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Preface

This thesis, a continuation and expansion of a
topic first developed in a term problem by Lt. Joseph
Orwat, AFITSE, GGC-69, deals with the use of the Kalman
Filter to determine the orbits of near-earth satellites.
The study is restricted to non-thrusting vehicles, and
actual radar observations are used to maintain as much
realism as possible,
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Roger W. Johnson, AFITSE, our sponsor and advisor, who
suggested the topic and provided invaluable assistance.
We also wish to thank Capt. Rooch and Capt. Murphy,
qrbital analysts for the Space Detection and Tracking
System, for their help in supplying radar data and for
answering questions relating to current orbit determina-
tion methods. We are further indebted to Lt. Col. R.A.
Rannen, AFITSE, for his advice and instruction concerning
estimation theory.. Finally, we wish to express our 9
appreciation to our wives for their help and understanding

throughout the months of work involved in this thesis.
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Abstract

As more satellites are launched into space, a great
need exists for a rapid, recursive (reducing computer
memory requirements) orbit determination method. This
paper presents sqch a method by applying Kalman Filter
theory to determine the position and velocity of near-
earth satellites using data from a fixed observer on the
Earth.

The vehicle eduations of motion are linearized in a |
Taylor Series expansion., The nominal states, position

and velocity, are determined by integrating the nonlinear

equations of motion, and the linear filter theory is

used to estimate the errors in these states. The

iinear estimated errors are added to the nominal states

to obtain an updated trajectory which is used as the

starting point on a new nominal for the next integration.
- Actual tﬁacking data from four different satellites

are used in the study. Convergence of the error estimates

to values less .than 0.1 per cent of the best estimates of

position and velocity is obtained within 50-250 seconds
from the time of the initial radar contact. The program
is capable of integrating for over 80 seconds with no
tendency to diverge. Several orbital elements are com-
puted, and these compare quite closely with results .

supplied by the Space Detection and Tracking System.

The rate of convergence is related to the initial guess

xiv
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of the error covariance matrix, along with the measure-'
ment accuracy of the tracking stations.

The paper includes the Kalman Filter equations  along
with the iterative procedure needed to process the filter.
This is followed by an explanation of the coordinate
systems, the formulation of the dynamic equations of

motion, and the computer algorithm used., Results are

presented in both tabulaw and graphical form.

T
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: ' APPLICATION OF THE KALMAN FILTER | 1
TO ORBIT DETERMINATION

;s ) I. Introduction

The job of quickly and accurately determining the
orbit of near-earth satellites is rapidly becoming a
ma jor problem as moré and more objects are launched into
space. One of the agencies assigned such a task is
the Space Detection and Tracking System (SPADATS),
located at Ent Air Force Base in Colorado Springs,
Colorado. Each day they are faced with the task of
locating, tracking, and cataloging several thousand
objects orbiting the Earth.

In order to determine the orbital path of a vehicle,
it is first necessary to accurately determine both the -
vehicle's position and velocity. However, since these
quantities are not directly observable, it is necessary
to infer them from a sequence of observations obtained
from radar or photographic tracking devices. Once the
position and velocity are known, they can be used to
calculate the desired orbital elements. Normally six
elements are req&ired tS precisely describe the orbit
dimension, the orientation of the vehicle's path with
respect to the Earth, and to locate the vehicle along
that path at any given time, ]

In conventional orbit determination methods, it is

first necessary to obtain a preliminary orbit., Sometimes
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this can be determined directly from the nomincl condg;ions

computed prior to launch, but often it must be found from

approximate procedures based upon actual radar observa-
tions made after launch, Several current techniques
‘ include the Lagrange-Gauss-Gibbs First Approximation,
the Laplacian First Approximation, and the Herrick-Gibbs
method. These methods along with seve?al others are
discussed by Baker in Ref 3:23-77.
Once the preliminary orbit is found, it is then

continually updated or corrected by using differential

correction techniques. The first step in this correction
procedure involves the "representation" or calculation

of the available observations using the adopted orbital
elements. The representation may be carried out by |
either numerical integration (special perturbations) or
analytical integration (general perturbations). The
representation ends with the calculation of residuals;
i.e., differences between the actual observations and
those comﬁuted with the adopted elements., The differential

correction theory then relates these residuals to improve-

# ments to the initial orbital eleménts by linear differen-
tial relationships. The residuals also give an indica-
tion of the accuracy of the elements and aid in deciding
whether br not another correction is necessary (Ref 9:125).
The overall purpose of the differential correction process

is to define the orbital parameters so that the residuals

L I RIS TP LI SICH, TV SN RO S PPRTY ST TR 0] GPCR RO RGE CUTET PTG GSAE ST R
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are minimized. Such a minimization is usually taken in
the least-gsquares sense in that the parameters are
adjusted until the sum of the squares of the residuals
is a minimum (Ref 3:79-80). -

Since the equations of motion are highly nonlinear,
the region of linearity required for the differential
correction method becomes more and more constrictive
about the nominal trajectory the longer the time period
over vhich the prediction is made. Thus, the differen-
tial correction technique, by fittiﬁg data over a long
time arc, often produces a result which is outside the
linear range. This produces problems in convergence and
consumes machine time (Ref 5:14-5).

