = ‘,F6.2,’ DEGREES’,!,
3 11X, ’LAT ITUOE INCREME NT
‘, IIX, ’LUNGITUDE INCREMEN T =

S 11X, ’O ILUT ION OF PRECISION PARAMETERS PRINTED AT TIME INCRE MENT 0
6F ‘,15 )

210 FURMA T (IHO,IOX ,’USER LOCAT I ON ON EARTH ’,/IIX ,
I ‘LATITUDE = ‘,F5.2,’ DEGREES ’/,IIX ,’LONGITUDE ‘,F5.2,
2 ‘ OEGPEES’ ,/, 11X , ’MASK ING ANGLE ‘,F6.2,’ DEGREES’ )

2t5 FORMAT(L H ,L5X,L3,lX,(~F8.2)

‘—

~ 
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MAIN

220 FORMAT(IHO,10X ,’TOTAL TIME (MIN) = ‘,15 ,/ ,L IX ,
1 ‘TIME INC RE MENT (MIN I = ‘ , I3 )

225 FORMAT (1H ,LOX, ’BEA MW IDTH ANGLE (DEG ) ‘,F6.2,/,IIX,
1 ‘FRaCTION OF NAVSA T SPH~ R ICAL AREA ‘,F6.3)

C
C SET UP ORBITA L ELEMENTS
C

DO 230 N 1 ,N J L
P(N,22)=22808.*(PER (N) /24. )**( 2.13.)
CALL ORBIN I (N)

230 CONT INUE
IF (LOC.EQ.2.OR.LOC.E0.3) GO TO 235
P(IP,22)=2280a.*IPER (IP)/2 4.)*$(2./3.)
CALL ORBIF’1I lIP )

235 CONTINUE
INCA= 0
NSTO O
MAXN SSz O
00 625 IT= 1,ITF
TID=FLOAT( INCA )/1440.
INCA= INCA-I- INC
N N = I  P
IF (LOC.EQ. 2.OR.IOC.EQ. 3) NN NJL
DC 240 N=1 ,~lN
CALL ORBIT (N,TID,PER,RF ,VE,AA)
00 240 IV= 1,3
RMX (N,IV )=RF ( IV)

240 CONTINUE
IF (LOC .E Q.2) GO TO 335
IF (LOC .E Q.3) GO TO 330

C
C

00 245 IV= 1,3
UPV (IV )=RMX ( IP,IV )

245 CONT I NUE
IK=0
B ETA MN=4 . 000000
DO 265 N—I ,NJL
DO 250 IV— 1,3
R ( IV ) = R M X ( N , IV )

250 C ONT INUE
CALL VECTOR ( R ,2 ,UPV ,UTS )
AR=SQRT (DOT (R,R))
AP =SQRT ( DOT I UP V, UP V ) I
A=ARCOS ( 2. 0926144E + 0 7 / A R )
IF(AP.LE .2 .0926144E+0 1) W R I T E  (6 ,251)

251 FORMAT (IH ,/,3X,’TERM INAT ION OF RUN, ALT ITUD E APPROCHING ZERO’ )
IF (AP .LE.2.0926l44Ei07) STOP
8=ARCUS (2.0926144E -tOl/AP)
PHI=A +8
DOTRP DO TI R, UPV )
THETN=ARCOS (DOTRP/ (AR*AP))
IF (THETN .GE .PHI) GO IL) 265
IK—I K +1
I SAVE (1K )=N
AU— SQRT 1 00 11 UTS, UTS I)
DOTUP - DO T I UTS, UP V
BET A N—AR C US (—D O TUP/  ( A U * A P ) )

hA •
— — — —~•_•____.___ —.-——-—-—

~~~~~~
.—

~~~-. —
~~~~

• —--— 
—‘---=‘-,----‘- —— — — ---- — —------———-—----------~~~~~~--—--—--- 

— — — ——--



—68—

MA IN

A IW I D = A I N / C (2 )
BW IDT H=C ( 3 ) —  ( THETN +B ETA N )
IF(AI~~ID.LT.BWIDT H) GO TO 265
B E T AS V — B El AN
IF (BETAN.GT.C (5)) BETAN=C (3)—B ETAN

255 IF (BETAN .LT .BETAMN ) GO TO 260
GO TO 265

260 ISATNO=N
BE TA MN— 8 FT AN
BETAS=BETASV

265 CONT INUE
DO 285 1=1,1K
IF(ISAVE(I).EQ.ISATNO) GO TO 270
GO TO 285

270 INDX—I
DO 275 K I= l ,INDX
KII=KI.I
IINT (KII )= ISAVF (K I )

275 CONTINUE
I NDX=IND X+1
DO 280 KI=IN DX, IK
IINT(KI )=LSAV E(K I )

280 CONT INUE
GO TO 290

285 CONT iNUE
290 IINT (II=ISATNO

IF (ISCMP .EQ.1) GO TO 335
C
C THE NUMOERS OF THE SATELLITES WHICH FIT CRITEPIA FOR USE, PLUS THE
C ONE NEAREST TO OVERHE AD HAVE BEEN CALCULATED
C

LOS ( 1)= I I i ’ IT (  1)
NSS= 1
DO 295 IV=1,3

295 CONT INUE
CALL VECTOR (R,2,UPV,UTS)
CALL UNIVE C (UTS,U)
DO 300 IV—I ,3
U S U V ( I I N T ( L I , I V ) — U ( IV )

300 CONT INUE
00 32 5 N=2,IK
00 305 IV= 1,3
R ( IV ) = R M X (  I INT(NI, IV )

305 CONTINUE
CALL VECTOR ( R ,2 ,UPV , UTS)
CALL UNIVE C ( UTS,U)
DO 310 IV — 1 ,3
USUV ( I I NT ( N)  ,IV ) = U ( I V )

310 CONTINUE
A R- S Q R T ( D O T ( R , R ) )
A P=5QRT ( DOT I UP V , UP V I
IF (AP.GT .AR) THETT ARC eJS (AR/AP)
IF (AP .LE.AR .AND. I3ETAS .GT .C(5)) THETT—109. 5/C (2)—ARSIN(AP$ .333806 86

1/AR )
IF (A P .LE.A P.ANO .BETAS.LE .C(5) ) THFTT=70.5/C (2)—ARSINIAP* .33380686/

LA R I
DOTRP=DOT ( R,UPV)

S _ _ ~~~‘~~~~~ —~~~~~.— —---- -
_ _ _ _ _ _ _ _  _ _ _ _ _ _  ~~~~ -~: 
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MA IN

THETN=ARCOS (DOTRP/ (AR*AP))
S I NTT=S IN (  T HETT )
S ! NTSQ=S INTT **2
IF (S I N T S Q . G T . C K )  GO TO 315
D EL 0(4 E HE I T
ANG’ 1.— ( C K / . 5)
D ELTW D =ARCOS (AN G ) - T l -4 ETT
GO TO 320

315 CONTINUE
OFLONE=ARS IN(CK/S INTT)
O EL I U O=D EL 0 NE

320 IF(THETN .LT.(THETT—DELONE )) GO TO 325
IF (THETN .GT.(THETT+OELTWJ)I GO TO 325
NSS= NSS +1
IOS ( NSS) = I  INT (N)

325 CUNT I NUE
IF (NSS.LE .4) GO TO 625
GO TO 335

C
C END OF USER (iN SATELLITE
C
C CALCULATIONS FOR USER ON EARTH AT SPECIFIED LAT AND LONG , AND GL OBAL
C DISTRIBUTIONS FOLLOW

330 CON TI NUE
I K L 36
111=19

335 CONT INUE
IF (LOC.EQ. 2.OR.LOC.EQ.1I LKL= I
!F( LOC.EQ.2.O R .LOC.EQ. 1) ILL—I
DO 500 K =1 ,LKL,LONIC
DO 500 L=1,LLL ,LA TI
IF (LOC .EQ .1.AND.ISCMP .EQ.o) 60 10 400
IF (LOC.EQ .1.AND.ISCMP.EQ.I) 60 10 375
IONG=FLUAT (K—I )*10.
LA’T—90.—FL DAlI L— Ii-*LATDEG
IF (LOC.EQ.2) LONG=ONGL
IF (LOC.EQ.2) LAT=A TL
CALL POINT ILONG,LAT ,TID,Upv)
NS 5=0
CL ( L) CL IL 1+ 1.
00 350 N—I ,NJL
00 340 IV—1 ,3
RI IV) - RMX (  N, IV )

340 CONT INUE
CALL VECTOR ( U PV ,2 ,R ,STN )
$Ez—DOT (STN,UPV)/SQRT (OOT4ST?4,STN)*DCTIUPv,UPV))
IF(A BS(SE) .GE. .9999999 ) SE = S IGN ( 1 . ,SE )
E L — A R S I N ( S E ) * C ( 2 )
IF( EL . LT .EL EVAT I  GO TO 350
NSS— NSS +1
lINT I NSS I— N
UEL (N)—EL
CALL VECTOR (R,2,UPV,UTS)
CALL UNIVE C (UTS,UI
DC 345 1V 1,-I
U S U V I N , I V ) = U ( IV )

345 CONTINUE
350 CONTINUE