Since the Kalman Filter is an optimal filter
applicable to noisy, time-varying, linear systems, it
is particularly suited for orbit determination problems
in vhich estimates of the state variables are desired
as rapidly as possible. At each data computation cyc}e
the filter requires only the present state of the system,
the present measurement, and the associated covariance
matrices. The present estimate of the state variable
deviation is related to‘tbe present actual deviations
in the observations. This permits a complete optimal
estimate of the orbit variables and the observatjion
errors from each single observation. As a result,

computational efficiency is achieved by requiring only

o
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the data points that have been computed at the last cycle.
The differential correction method utilizes a large

number of independent data in an after-the-fact manner

to improve orbital parameters. However, the Kalman

Filter method not only provides a recursivé procedure

to process each observation as it occurs, but also

yields a predicted set of orbital parameters coupled

with a matrix of coefficients vhich depicts the accumu-

lated error in the predictions in real time. This

recursive procedure may be used for the following:

(1) satellite or ICBH interception, (2) to cobtain know-

ledge of current errors in prediction. It should also

be pointed out that the Kalman Filter method is equally

applicable to orbit determination for either an orbital

observer or a fixed observer with only slight modification

(Ref 15167-75).

Statement of the Problem

The problem to be considered involves the orbit
determination of a space vehicle by the application of
the Kalman Filter. The required input data consists of
a series of radar obserVatiSns of the vehicle from a
tracking station on the earth, along with the actual
location of the station. These radar observations
include range, range rate, azimuth, elevation, azimuth
rate, and elevation rate. The main objective of the

problem is to determine the position and velocity of

RO = —
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the space vehicle by using Kalman Filter techniues and
the data provided from the observation poin” on the earth.
Then by using these results several orbital elements

can be calculated such as the semi-major axis, eccentri-

city, and inclination angle.

Assumptions and Limitatiogg

The equations of motion of the vehicle are derived .
using the assumption that'the vghiclé has negligible
mass and 1is under fﬁe-gravitational«action of a single
dominant central force field, the earth. The perﬂﬁrba-
tions due to the earth's oblateness are included in the
program, but other external perturbations and system
41sturbances. such as atmospheric and solaf drag, are
assumed negligible. Also.'only the motion of non-thrusting
satellites are considered, and‘any uncertainties in the

latitude, longitude, or height of the tracking stations
are considered nezligible.

Plan of Development -
This report is divided into six chapters plus an

Appendix. Chapter II presents the Kalman Filter equa-
tions and deécriﬁes the basic iterative procedure needed
to implemeﬁt these equations. This is followed in
Chapter 11l by an explanation of the §oord1nate systems
used, the formulation of the dynamic equations of motion

for an orbiting space vehicle, and the linearization
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procedure, Chapter 1V describes the.basic orbit detet;
mination aljorithm along with the computer program qsed
to implement it, Chapter V present§ and analyzes tﬂé
results obtained, and conclusions and recommendations
are given in Chapter V1. The initial nominal .rajectory
equations, the derivation of the system description
matrix, the initial trajectory equations, a lisping of
the computer program, and additional graphical results

are included in the Appendixés.
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11, The Kalman Filter Equations

Linear System

The Kalman Filter is a recursive data processing
technique. It utilizes the measurement covariance
matrix, the state covariance matrix, a dynamic vehicle
model, and the model noise statistics, to provide a
minimum-variance estimate of the state veriables in a
nonstationary linear system. The basic Kalman Filter
equations are presented in this chapter, while an actual
derivation can be found in Ref 6:1125-128,

The covariance matrix for two random processes is
defined in terms of the ensemble average values of the
vectors and the ensemble average value of fheir outer
product. The,cbvariance matrix for a(t) and b(t) is

given by (E denotes ensemble expectation)
cov[a(t).b(t)] = E[_a_(t)_l;r(t)] = E[g(t)]a[p_r(t)] (1)

Since only zero mean quantities are dealt with in Kalman

Filter work, the simplification
covla(t),b(t)] = E[a(t)p’(t)] (2)

can be made., The covariance of the errors in the Kalman

Filter estimate of the state x is described by the matrix P

P(t) = cov[E(t),%(t)] (3)

PR vy e et R Tn-2 P S VT T P PueT 'Q-Aw‘;un_'lm g 1
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For measurement noises, the covariance is given by
R = cov(v,v) (4)

When the discrete version of the Kalman Filter is used,
the requirement that the measurement noise and system
disturbances be uncorrelated over the smallest measure-

ment interval gives the restrictions
cov(_\_rm,gn) =0 for m ¢ n (5)
cov(y,,¥,) = R, form=n (6)

Thus the measurement covariance matrix relates the state
variab!.es to the quantities being measured, while the
state covariance matrix describes the unceftainty in the
optir | estimate of the'state vector., The diagonal terms
of the state covariance matrix are the variances in the
estimation error for each of the individual state variables.
The off-~-diagonal terms are a measure of the cross~correla-
tion between the state variables.