- ~~~~~~~~~~~~~~~~~~~~~
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IF( NSS. G E .4)  GO TO 355
IFINSS.LT.4) GO TO 500

355 CONTINUE
NSTO= NSTO +NSS
NSP L( L I— NS PL( LI+ NSS
NSP=NSS+ 1
MAXNSS =MAX O ( MAX r9SS, MSS )
HIGH=O.
DO 365 tIUM=1,NSS
IX=IINT (NUM)
A E A = U E L ( I X )
IF (A E A .GT . H IG H )  GO TO 360
[ F(A EA . LE .H IG H I GO TO 365

360 HIGH=AEA
NN NUM

365 C ONT iNUE
DO 370 NU= LNSS
IF(NU.EQ.NNI  NX= 1
IF(NU.LT.NN) NX=NU.1
IF( NU.GT.NN)  NX=N U
I U S ( N X ) — I I N T (NU)

370 CONTINUE
GO T O 400

C
C I O S ( N S S )  HAS THE S A T E L L I T E  NEAREST TO OVERHEAD,  THEN ALL OTHERS
C WH ICH FIT C R I T E R I A
C
C NEX T CALCULATION S ARE CO NCERNE D W I T H  FINDING THE COMBINATION OF
C FOUR SATELLITES WHICH HAVE THE GREATEST VALUE OF THE VOLUME OF THE
C TETRAHEDRON FORMED BY THEM
C

375 CONT INUE
DO 390 IKN= 1 ,IK
00 380 1V 1,i
R( IV I = R M X (  J J N T ( I K N ) , IV I

380 CONT INUE
CALL VECTOR I R ,2 , U PV , UTS )
CALL UNIVE C ( U T S , U )
DO 385 IV=1, 3
US UV ( I I N T(  I K N J , E V ) = J (  IV )

385 CONT I NUE
390 CONTINUE

00 395 ! J K = & , I K
395 IOS( IJK )= I  INT( IJ K)
400 BOX — 1 O .

IF( ISCMP .E 0.13 GO Ic.) 405
K CT NS S
NSS NSS— 1
CALL T A A T  ( N S S , K C O M , K X X )
IS IC I I  ) = I O S L I )
LPI%fr2
GO TO 410

405 K OT I K
iF  ( IO C . E Q .2 . D R .L Q C . E0 . 3)  KO I=NSS
CA LL T A L L  ( K O T , K C O M , K X X )
LPN L

4 10 DL) 450 M 1 , K C U M

_ _ _ _ _ _ _ _ _ _ _ _ _ _  - ~~~~~_±
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MAIN

00 415 LPQ=LPN,4
NUX=KXX( N, LP Q)
ISIC(LP Q)= IOS (NIJX )

415 CONT INUE
CALL VOLUME ( US UV , IS IC , V O L U M )
IF (VOLUM.GT .BOX) GO TO 423
IF (VOLUM.LE.BOX) GO TO 430

420 BOX=VOLUM
00 425 MC; 1,4
NSGD (MC) =1 SIC (MC )

425  CONTINUE
430 CONTINUE

DO 440 N=1,4
00 435 IV= I,3
PS( TV )=RMX( NSGD (N), IV)

435 CONT INUE
CALL VECT OR (R,2,IJPV,UTS )
CALL VECTOR IZ :3 ,UPV,YE)
CALL VECT OR (UPV,3,YE,XN )
A X= SORT ( DOT ( XN ,XN)
AY= S QRTI 00 T( YE , YE) I
A P= SORT I DOT ( UP V, UP V
ALT=AP/6076. 116—3444.
A S = S Q R T I D O T ( U T S ,  UTSI )
G (NSGD (N),1)=DOt (XN ,UTS)/(AX*AS)
G (NSGD (N ),2I;UOT (YE,UTS)/ (AV*i~S)
G (NSGO (N),3)=DOT (JPV,JTS)/ (A P~ AS )
G (NSGD (M) ,4) =I_ .

440 CONTINUE
CALL CQV NA V (G,NSGC, 4,SIGT)
IF (LOC .E Q.3) GO TO 480
IF (LOC.E Q.2I ALT=O.
DO 445 11=1 ,4
I OUT ( II )=NSGD (II

445 CONT INUE
I L 1
LK= 4
DO 455 NN=1,KUT
ITS T=NSGD( III
IF (ITST.E Q.IOS(NN)) GO 10 450
LK=LK +1
IO UT ( L K) = IOS  INN)
GO TO 45 5

450 IL ILGI
IF (IL.E Q .51 GO TO 460

455 CONT INUE
460 K OS NNI- I

00 465 LK KOS,KOT
IOUT ( LK)z I  05( 1K)

465 C ONT INUE
IT O U T = ( IT — I ) * I N C
K T R = K T R + 2
I F ( KO T . G T . 18 )  KTR=KTR+ 1
IFIKTR.GE.50) Ge) TO 470
GO TO 475

410 W R I T E  (6 , 52 5 )
K TR -0

475 WRITE (6,530 ) ITUIJT ,ALT , (SIGT(KP) ,KP=I,6),(IOUT (KP), KP=L,KOT )

- T~
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C
C END OF CALCULATION FOR SINGL E USER ON EARTH
C

GO TO 625
C
C FOLLOWING CALCULATIONS FOR GLOBAL DISTRIB UTION
C

480 00 485 IOOP=1,6
48 5 C D O P ( L , K , I O O P ) = S I G T (  lOOP )

03 490 NS=l,6
KA=MAX O(t, MINO (INT (SIGT (NS)*5.+1.),36I)

490 S KEG ( L ,KA,N S ) =SK[G IL ,KA , NS)+ l .
00 495 NA=1,KOT
1— lOS t  NA)
ELT=UEL (I)
KO—MIN0(INT (EIT/5.)#1,1a)

495 CAG ( L , KO ) - = CA G ( L , K O i ’ I .
MAX (L,K)=MAXQ (MAX(L ,K) ,I(OT )
MIN (L,K )=MINO(MI N(L,K) ,KOT )
OBLAT (L,N5P)=OBLAT (L ,NSPI +1.

500 CONT I NU E
IF(LOC. EQ.3.AND.IPFREQ.EQ .O I  GO 10 625

C NO INTERMEDIATE PRINT
IF (IPRINT.E Q.O.ANO.IT.EQ .1) 60 10 505

C PRINT F I R S T  TIME STEP
IPRINT=IPR INT +I
IF( IPRINT.EQ.IT IME ) GO 10 505

C PRINT EAC H TIME ST EP REQUESTED
GO TO 625

50 5 IPRINT O
DO 515 IOOP I,6
IF( IOOP.EQ .1) WRITE (6 ,535 ) IT IN E
~F (1DOP.EQ.2) WRITE (6,540 ) ITIME
IF (IDOP.EQ.3) WR ITE (6,545 ) ITIME
IF (IOOP.EQ.4) WRITE (6,550 ) ITIME
IF (IDOP.E Q.5) WRITE (6,555) ITIME
IF (IDOP.EQ.6) WR ITE (6,560 ) ITIME
IFILATDEG .EQ .I0.) WR ITE (6,565)
IF (LATDEG.E Q.5.) WRITE (6,570)
I CT—— I 0
00 510 IC=1,36
ICT— ICT+1 0
IF (ICT .LE.93.QR.ICT.GE .190) WRITE (6,575 1 ICT,ICDOPIIK,IC,IOOP),IK

1—1 ,19)
IF( ICT.EQ. 100I WRITE  (6 ,580)  (C D O P ( I K , I C , I DO P ) , I K— 1 , 19)
IFI ICT.E Q.110) WRITE (6,585) (CDOP( 1K, lC,IDOP ),IK=I,19)
IF (ICT.EO .120I WRITE 16,590) (CDOP (IK,IC,IDOP),LK—1,19 )
!F (ICT.EU.1 30) WRITE (6,595) (CDOP ( IK,IC,LDOP),IK=1,19 )
IF (ICT.E Q.140) WRITE (6,600) (CDOP (IK,IC,IDOP),1K=1,19)
IF (ICT.EQ.150) W RITE (6,605) (CDOP (IK,IC,IOOPI,IK—1,19)
IF (ICT.EQ.I6D) WR ITE 16,610) (CDOPIIK,IC,IDOP),IK—1,19 )
IF (ICT .EO.I 1O) WR ITE (6,615) (CDOP (IK, !C,IDOP),IK—1,19)
IFUCT.E Q.L8O) W R ITE (6,6201 (000P (IK,IC,IDOP),IIc—l,19)

510 CONT INUE
515 CONTINUE

DO 520 ICL I,19
DO 520 ICK=1 ,36
DO 520 1C 0 1,6

_ _  
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520 COC 1P( IC L , IC K , IC D ) 3.
C
C THE FOLLOW ING FORMAT S HAVE TO DO W I T H  A S P E C I F I E D  T IME STEP REQ UEST
C FOR PRINTING
C

525 FORMAT (IHI,/,1X , ’TIME IM t-J)’ ,IX , ’AIT (NM)’ ,4X,’VOOP ’,
1 5X, ’HDUP’ ,5X,’MDOP’ ,5X, ’TDO P’ ,SX, ’PDIJP’ ,5x, ’GDOP’,4X ,
2 ‘SATELLITES CI1OSEN’ ,/ / )

530 FO RMAT UHO ,I7 , F9 . O , 5 ( F9 . 3 ) , LX , 18 ( I X , 1 2) ,/ , 72 X , L 8 ( I X ,  12 1)
535 FORMAT (IHI,//,IOX, ’T IM E = ‘,I6,2 0X , ’VDQP — ALTITUDE’ )
540 FQPMAT (IH1,//,1OX , ’TIM E ‘,1 6,20X,’HDOP — POSITION ERROR IN HORI Z

IONTAL PL ANE’ )
545 FORMATUHL ,//,IOX , ’TLM E = ‘,!6,20X,’MIJOP — LARGER COMPONENT CF PUS

IITION ERR OR’)
550 FORMAT (1I-11,//,IOX , ’ T I M E  = ‘,I 6,20X,’TDOP — TIME’)
555 FORMAT (I HI,//,10X, ’TIME = ‘,I 6,20X, ’PDOP — THREE DIMENSIONAL POSIT

lION ERROR’ )
560 FORMATUHI ,//,1QX, ’TlME ‘,I6 ,2 0X , ’GDOP — FOUR DIMENSIONAL PO~~’TI

ION ERROR’ )
565 FORMAT (IHO ,52X, ’LATI T tJDE ’,//,9x, ’ 90’,3X, ’ 80’,3X,’ 70’,3X,’ 60’,

1 3X,’ 5O’ ,3X, ’ 40’,3X,’ 30’,3X , ’ 20’,3X,’ 1O’,3X,’ O’,3X,’—1O’ ,
2 3X, ’—ZO’ ,3X, ’—30’ ,3X,’—40’ ,3X, ’—50’ ,3x,’—bO’,3x,’—70’ ,3x,’—130’,
3 3X, ‘— 90’,iJ