The state variables of a linear system are written

in the form of a state vector

xe= |° (7)

The vector notation permits the linear system to be

described by the unforced matrix differential equation
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x = Fx (8)

vhere F is the system description matrix. The measurements
in the Kalman Filter are taken as linear combinations of

the system state variables, corrupted by uncorrelated

noise. The measurement equation is written as
z=Mx+y (9)

vhere z 1s the set of measurements arranged in vector.f.orm.
M is the measurement matrix which describes the linear
combination of state variables which comprise z in the
absence of noise, and v is a vector of random noise
quantities corfupting the measurements. '

One way to use the measurement vector z is to antici-

pate it based on knowledge of the measurement matrix Mp

and the estimate of the state vector at the instant the
measurements are taken, If z, and M x do not agree,

the difference must result from the measurement noise ¥,
or an error in the estimate. The statéé variable estimates
can then be changed according to statistical knowledge of
the errors in Zn and of the measurement errors. Thus, the

state error vector estimate after consideration of the

measurement is given by

2,(4) = X.(-) + x,,[_z_,,-n,,.?c,,<->] (10)

~

.
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vhere the (-) and (+) indicate immediately prior to and :
after a measurement respectively. ' The filter gain matrix

is determined by

K, = pn(-)Mfll}g‘Prg-)xﬁ + R] -1 (11)

Between measurements, the state errox vector estimate is

determined from
A A
Xl = <!>“x1 (12)

where &, the state transition matrix, is computed from
the system dyna;mi.cs as expressed in the system matrix F,

When F is a constant, $ is a function of the time differ- y

ence At, and is represented by the series
2,.2
d=14 FAt + FALT/21 4 « o o (13)

The use of measurements provided at discrete instants
of time causes the error covariance to be discontimxous.’
having different values before and after the measurements,

The value prior to a new measurement is determ:l.nes! by

Pyy(-) = B P (+)B7 (14)

vhere ¢ is the state transition matrix defined in Eq (13).
If Eq (10) is used to improve the state vector

: estimate, the new error covariance is expressed by

‘ ' T T
’ P (+) = (I-K M )P (=)(1-K M )T + KR KT (15)

a8 o Bl il St g il — . e b ‘
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vhere I is the square identity matrix and R, is the
covariance matrix of the measurement errors Vv,. This
equation can be written in cther forms, but Eq (15), due
to its symmetry, is preferred since it is less sensitive

to computational inaccuracy (Ref 11:261).

Exiension to Non-Linear Systems

Since the Kalman Filter is an optimal filter
applicable to noisy, time-varying, linear systems, it is
necessary to linearize the vehicle equations of motion
in a Taylor series expansion about a nominal t.-aijectory.
The nominal ltgtes. position and velocity, are determined
by integrating tna\qgglipear equations of motion, and
the Kalman Fil er theoryuz:\t used to estimate the
errors in the) \rinal states. The linear filter theory
is applied to tﬁe estimates of the errors in the states
since these errors in a nonlinear system behave much more
linearly than the states themselves., By adding these
linear estimated errors to the nominal states, an updated
trajectory is obtained for use as the starting point on
a new nominal for the next integration. This nominal
estimated trajectory 1s.there£ore being used as the
reference asbout vhich the linearization is done. This
can cause larsg estimated errors initially since the
initial estimated trajectory may be far from the actual

trajectory, thereby resulting in a violation of the basic

linearity assumptions. As more measurements are processed,

,\'.

11
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however, the recursive action of the Kalman Filter will
caugse the updated nominal to approach the actual trajectory

Many past applications of Kalman Filtering to non-
linear systems involved linearization about a pre--
computed nominal trajectory. This approach allows fcr the
pre-computation of the error covariance matrices P(-) and
P(+). An application of Kalman Filtering to a near-

nominal ascent guidance rroblem is given by J. A. Henz

in Ref 13, The problem associated with a pre-computed
nominal is that noise either in the measurements, the
random system disturbances, or both, could cause the

linearized equations to be totally unsatisfactory

approximations to the true nonlinear equations.

This problem then becomes the motivation for the
approach of continuously expanding about the latest
optimal estimate of the nominal trajectory. The reason-
ing is that if the filter is working fairly well, the
updated nominal value should be much closer to the
actual trajectory than the old nominal value. As a
result, the first <.der Taylor series expansions about

the new nominal will naturally be more accurate approxima-

1 tions. The success of the filter which results from

| linearizing about the latest nominal trajectory as it
becomes available has, in fact, been so good that it
has become the “work-horsef recursive filter for almost

all real applications (Ref 12:35),




In order to apply the Kalman Filter, certain

information about the system and the statistical character-
istics of the input and measurement noises must be known
or assumed. The following data is required to initialize

the Kalman Filter process:

l, System description matrix F

2. Sampling time At

3. State transition matrix ¢

4, Measurement matrix M

5. Measurement noise covariance mat'rix R
6. Initial state covariance matrix P(0)

7, Initial state estimate ;\c(O)

The block diagram for the discrete Kalman Filter is shown 1
| . in Fig. 1, '

13
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|
: Input Initial Measurements ’
Including P(0) & R(0O) ‘
Compute Initial ]
Nominal Trajectory ,
Compute State Transition i
Numerically Matrix & (Eq 13) ..
Integrate J ;
gominat Compute State Covariance ;
rajectory Matrix P ,(-) (Eq 14) ]
]
No f

Input Measurement

4

Compute Filter Gain
Matrix K (Eq 11).

: ' Compute Estimate of State
a
Error X el (+) (Eq 10)
¥

Update State
Covariance Matrix Pn+1(+)

Y )
Update Nominal Trajectory
. Xp(+) = xp(=) + 2,(+)

4

Continue Until All
Data Has Been Processed

J ‘ Stop

Fig. 1 Flow Chart For Discrete Kalman Filter

14
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111, Equations of Motion

Coordinate Reference Systems

The position of a satellite may be referred to a
wide variety of coordinate systems. These systems differ
primarily in the choice of origin and fundamental refer-
ence plane. Two coordinate origins are involved in the
satellite problem: the radar observer (rotating topodetic
system), and the center of the Earth (geocentric system)
(Ref 917). The geocentric system is further divided by
refeéring to an inertial geocentric system and a rotating

geocentric system. The three coordinate systems are

Na

shown in Fiso 2. )

Inertial Geocentric System. The center of the earth
is the origin of the inertial geocentric system, and the

principal direction, XI. is toward the mean vernal equinox
of date. The positive Z;-axis is in the direction of the
mean north celestial pole and the Y;-axis completes a
right-handed orthogonal coordinate system. This is the
coordinate frame in which the orbital elements are
computed.

Rotating Geocentrié System. The center of the eerth
is the origin of the rotating geocentric system, and the
principal direction, XE. is toward the intersection of
the prime meridian, Greenwich, and the equator. The

positive ZE-axis is in the direction of the north

15
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celestial pole and the Yg-axis completes a right-handed
orthogonal system. This coordinate system serves as
the reference for the equations of motion of the gatellite.
Rotatinz Topodetic stfem. The third coordinate
system, the rotating topodetic, has an origin at the
tracking station (topos). The principal direction, X,
is toward the local North direction on,the target plane
to the spheroid model. The positive ZT-axis is normal to
the spheroid.model, and the YT-axis completes a right-
handed systen. The earth model used as the reference
spheroid is described in Ref 1., Since this rotating
topodetic system is used as the reference frame fpr the
observed values of the measurements, it is convenient

to also use it for the calculated values,

Initial Nominal Trajectory
The initial nominal trajectory (position and velocity)

is determined from the first set of input data provided
by the radar tracking station. This data includes the
rangef range rate, azimuth, elevation, and azimuth and
elevation rate of the satellite being tracked. The
equations used to compute the position and velocity of
the satellite in the rotating geocentric system are given
below, and the individual vector components are presented

in Appendix B,

E=sL-R - (16)

16
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Equations of Motion

The nonlinear equations for the vehicle in t:he~ rota- .

ting geocentric coorciinate system are given by

2

X= f] =~ E%(MHarmonicﬁ) + _ij'r-i- X WY (18)
r .
¥=f,= - l%(ld-ﬂarmonic A) - 2wx + ywz (19)
S 2 r f .
2= f4 = c %’é(l-l-ﬂarmonic P) o (20)

Centripetal for.:ce and Cbriolis force terms al‘:'e iﬁciuded
in the cquations since the accelerations are referenced

to a rotating frame, The harmonic terms are given by

y

Harmonic A = 1.,5J2(A°/r)2 :l-S(z/r)z: *

Harmonic B = 1.5J2(A'efr)2 ;3-5(2/::)2_: + .

'2.5.73(Ae/:.')3 :6;7(z/r)3: z/r . (22)

r

vhere J7 and J3 are zonal harmonic constants which repre-

sent the deviation of the earth from a perfect sphere..

All subsequén(t): zonal harmonic terms and all of the fesse'ﬁ’a’i

~  harmonic terms are: neglected in ord¥kr to simplify the

Taylor Series expansion of the nonlinear. equations of

¢
motion., A complete discussion of the equations of motion

a7

2.5.'13(%/:")'_3 }-'7(2/::)2:3/: . (21)
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and the harmonic terms can be found in Baker (Refs 2:l44-

145, 3:1167-183). Equations (18), (19), and (20) actually

‘represent a set of six first order differential equations
»;i or a 6 x 1 state vector differential equation, where the
first three states represent position and the latter

threqovelocity. all in Cartesian coordinates. Next, the

non-linear equations of motion are expanded in a Taylor

| Series about a nominalrtrajectorys

X = fl(x*.y*.z*.i*.i'*.'*) + -—-(x-x ) + -—l(y-y ) +

of of af
azl(z-z ) " l(x-x ) + -a—-(y-y ) +

. afp,. s | |
: l(z-z*) + ho°otl (23)
2z
[ : e :
ﬂwith'simigék equations for y and z (24)-(25)

. Now a linear state vector or error estimate vector
\

x is defined as the difference between the actual and

i nominal state vector.

b ' , - = -
'. X1 X - X
b - ' ’ *
i . X9 Y-~-Y
. ’ ) *
& . . X3 Z-2
Xx= = . ok (26)
x4 X - .
° o %
Xs Y -
. o%
t . X6 z (i .