570 FORMAT (LHO ,52X,’LA TYTUOE ’,//,9x,’ 90’,3X, ’ 85’,3X,’ 80’,3X, ’ 75’,
1 3X,’ 70’,3X, ’ 65’,3X, ’ bQ’ ,3X, ’ 55’,3X, ’ 50’,3X,’ 45’,3X, ’ 40’,
2 3X, ’ 35’ ,3X, ’ 30’,3X , ’ 25’,3X,’ 20’,3X , ’ 15’ ,3X,’ 1O’ ,3X,’ 5’ ,
3 3X , ’ 0’ ,!)

515 FORMAT(IH ,2X,13,1X,19F6.2)
580 FORMAT (IH ,‘L’ ,IX , ’100’,IX,1 9F6.2)
585 FORMAT(IH ,‘Q’ ,IX, ’11O’ ,1X,19F6.2)
590 FORMATUH ,‘N’ ,1X, ’120’ ,IX,1 9F6.2)
595 FU MAT (IH ,‘G’ ,LX, ‘1 30’,IX,1 9F6.2)
600 FORWAT (IH ,‘I’ ,LX , ’140’,1X ,1 9F6.2)
605 FORMAT (IH ,‘T’ ,[X,’150’,IX,1 9F6.2)
6 10 FO RMA T ( 1H ,‘U’ ,IX , ’ I6O’ ,1X, 19F6.2)
615 FORMAT (IH ,‘D’ ,1X, ’L10’ ,1X,1 9F6.2)
620 f-ORMAT (1H ,‘E’ ,IX, ’180’ ,IX,1 9F6.2)

C
625 CONTINUE

IF (LOC.EQ.1.OR.!OC.EQ.2) GO 10 920
MNSSPO=MAXNSS+ 1
00 630 11=1,36

t30 QSR (LI )=FLOAT (LI—1 )* .2
00 640 IX = L ,Ld
P18 1 IX ) 0.
00 635 1Y 1,19

635 P 1 B ( IX ) P I B ( IX ) i - C A G ( IY , IX )
640 PIB( IX ) ( P I B ( I X ) / F L T J A T ( N S T O )  1*100.

DO 660 LA=1 , 19
IF (CLILA).EQ.0. .OR.NSPL (LA).EQ.0 ) GO TO 660
DO 650 N=1,36
00 650 1=1,6
S K E G X ( L A  ,N, I)=0.
DO 645 J N,36

645 SKEGX (LA,N,I )=SKEGX ILA ,N,1)+SKEG (LA ,J,I)
650 SKEGX (LA ,N ,I )=SKE~ X (LA ,N, I )/CL (LA )

Df~ 660 LC= 1 ,la
CAGX ILA ,IC )=O .

- -  _ _~~~~~ _ _i~~~~~_ _ --~~~~~~~~~
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00 655
655 CAGX (LA ,LC )=CAGX (LA ,LC) +CAG (LA,LF )

CAGX (LA,LC )=CAGX (LA ,LCI/FLOAT (NSPL (LA))
660 CONTINUE

WRITE (6,780)
WRITE (6,185) (PIB (IX ),IX= 1,18)
IF (LATDEG .E Q.5.) WRITE (6,195)
IF (LAIOEG.E Q.IO.) WRITE (6,800)
ICT=— 5
00 665 LC=I,I8
IC T = IC T + 5
WR ITE (6 , 8 1 5)  I : T , ( CA G X ( L A , L C ) , L A = 1 , 1 9)

665 CONTINUE
CVS= 0.
DO 6d0 LM=1,19
IF (CL (LM ).EQ.O..OR.NSPL (LM).EQ.0) GO 10 680
CV=COSU 9O.— FL OAT (LM—1 )*LATDEG )*C (1))
C V S=C VS i-C V
00 670 IN=I,6
00 670 11=1,36

61o GLO SIIN ,II )=GLIJS (IN,1I1+SKEGX (LM,II,IN) *CV
00 675 LN=1,18

615 GLEB (LN)=GLEB (LN )+CAGX (LM ,LN)*CV
680 CONTINUE

DO 685 LN=1.18
685 GLEB (LN )=GLEB (LN)/CVS

WRITE (6,805)
WRITE (6,810) (GLEB (iC ),IC= 1,18 )
DC 690 IN=1,6
DO 690 11=1,36

690 GLOS (IN ,EI)=GLOS (IN,II)/CVS
00 695 JDOP=1,6
IF(JDO P.EQ.1)  W R I T E  (6 ,830)
IF(JD O P.EQ.2)  W R I T t  (6 , 8 3 5 )
IF(JDOP.EQ.31 WRITE (6 ,840)
IF (JDOP.EQ.4) WRITE 16,845)
IF (JDOP.EQ.5) WR ITE (6,850)
IFIJOOP .E Q.6) W RITE (6,855)
IF( LAT OEG. EQ.10.I W R I T E  (6 ,820)
IF(LATDE G.EQ.5 . )  W R I T E  (6 , 825)
Ut) 695 IQSR I,36
WRITE (6 ,775 ) Q 5 R ( I Q S R ) , ( S K E G X ( L K , I Q S R , J D O P ) , L K =I,19)

695 CONT INUE
WR I TE (6,8601
DO 700 IQS R= 1,36
w RI TE (6 ,865 ) QS R( I Q S R ) ,  (GLOS (  IN, IQSR) , 1N 1,6)

700 CONT I NUE
WRITE (6,870)
LAOG 9O.
IF (LATDEG.E Q.I0.) LAC ~ — I 0.
T~~(LA TOEG.EQ.5.) LAD —5.
WRITE (6,880 )
00 705 11 1,19
WRITE (6,885 ) L4UG, (MAX (IL ,IK) ,1K 1,36)
L A 0G L AD G+ LAO

105 CONTIN U E
W RITE (6,875 1
LADG= 90.

_ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_________
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00 715 11=1,19
00 710 IX = 1,36
IF (MIN ( IL, IXhEQ.301 MIN ( IL, IX)= 0

710 CONT INUE
WRITE (6,885) LA DG , (MINI 11,1K) ,IK=1,36)
L A DG -LAD G+ LA D

715 CON T INUE
00 720 N=1,MNSSPO
OBDIS (N)=0.
DC 720 1—1,1 9
IF (CL (L3 .EQ.O..OR.NSPL (L).EQ .0) GO TO 720
OBLAT (L ,N )= (OBLAT (L ,N )/CL (L1)*1 00.