I Condining Eqs (23), (24), and (25) with Eq (26), and

19
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retaining only first order terﬁs. results in the linear
state vector differential equatibn
L
x = F2 (27)
wvhere F is defined as
" | e
o ;1 1
‘ |
Fmo [--t-- (28)
F(t)
and F(t) is given by
. —afl' a£1. C . 8f1T
g Ix 2y 3z
1 ‘ F(t) = | . : (29)
| “ 3%3 3f3
| x 3z §

o . © All the partial derivatives in Eq (29) are evaluated

. along the nominal trajectory. The actual derivation of
the system desc;iption matrix, F(t), is given in Appendix

-Bs Application of the Kalman F}lter provides the best - .

estimate of thé linear state vegtbr. 2. which is then
’ used in Eq (10) to obtain the latest best estimate of the

nominal trajectory.

Coordinate Transformation

The measurement data includes slant range, slant

range rate, azimuth, and elevation as shown in Fig, 5.

20
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o >YT West
[ E
\
“1 = (o - 2H/?
)(.r North

Fig. 3. Measurement Geometry
/

Because the calculated coordinate values of the slant
range vector are desired in the rotating topodetic . '
coordinéte system, a transformation is needéd to go from
the rotating sébcentric system to the rotating topodetic
system. Since the slant range vector is the sum of the
;eocentrié p’ositior; vector of the tracking station and
the geocentr:ic, positfén vector of the satellite (Fig.}Z).

then the coordinate transformation is given by

x| --sin(¢>cos(0) ~-sin($)sin(0) co_sisb x|
yg| = sin(6) . -cos(@) 0 [[y+x[- (30
Zq cos($)cos(8)  cos($)sin(8)  sin(P)||z+z

A,‘l‘l'rnls is an ogthogonkl transformation matri.g;,.. vhere ¢ and

e ;epréqént’ the 1Qt_ttude and longitude of the tracking

statipn respectively, and X,, Yy, and Z; are the topodetic

coordinates of the range vector.

. o b 7z
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Measurement Vector Expansion About The Nominal Trajectory

The slant range, slant range rate, azimith, and

elevation are calculated using Eqs (31)-(34)

- [(x+x)2 + )2 4 (z+z)2]1/ ¢ (31)
. 2, 2 Y AV
P=1/p [(x-rx) x + (y+Y) y + (2+2) z] (32)
-1
A = TAN [-YT/XT] (33)

These equations are based on the geometry of Figs. 2-3,
Equation (32) represents only the radial component 6f
the slant range rate vector, and is derived by taking
the dot product of the slant range rate and slant range
vectors.,

‘The measurements may be expressed in the form

pms Da‘l-vl
Ap = Ay # £
Ep=E, + A/

(35)

where the subscripts "a* and "m" denote the actual values
and the measured values respectively, and v; represents

Zero mean, Gausslan-disttibgted white noise.

22
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Next, define .

Apm

=P, =P
APy =5 - by

(36)
AAm = Am - A

AE, = E,

'
t

vhere the subscripts "n” and "m" denote the nominal values

and the measured values respectively. Now let

]

Apspa-p

Aa'Pa"pn

A=A, - A (37)

AE = E_ - E

This allows Eq (35) to be rewritten as

Apm FAD Vl

APm Ap V2
] + (38)

AAn AA £

| A En AE \/

b -d =3 -d =3 -

The quantities Ap, AP, AA, and AE represent deviations from

from the nominal, and if thesc are assumed small, then
t | - & first order Taylor Series expansion about the nominal

results in

23
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[ E: Ar
ol |20 2P, ., 39 |x
. X 3y °z Xy
P . . .
=, . (39)
A [ ] [ ] *
3E 3E| |’
owwas @ [ . o  ommge x
i B Y

The linear measurement vector, z, can now be defined as

z(t) = M(t)x + v(t) (40) |

- where v(t) is the noise vector and x is the linear state

vector defined by Eq (26). The measurement matrix M is
the matrix of partial derivatives in Eq (39), and the
actual partials are derived in Appendix C. - The componeﬁts
of M are always evaluated at the latest value of the
nominal trajectory. The validity of the linear model

as expressed by Eqs (27) and (40) is dependent upon the
nearness of the nominal trajectory to the‘actual trajec-
tory. If the estimation error is too large, then the
higher-order terms neglected in the Tayldr Series become
important. Experience has shown that, in most cases, the
assumption of a linear model is adequate for near-earth
orbits, even for position errors approaching two to five

miles (Ref 7:13).

Suboptimal Kalman Filter
The linear state vector differential equation given

in Eq (27) is never solved in the basic algorithm. Its
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derivation is necessary to produce a system description
matrix, F, which is used to compute a value of the state
transition matrix, Likewise, the linear measurcment
vector equation given in Eq (40) simply defines the
measurement matrix M, which is needed for the Kalman
Filter equations.