72 0 CONTINUE
00 730 1=1,19
00 730 N=1,MNSSPO
ACLAT (L,N)0.
DO 725 M=N,MNSSPO

725 ACLAT (L,N) =ACL A T IL , r.4)i-OBLAT (L, M)
730 CONTINUE

C 0=0.
DO 740 1 t, 19
IF (CL (L).EQ.O..QR.NSPL (L).EQ.O GO TO 740
CA=COS ((90.—FLOAT (L—1) *LA TDEG )*C (1))
C 0C  Ui-C A
DO 735 N=1,MNSSPO

735 OBDIS (N)=OBDIS(N))’-OBLAT (L, N I— CA
740 CONT INUE

DO 745 N-i ,MNSSPO
745 060 IS ( N) = O B D I S ( N) / C 0

DO 750 N=L,MNSSPO
ACT O T ( N ) z 0 .
00 750 M =N,MNS S PO

150 A C T O T ( N ) = A C T O T ( N ) - I O B D I S ( M )
00 755 1=1,32
ISAPP( I)—I— 1

155 CONTINUE
N P 1
M N S = MN S SPO
IF (MNSSPO .GT .16) MNS=16
WRITE (6,890) (ISAPP (I),1= 1,16 )

160 WR ITE (6 .900 )
LADG= 90.
DO 765 11=1,19
WRITE (6,895) LADS , (OBLAT ( IL ,N) ,N=NP ,MNS )
LA DG= L AD G+ LAD

765 CO NTI r4UE
WRITE (6,905 )
IADG=90.
03 770 IL=1.1 9
WR ITE (6 ,895 ) LA , , (A C LA I ( I L , N ) , N NP,MNS )
LADG= LADG+ LAO

710 CONTINUE
WRITE (6,910)
WRITE (6,790 ) (DBDIS (N),N=NP ,MNS)
WRITE (6,915)
WRITE (6,790) (ACTOT (N ),N=NP ,MNS )
If - (MN SSPO.L T . 16 1  GO TO 920
I F (MNS.GT.16) GO TO 920
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MNS=MNSSPO
NP 11
WR iTE (6,890) (ISAPP (I),1=17,32)
GO TO toO

C
C THE FOLLOWING F-JRMATS HAVE TO DO WITH A GLO BAL SYSTEM
C

775 FORMAT (IH ,F4.1,3X,19F6.3)
780 FORMAT (1)-Il,////I1X ,’ELE VATI ON DISTR I BUTION — PROBABIL ITY  THAT THE

ISA TELLI TE IN VIEW WILL HAVE ELEVATION AN GL ES AS L ISTED ’ ,/ / , 4 8 X ,
2 ‘ELEVATION ANGLE’ )

785 FO RMA T ( I H O ,6 X , ’ 0—5 5— 10 [0—15 15—20 20— 25 25—30 30— 35 35—40 40
1—45 45—50 50—55 55-60 60—65 65—70 70—75 75—80 80—85 85—90’ ,/ /, 2 X ,
2 ‘PROB’ ,IX,ldFo.I)

790 F O R MA T ( 1 H 0 , 3X , ’ P R O e ’  ,5X ,  16F7.2)
795 FORMAT (IHO,////,IX , ’LATLTUDE ELEVATI ON DISTRIBUT ION’ ,!,

1 I X , ’PR OBABLITY THAT ANY SATELLITE IN VIE W W ILL HAVE AN ELEVA T
21 0N ANGLE GREATER THAN OR EQUAL TO THOSE LISTED’ ,//,52X,
3’LAT IIUDE ’ ,/,2X, ’ E L E V ’ ,/,IX, ’AN GLE’ , LX , ’ 90 85 80 75
4 70 65 60 55 50 45 40 35 30 25 20
5 15 10 5 0’,!)

BOO FOPMAT (IHO ,////,1X , ’LATITUDE ELEVA T I ON DISTRIB (JTION ’,/,
I 1X , ’PRUBA BIL ITY THAT ANY SATELLITE IN VIE W WILL HAVE AN ELEVAT
2ION ANGL E GREATER THA N OR EQUAL TO THOSE LISTED’ ,//,52X,
3 ’ L AT I T UDE’ ,/ , 2X , ’ E L E V ’ ,/,IX, ’A NG LE’ , IX, ’ 90 80 70 60
4 50 40 30 2 0 10 0 — 1 0  —20  —30  —40 — 5 0
5 — 60 —70  —80 —90 ’ ,!)

805 FORMAT (1H0,////,IX, ’ACCUMULAT lVE ELEVAT iON OZSTRIB(JTION ’,/,
ILX , ’PROBABLL ITY THAT THE ELEVATION ANGLE IS GREATER THAN OR EQUAL
2TO THOSE LISTED’ ,//,48X,’ELEVAT ION ANGLE ’)

810 FORMAT (1HO,7X, ’ 0 5 10 15 20 25 30 35 4
10 45 50 55 60 65 70 75 80 85’,If,2X,
2 ‘PROB ’,IX, 18F6.I)

815 FO RMAT ( 1H , I3 ,4X ,19F6.2)
820 FORMAT(1P40 ,52x,’LA TITUDE’ ,/!,2X, ‘NUM’ ,5X,

1 ‘ 90’,3X,’ 80’,3X, ’ 70’,3X,’ 60’,
2 3X,’ 50’ ,3X , ’ 40’,3X,’ 30’,3X,’ 20’,3X,’ IO’ ,3X , ’ O’,3X, ’—I0’ ,
3 3X , ’—2 0’ ,3X , ‘—30’ ,3X, ’—40’,3X, ’—50’ ,3X,’-—60’ ,3X,’— 70’,3X,’— 80’,
4 3X , ’— 90’,/)

825 FORMAT (IHO ,52X ,’LATITUDE ’,//,2X, ‘N1’-M ’ ,5X ,
1 ‘ 90’ ,3X ,’ 85’ ,3X , ’ 80’ ,3X , ’ 75’ ,
2 3X , ’ 10’ ,3X, ’ ø5’ ,3X , ’ 60’ ,3 X , ’ 55’ ,3X , ’ 50’ ,3X, ’ 45’ ,3X, ’ 40’ ,
3 3x, ’ 35’ ,3X , ’ 30’ ,3X , ’ 25 ’ ,3X , ’ 20’ ,3X ,’ 15’ ,3X , ’ lO’ ,3X, ’ 5’ ,
4 3X , ’ 0’ ,!)

830 FORMA T ( 1HI , // ! , IX , ’DILUT ION OF PRECISION — ACCUMULAT IVE LATITUDE D
IISTRIBUT !ON’il,IX ,’PROBA BIL ITY THAT ALTITUDE OOP WILL BE GREATER T
2HAN NUMBER LISTED’ ,!! )

835 FORMAT (IH [,I//,LX , ’UILUT I ON OF PRECISION — ACCUMULATIVE LATITUDE D
IISTRIBUT ION’ ,/,IX . ’PROBAB IL ITY THAT POSITION DOP IN HOR I ZONTAL P1*
2NE WILL RE GREATER THAN NUMBER LISTED ’ ,//)

840 FORMAT (LHI,///,IX , ’)ILUT I ON OF PRECISION — ACCUMULATIVE LATITUDE D
IISTR I BUT ION ’ ,/,IX, ’PROBA BI L ITY THAT LARGER COMPONENT OF POSITION 0
70P WILL BE GR EATER THAN NUMBER LISTED’ ,!!)

845 FQRMAT (IHI,/ !/,1X, ’OIIUJTION OF PRECiSION — ACCUMULATIVE LAT ITUDE D
IISTR I BUT ION ’ ,/,IX, ’PROBA BILITY THAT TIME DOP WILL BE GREATER THAN
?MUMBER L ISTEO’ ,/ / )

850 FORMAT (1H1,f//, [X , ’DILUT I ON OF PRECISION — ACCUMULATIVE LATITUDE 0
IISTR IBUT ION’ ,/,IX , ’PRUBA B IL ITY THAT THREE DIMENS I ONA L POSITION DOP
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2 WILL BE GREATE R THAN NUMBER LISTED’ ,//)
855 FORMAT (IHI,!/!,IX,’)IL UJT ION OF PRECISION — ACCUMULATIVE LATITUDE 0

I ISTR IBUT IDN’ ,/ ,LX , ’ P R O B A B I L IT Y  THAT FOUR DIMENSIONAL POSITION OOP
2WILL BE GREATER THAN NUMBER LISTED ’,//)

860 FORMAT (IH [ ,///,IX, ’DILUI I ON OF PRECISION PARAMETERS — ACCUMULATIVE
I GLOBAL QI STRIB JTIQN ’ ,// ,8X, ’NUMBER’ ,7X, ’VOOP’ ,6X,’HDOP’ ,6X,
2 ‘MDOP’ ,bX , ’TDOP’ ,OX , ’PDOP’ ,oX, ’GDOP’ ,/)

865 FORMAT(IH ,9X,F3.I,3X,6F10.4)
870 FORMAT (IHI,IX , ’ MAXIMUM AND MINIMU M NUMBERS SEEN AT EACH LATITUDE

I~ LONGITUDE ’)
875 FORMAT (IHO,/,33X ,’MI N IM UJM’ ,/!,31X, ’LIJ NG IT UJD E’ ,// ,

1 32X,2 (’1’,9X),2 (’Z’,9X),2(’3’ ,9X),/,22X,3(’5’,9X,’O’ ,9X),
2 ‘5’ ,/,5X, ’LAT’,4X,8(’0’,9X),/)

880 FORMAT (IHO,!,38X,’MAX IMUM ’ ,!/,37X, ’LONGITUDE’ ,/!,
I 32X ,2 1 ’1 ’ ,9X ) ,2 (’2’ ,9X),2 (’3’ ,9X),/ ,22X, 3 (’5 ’ ,9X, ’0’ ,9X),
2 ‘5’ ,/ ,5X , ’ LA T ’ ,4 X , 8 ( ’ O ’ ,9X 1,/ I

885 FQ RMA I( LH ,3X , F4 .0 ,3X ,36 12)
890 FORMAT ( I HI ,4 0X , ’ NUMBER OF 5A T E L L IT E S ’ ,/ / , 5X , ’ LA T ’ ,3X ,16 I7)
895 FORMAT (1H ,3X,F4.0,5X,16F7.2)
900 FORMAT (IHO,/,10X ,’PROBABI LITY (IN PERCENT) OF SEEiNG EXACTLY N SAT

1ELLITES’ .1)
905 FORMAT(1HO,!,10X, ’PROBABILITY (IN PERCENT ) OF SEEING N CR MORE SAT

tELL ITES ’ ,/)
910 FQRMAT(1H0,/,1X, ’ON A GLOBAL BASIS THE PROBABILITY (IN PERCENT) TH

1AT EXACTLY N SATELLITES WILL BE SEEN’)
915 FUJRMAT(1H0,/,LX, ’ON A GLOBAL BASIS THE PROBABILITY (IN PERCENT ) P4

LAT N OR MORE SATELLITES WILL BE SEEN’)
920 CONT INUE

END

-
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SUBROUTINE ORB INI (1)
COMMON/OR B IS!P(37 , 25 )  /CON/C (  181
P( l ,2 1 = P( I  ,2 ) CU)
P 11,3)  =P( 1,3 ) C (  1)
P11,4 1-P ( 1,4 )*C( 1)
P( I ,5 )= P( I  ,5 )*C(  1)
P(I,9)=SIN (PII,4))
P11, 10) =COS ( Pt I. 4) 1

F P1 I , L ) ) S I N ( P ( I , 3 )
P( 1,12 )=COS ( P11,3))
P11,2 1) = P ( I , 2 2 3 * C ( 6 )
SAA=22 808 . C 16 )
P1 I ,2 3 1 = ( S AA / P ( 1 ,2 1 1) * * l . 5
P( 1,6) =P ( I .21 li -C 1.—P (1,1 )*P( I, 1))
P1 1 , 7 ) — S O R T I  C ( 12 ) / P (  1,6) )
P( I , 8 ) z C ( 12 ) / ( P ( I , 6 ) * P ( I , 6 ) )
RETURN
END