In view of the definition of the linear state

variables x and z, Eq (10) is presented again,

po

@) = 2.0) + K[z, - MR )] (41)

Let gn(-) be the nominal values of position and velocity
obtained by 1ntegrafion of the nonlinear equations of
motion. These values are considercd to be the best

estimates available just prior to a measurement,
£()=x* (42)

The quantity within the brackets of Eq (41) actually

.represents the definition of the linear measurement

vector, because Mngn(-) may be computed from Eqs (31)-
(34), and by letting

Zhom * th(') (43)

then . zZ= (44)

z .
<nom
Equation (41) can then be rewritten as

£(+) =x*+ Kz (45)

25
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By letting £(+) be the best estimate of position and

velocity after a measurement, then

£+) = x (46)
_and X = x - x* (47)

Thus, Eq (45) may be expressed in terms of the linear

error vector and the linecar measurement vector,
A
X =Kz (48)

.\SQ\?ust be emphasized that the filter which is repre-
sented 1£;Bq (41) is not the exact optimal filter for the
nonlirnear system of Eqs (8) and (9). Rather, it is a
first-order approximation which is valid only to the
extent that the linearized model in Eqs (27) and (40)
is a valid approximation of the original nonlinear system,
Basically, what has been done here is to use the linear
theory as a guide to obtain an approximate solution of
a nonlinear filtering problem (Ref 8:11-15). A Kalman

Filter used in this manner is frequently referred to as a

suboptimal Kalman Filter.
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1V. Program Descriotion

This section gives a brief description of the
computer program written to apply the Kalman Filter to
the problem of orbit determination. The program is run
on the 1B 7094 computer ‘located at Wright Patterson Air
Force Base, Ohio. A complete listing of the progranm,

a listing of all the variables used in the program, and
an example of the input data required, is found in

Appéndix c. |

omputer Algorithm
The following is the basic algorithm used to imple-
ment the Kalman Filter in an orbit determinaticn problem,
1. Input P, P, A, E, A, E, Ht, ¢, 6, P(0), R(0)
2. Compute initial nominal trajectory 5*(5 and _r:'_)
3. Compute orbital elements
4, Calculate estimates of state errors: _5_\: = Kz
5. Update nominal trajectory lc:(-r) = z_:(-) + _'_:En(-i-)
6. Update error covariance matrix from t, to t, .,
7. Numerically integrate non-linéar equations of
notibn from tn' to tn+1
8. Check to see if new measurement data is available:
a. Yes - Go to step &
b. No - Go to step 6
9. Continue unti! all data has been processed.

10. Recompute orbital elements. ¢

27
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Description of Computer Propgrem

The computer program consists of a MAIN program plus

additional sﬁbroutines needed to implement the various

steps of the basic algorithm,

MAIN Program. The MAIN program calls the operational

subroutines in the following sequence:

1.

2.

3.

5.

6.

7.

8.

9.

10.

PR TG TR Lo g—

Call ZERO to initialize the various constants
needed in the program.

Call INPUT to input range, range'rate..station
height, latitude and longitude of station,
initial state error covariance’matfix. and- |
measurement error covariance matrix.

Call STAT to compute the coordinate transformation
matrix. |

Call EQCOMP to calculate initial nominal trajec-
tory (r and é). |

Call ELEMTS to compute orbital elements.,

Update the nominal trajectory by calling KALMAN.
Call UPCOV to update the error covariance matrix
from t, to t .. h

Numegically in;egrateAnonlinear equations of
motion (sipplied by DERT) in TRAJ. |
Check for new measurement data:s

a. If available, return to step 6.

b. If not avallable, return to step 7.

Continue the above procedure until all measurement

———e =
Y s
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. data is processed.
11. Call DRAW to plot results.
Subroutines. A brief description of each of the
subroutigss used in the program is gi%en below:
ZERO - Initializes tﬁ; quious constants needed
- " in the program . ¢'
INPUT - Reads in the following initial datas

Card 1 - Integration step size

L —

Card 2 - Station biases
. Card 3 - Initial error covariance matrix

Card 4 - Initial measurement covariance

matrix
[

Card 5 - Ephemeris starting time .

*"‘.m

Card 6 - Latitude, longitude, height of
station

Card 7 - Initial measurements

\ INPUTA - Reads in_thedkecond and subsequent radar
observation cards. The format is consis-
tent with SPADATS data cards.

OUTPTA

Lists the station parameters and radar
measuremggts (input data), satellite
position and velocity, and orbital
elements (output data).

UPCOV -~ Updates the error covariance matrix (Eq 14)

o . T
T m——— e PO e (el e (T WS
.
N - .

from time t,tot

n+l’
o EQCOMP ~ Computes the equatorial components of

29
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position and velocity for use as the
) ) initial nominal trajectory. The equations .
| . usod are found in Ref 2:118-130, and

Pl

i '.' _ ' . Appendix A, .

‘ELEMTS]1 - Computes the' orbital el‘emexits when gi.ven‘

. rthe equatorial conponents for position }

' and velocity. Py Q, and W unit vectors ' .

j
are used ;.nd the gctual QeQuations are

/f/f - given in Ref 3"11-22. . ‘

ElJ)‘ITSZ_ - Computes the or' itel elemem:s vhen given 4

& the equatorial coms

r ,lposltion
and ve_l‘oclty.. U, V, and W unit v’ec;ofs |
] _ ol - are used Aar'\d the actual equ‘”ationstare
given in Ref 104 55- 60. A
) / . " STAT - Co-nputes the coordinate transformation
A 3 % e .‘ matrix from the latitude and longitude of
- ’ the stetion... . |
MEAS - Computes the fange. range rate, azimuth,
and elevation (Eqs 31-_-‘34) .foxj eomparison
with the measured values from the tr;acking

station. . The measuremé’nt matrix (Appendix

H
-~

C) is also computed for use. in KALMAN.
DERT - =~ Provides the vehicle equations.of motion- . o
.I (Eqs 18-20) to be 'mmeri.cally integrated.-—+7‘

" / ;" . TRAJ - Numerically 1ntegrates ‘the nonlinear

. / ' - equations of noﬁion using an Adams-Moulton,
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integration'procedure.° This - nbroutfne '
is a modified form ofq the IBM 360 sub-
) " ; | . ‘ program DFEQ.
KAIMAN = Processes the filter equations and provides
" the best estimate of tne errors in position
1 and velocity following a radar observation.,
. This error estimate is then,used to update
; the nominal trajectory.
S - Computes the system description matrix
B
Sgbordinate Subroutines. 'These subroutines are used
wdthin the operational snbroutines to perforn mathematical

and plotting operetions. “ ' =

?

w2

.
S

DET’ - Computee‘the determinant of a function )
SINV --Inverts a given symmetric positive definite
e I | ‘ matrﬂx
Lidh MFSD .~ ‘Factors a given symmetric positive definite
| matrix 3 .
MPRD -.Multiplies two matricee" ’ A P
Loc - éonputee‘a vector subscript for an element:
. in a matrix of specified storege noae ) :
q (needed for MPRD) |
~ MIRA ; Transposes a matrix- o s
. MCPY. - < Copies an entire matrix (needed for MTRA)
DRAW ?‘Drawa a graoh using Cartesian coordinates
PLOTS - Initiates the plotting routine
'PLOTEQ_ - Términates the plotting routine

K

a #

s
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V. Presentation and Analysis of Resultg

.Available 'g

% The data used in the computer simulation was provided
by the Space Detection and Tracking Sysfém (SPADATS),
located at Colorado Springs, Colqrado. Four different
satellites, vhose orbitai,pathc ranged from highly
elliptical to necarly circular, are used in the study.

The input radar measurements consist of the range,

range rate; ;zimuth. elevation, and azimuth and elevation
fates of tho satellites being tracked. Since fhe azimuth ,
and elevation rates afe not always provided, it is some-
times necessary to estimate khem bésed on two consecutive
values of azimuth and eievation. This éstimate is only
required for the determination of the initial nominal
trajectory. For all sulsequent observations only range,
range rate, azimuth, and elevatioq inputs are needed.

The radar stations used to obtain the necessary
tracking data are listed in Table 1 along with their
latitudes, longitudes. height above sea level, and
sensor sigmas and biases. The sensor sigmas are squared

and used as’ the diagonal terms for the measurement error

“covariance matrix R, and the sensor bias valpes are

used to correct the measurement values at each observa-

v

tion time., The bias corrections are necessary because

of the assumption of a zero mean noise vector. Table Il

32
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T " Table I

Radar Tracking Stations . , 3

~

/ ,
] Station Stétid@ Station | Station | Station | Station
ﬁ Parameter | 342 348 349 337 | 345 \\
) ‘ :
| Latitude | +54.37 | +76.57 | +64.,29 | +37.01 | +52.73
 (Deg)
Longitude|+359.33 | +291.71 | +210,81 | +39.99 | +174.10
Ec Deg) ! 1
1
Height | 276.00 | 370.00 | 240.00 | 915.00| 93.00
(meters) ‘ - :
“ rs A Sigmas ok ' <
b Range 0.50 1.00 1.20 0.09 0.06
4 * ]
Azimuth 0,02 0,06 0.03 0.10 0.02 |
(Deg) | X - '
Elevation| 0,02 0.05 0.03| o0.07 0.03 '
[ C Ranée ‘
Rate . 2,00 | 2,00 2,00 5.00 1,00
(M/s) i
'Bias
Range -0.40 |' -0.80 | -1.30 | +0.30 | +0.03
(ki) *
Azimuth | +40.03 | +0.05 | +0.04 | -0.03| -0.08
. (Deg) _ . . ' |
‘ Elevation| +0.02 | +0,06 | -0.02 | -0.32| +0.18 a
(Deg) ' | A :
Range 5 . , :
Rate "15000 . 0. 00 "2.00 +lo00 00 00
(M/s) ] ' ;
Tracking ' B | LA
4 lintervals | 10.2 10.1 10.1 6.0 6.0
'(Sec) i - '
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4
-