--~~~~~-—--~~~~~ 
~~~~~~~
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SUBROUTINE ORB1T (I,T,PER ,R,VEL,AC)
CGMMON/ORBIS/QP( 31,25)/CON!C(18)
DI MENSION R (3) ,~~EL (3),AC(3),TRANS (3,3),Q (3),QELC3J,QC (3),U (36),

E(36),BIGT (36),LILT (36),V (36),CV(3ô),SV (361,PER(361
REAL LILT
I F (T.GT.0.) GO TO 10
V (I)=OP ( 1,5 )
SINE= (S QRT (1 .—O P (I,1 ) ’2)i-SIN (OP(I,5)))/(I.+OPU,1)*COS (OP (I,S)))
RAD=IDP( I, 22 )*(1.—OP (I,1)i-i-2) I !ll. +OP ( I, 1)*COS (DP 11, 5) 1)
El I) A RSIN( S INE)
IF (OP (L .1).NE.O .1 GC TO 15
IF (V ( I).LT.(C ( 3)/2.)) El I l — E l i )
I F ((V(I).GE. ( C ( 3 ) / 2 . i )  .AND.

(V (I).LF. 13. *C (3)/2.)I1 E (I )— C 13 )—E (1
IF (V (L ).tiT. (3.*C (3)/2.)) 1 (1) zCi~,)+E (I )GO TO 20

15 CONT I NU E
IF (RAD.LT .OP (Z,22).AND.VtI ).LE.C(3)) El1 )=E (I)
IF (RAO .GT.3P (I,2~~)) E II )—C (3)—E ( I)
I F ( R A D . L T . Q P ( I , 2 2 ) . A N D .V ( I ) . G T . C ( 3 ) )  E l I ) = C ( 4 ) + E ( I )

20 CONT INUE
BIGT (I)=(PER (I)* (E (I)—OP II,1)*SINE))/ (24 .*C(4)I
LILT ( I )=BIGT(I
GO TO 25

10 DEL .l
LI LT ( 1) =BIGT (I )+T
F (11=0.

35 E ( I ) = E ( 1 ) + D E L
Y=LILT (I )—(PER (I)* (E (I)—OP (I,1)*SIN (E (IUH/ (24.*C(4))
IF (ABS (Y).LE..03001) GO 10 30
IF(Y.GT.0.) GO TO 35
E (I )=E (I)—DE L
OEL DEL/10.
GO TO 35

30 CONT iNUE
I F ( E ( I ) . G E . C( 4 ) J  El U=E( i ) — C ( 4 1
S I NV = ( S Q R T ( 1 . —OP ( I,1)* ~ 2 ) * S I N ( - E ( I ) ) ) / ( 1 . —O P ( I , I ) * C O S ( E ( I 1 ) )
VII ) =ARS IN I S INVI
RP=OP ( 1, 22 l i -I 1.— O P II, I )*CO5 ( E( I) I)
P=OP (I,22)*( 1.—DPI!, 11**2)
1F (OP (I,1).NE.0. ) GO TO 40
IF (E (ILLT.(C (3)/2.) I V( l)=V ( I)
IF ( ( E( I  ) .GE. IC ( 3 ) / 2 .  I) .AND .

(E( I).LE.(3.*C (3)/2.I)) V II )=C (3)—V (1 I
LF (E (I1.Gr .(3.*C(3)/2.I1 V (II=C (41•V (iI
GO TO 25

40 CONTINUE
IFIRP.LT.P.AND.E (I) .LE.C(4)) V (I )=V (I)
IF ( R P .GT .P)  V ( I ) — C ( 3 ) — V ( 1 )
IF (RP.LT.P.AND.E(I).GT.C (4)) V (I)=C (4)fV (I)

25 CONTINUE
CV I !  )=C OS I  V I I ) )
SV( 1)—S I N( V ( I))
Ut ! 1—V ( I li-OP (1,21
OPI I, 13) =COS (UI I))
OP (1, 14) =S IN l U l l ) )
SPH O P ( I , 14 ) * O P (  1,9)
CPH SQRT(I .+SPrI*SPH)
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ORBIT

OP (I, 15) =ARS IN (SPH) i-C (2)
OP (I,1d )=U (I)
Fl=I.+OP (I,1)*CV (1)
Q ( 1) = O P (  1 ,6)/F l
Q (2 )  =0.
Q ( 3) =0.
QEL( I) =OP( I, 1)*OP( I, 7 ) * 5  VI  I)
Q E L I2 )=OP(  1 , 7 )— F l
QEL C 3) =0.
QC(1)=—OP ( I ,B)*Fl*F1
QC (2) =0.
QC ( 3 )  =0.
CALL T R MA T X  (T R A N S . !)
CALL MAT I4J L (T R A N S , Q , R)
CALL MATMU L (TRANS ,QEL,VEL)
CALL MA TMUL (TRANS,QC,AC )
OP (I,24)= (T- AINT (T+ .5))*C(4),
OPt!, 16) =ATAN2 (R 12) , R (1) )—OP 1 1, 24 )
OP(I ,l6)=OP ( I,16)*C12)
RETURN
END

I

Li — ~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - _-~ - —-
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TRM A TX

SUBROUTINE TRMATX (TR, L )
DIMENSION TR (3,3)
COMM ON/OR BIS /OP ( 3 7 ,25 ) /C 0 N/C ( 18)
TR II,j) OPCI,121 i-OP ( I,1 3)—OP II,l1 )i-OPC I , L0) i- O P( I ,14 )
TR l1,21 OP I 1, 12) *o P( 1, 14 )+O P( I ,  11) i-OPt I, 10) *OP( I ,  13)
TR (l,3) 0P (I,l1)*OP ( 1,9)
T R (2 , 1 1  OPt I,l1)*OP (I,131.OP ( I,12)*OP(I,l0)*OP ( 1,14)
TR(2,21 — OP CI,i1 )*OP (1,14)+OP (1,12)*OP (1,1O)*OP(1,13)
T R(2  .3) =—OP( 1, [2) i-OP (1,9)
TR ( 3, 1)—OP I I ,9)*OP ( 1,14)
TR (3,2)= OP (I,9)i-OP (I,13)
TR(3,3)=OP(!,].0)
TR(1,2)=—I .*TR ( 1,2 )
RETURN
END

-- -.— .- - — -- — - - -- —- - --— — -—-. -. - - 
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MA TM UL

SUBROUT I NE MATMUL (T,V ,O)
DIMENSION T (3,3) ,V (3) .0(3)
00 10 1— 1 ,3
O (I)=0.
DO 10 J=t,3

10 O( I) =C J ( I 1 .T (  I , J ) *V ( - J )
RETURN
END

U - 

--~ - - -  - -
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POINT

SUBRUUTINF POINT (ALJ, ALA,T IM ,VEC)
CQMMUN/C ON/C (18)
DIMENSION V E C I3 )
EW=ALO*C (1 )+C14)*TIM
S N=ALA i-C U I
V EC ( LJ = C ( 1O I* C O S ( S N ) * C O S  ~~ w 1
VEC (2 )=CIl 0)*COS (S~~)i-S1N (EW )
VEC (3) zC ( 10) *5 INC SN)
R ETU RN
END

1:~

_ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _
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TAAT

SUBROUT INE TAAT (MAX,MXX,MATRIX)
DIMENSION MATRIX I 58905,4)
DO 10 1= 1, 58905
DO 10 11=1,4

10 MATR IX( I,II )=O
I F ( MA X . L T .3 )  GO TO 30
MXX= (MAX— 21* (MAX— 11*MAX/ 6
MMM=MAX— 1
H H N= MA X
MMO=MAX + 1
NA— 0
DO 25 K=2, MMM
KO=K+1
00 20 L KO,MMN
KT= Li-i
DO 15 M=XT ,MMO
NA = NA 4-I
MAT R IX ( N A , 2 ) = K
MATR IX (NA , 3)=L
MATRIX ( NA, 4) =M

15 CONT I NUE
20 C ONT INUE
25 CONTINUE
30 R E T U R N

END

_ _ _ _ _ _ _ _ _ _ _  ~~~
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VOLUME

SUBROUT I NE VOLUME (JVEC,IDSAT ,VOL )
DIMENSION UVEC (37,3),IDSAT (4),ONE (3),TWO(3),THREE(3),FQUR(3)
DIMENSION TMF( 3),TMT(3) ,OMT(3 ),CROSS (3)
KA=ID SAT (1 I
K8= IOSAT (2 )
KC=IDSAT (3)
KO=IDSAT (4 I
DO 10 N 1 , 3
ONE (N I =U VEC I KA , tI )
I WOI N) =U VEC ( KB ,N)
THREE ( N) =UVEC ( KC ,N )

10 FOUR (N)=UVEC (KD,N)
CALL VECTOR (TWO,2,FOUR,TMF )
CALL VECTOR (THREE,2,TWO,TMTI
CALL VECTOR (ONE,2,TWO,OMT )
CA LL VECTOR ( T M T ,3 ,T M F , C R O S S )
VOL =A 8 S I DO I I OMT, CROSS ) I
RETURN
END

____________ 
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CO V N A V

SUBROUT I NE COVNAV (~~,ID,NAT,SIG )
DIMENS iON 1D (31),8(4).SI& (6),G (37,4),IPIVOT (4),INDESI4,2)
REAL— b IRA( 4,4),BBB (1,1),DETERM,FPTMAX
DATA FPTMAX/Z7F FFFFFFFFFFFFFF !
DO 20 1=1,4
DO 1 5 0=1,1
TRA ( I .01=0.
DLI 10 K=1, NAT
L=ID ( K)
TRA (I,J1=TRA II, J )+G (L ,I)i-G (L ,J)

: 10 CONTINUE
TRA (J,I j=TRA ( I,J)

15 CONTINUE
TRA( I,I)=TRA (I,I)I-I .E—1 2

20 C O N T I N U E
CALL OMATRI CTRA ,4,4,BBB,1,0, IPIV OT ,IN DES ,I5ING ,DETERM )
IF (ISING .NE.O ) STOP
IF (DETERM .E Q.FPTMAX ) GO TO 25
SIG (1)=DSQRT(TRA(3,3 ))
SIG (2)=DSQRT (TRA([ ,IIfTRA (2,2))
SIG (3)=oMAxL(OSOR T(TRA(1,j)I,DSQRT (TRA t2,2)))
SIG (4 )=OSQRT (TRA (4,41)
SIGC 5)=DSQRT (TRA (1,I)-’-TRA (2,2 )i-TRA (3,3 ))
SIG (b )=DSQRT (TRA( 1,1}-,-TRA (2,2)+TRA(3,3)*TRA (4,4))
RETURN

25 WRITE (6,30)
30 FURMAT(1H ,/,3X, ’DET ERM LNATE REACHED MAXIMUM VA LUE’ )

STOP
END

I_ --
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BLK DATA

BLOCK DATA
COMMON/CON/C (18)
DATA C / .01745329252, 57 .2957795 13 ,3 .1415926 536 ,6.2831853071s ,
11.57079630, 601o. lib, 0. , 0. , 0. , 2. O9261435O4Ei-07,
27.2921 1585E—05, L.4076380E+16,365.2563835 ,92 .91
3E-4-06,0.0167272,23.44436,—?7.7303,5280./

END
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VECTOR

SUBROUT INE V ECT OR~V1,I,V2,V 3)
DIMENS ION V1 (3hV2 (3),V3 (3)
GO TO (10,15,20), I

tO V3 (1)=V1 (1)4V2 (1)
V3(2)=V1(21IV2(Z)
V3 (3)~ Vi (3)IV2 (3)RETURN

15 V3 (1)=V1 (1)—V2 (J)
V3 (2)=V1(2)—V2 (2)
V3 (3)=V1(3)—V2 (3)
RETURN

20 V3 (1) V1(2)*V2 (3) V1(3)*V2 (2)
V3 (2~ *V1(3 )* V2 (IF —V IC 1b* V2 ( 3)
V3 (3)~ VL ( 1)*V212)—V1 (2)*V2 (1)
RETURN
END

‘ p
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DOT

FUNCTION DOT (V1,V2)
DIMENSIONVL( 3),V2(3$

I DOT*VI(1)*V2(l)+V112)*V2 (2).VL(3)*V2(3)
RETURN
END

a~.

F

I
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UNIVEC

SUBROUT INE UNIVEC (V,UV)
DI MENSION V (3),UVC3)

• DENOM SORT (DOT (V,V))
UVIL ) V(IJIOENOM
UVC2 ) V(2)/DENOM

I UV (3) z V (3)/DENOM
RETUR N
END

I

~
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TALL

SUBROUTINE TALL (MAX,MXX,MATRIX)

• I DIME NSION NATRIX(58905,4)
DO 10 1*1,58905
DO 10 11*1,4

10 MATRIX (I,II)*O
IF(MAX.LT.3) GO TO 35
MXXa(MAX—3 )* C MAX—2 )* (MAX—I )*MAX/24
KKSMAX—3
LLaMAX~ 2
MM*MAX— 1
NN*MA X
NAxO
DO 30 K—1 ,KK• KOXK.t
DO 25 L KO,LL
KTaL+I
DO 20 M—KT,MM

• KP*M+1
DO 15 N—KP ,NN

MATRIX(NA, 11—K
MATR I X (NA,2)—L
MATRIX (NA ,3)—M
MATRIX (NA,4)sN

15 CONTINUE
20 CONTINUE
25 CONTINUE
30 CONTINUE
35 RETURN

END

— —•  p ~~~ &
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