L

Table 1I N
Nominal Elements Compﬁted Before Launch
Element Satellite | Satellite | Satellite | Satellite
3823 3824 3825 3826
Period 93,83 95,27 154,04 90.84
(Min) l |
Inclination | 99.42 99,05 |- 105,00 | 99.28
(Deg)
‘|Eccentricity 0.000008 0.011 0.28 0.02
Agogge | 249.4061 330,000 | 3142.70 245,91 .
NM o . £
Perigee 249, 3481 249,387 | 249.05 94,99 g
o) —
Argument .
of Perigee, | 172.36 179.32 '178.20 106.00
(Deg) . \
Semi-Major | 3693.31060 | 3733.627 | 5139.81 | 3614.38
Axis (NM) u |
Injection 249, 3481 269,388 | 249,05 | 245.91
Height (XM)
Injection C . .
Latitude 7.691 7.696 1.74 . 2,35
(Deg)
Injection |
Longitude 228,809 228.805 | 226.71" 4,09
(Deg) ' '
Injection
Time After 699,2 731.9 970.7 3239.1
L/0 (Sec)

(From Ref 11:2)

\




)

GGC/EE/70-7

' presents the nominal elements for each of the satelliteé
. .. as computed prior to launch.

The computed orbital elements obtained in this study
are‘compared with values supplied by SPAD&TS. For three
satellites, only one set of elements for both days
covering the time of observations are provided by SPADATS.

In addition, the exact'timé of day when the orbiteal
‘ |

elements are caléulateq by SPADATS is not available.
As a result, it is usually impossible to have the times
of comﬁhtation coincide, thereby preventing any preéise

comparison of results.

Introduction gg Computer Results
The computer runs used to evaluate the application

of the Kalman Filter to orbit determination are divided
into. four groups. The fifst,group of runs are used to
determine the basic effectiveness of the filter when
Japplied to tracking data for each of the four'satellites.
The second group of computer runs use observqtions from
the same pass as the initial runs, but from different
~stations, and also data from one to three passes earlier
or later than the initial runs. These runs provide

a means of checking the,éhgnges in the results cauéed

by different tracking stations and different passes.,

The third group of runs investigates what would happen

if several observations are skipped}from vithin a series

- of observations. The last groﬁp consists of several

35
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runs to check the effects of varying the number of

terms in the equation used to compute the state transition
matrix. A run is also included which utilizes the

longest single track of oﬁséfvations found in the avail-

able data.

Group 1 Results

‘The initial computer simulation is made up of ten
computer runs as shown in Table I11. The input data for
each run conhists of a series of radar observations
made by‘a single tracking station Quring one pass of
the satellite. The satellite is usﬁally tracked over
a period of four to five minutes during eacﬁ’pass. and
observations are recorded At intervals of either 10.1
or 6.0 seconds. In order to begin the filter algorithm,
it is necessary to estimate the initial error covariance
matrix P(0). At the start of each run, the linear error
vector is expected to be zero since the satellite is
assumed to be on the nominal trajectory. The confidence
in this assumption is expreséed by the initial values of
the covariance matrix. The recommended procedure is
to underestimatélghe off-diagonal (crossécofrelation)

terms and overestimate the diagonal (auto-correlation) -

, terms;‘ Therefore, all the off-diagonal terms of the

6 x 6 error covariance matrix are initielly set to zero,
and the different combinations chosen for the diagonal

terms are shown in Table 111,

36
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The results obtained in the first ten computer ruhs.
along with results provided by SPADATS. are shown in
Table 1V, The approximate cine vhen the orbital elements'
are computed by SPADATS are from three to eighteen hours
different than the time of the observations used in the ‘
Group I runs. Radar observations are usually available
at the time vhen SPADATS computes their orbital elements,

but they are not of sufficient quantity to allow the

computer algorithm to reach steady values for the elements.

The effects upon the linear error estimates caused
by using three different values for P(0) for Satellite
3825 are shown in Figs. 4-9, The time history of the
diagonal elements and two of f-diagonal elements of the

error covariance matrix are shown in Figs. 10-15. The

‘resulting orbital elements are plotted versus time in

Figs. 16~ 18. Similar curves for only one value of P(0) .

_ are presented in Figs, 19-33 for Satellites 3826, 3824,

and 3823, The P(0) chosen is the one which gave the

" best overall results.for each satellite,, Additional

plots produced by using other initial values for the

error cova:isnce matrix_are presented in Appendix E.

Analxsis ggsggggg;l-nesults
For each satellite, it is possible'fb obtain

cenvergence of the error estimates to values less than

0.1 per cent of the aétual values of position and velocity.

The nunber of observations needed to obtain convergence

.. 38
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N,

varies f;om a minimuna of 10 (1b0 seconds) to a:maximum -

- of 24 (240 seconds). The rate of corvergence. is rélated

to thevihitial estimate of the error coVarifnce matrix,
. ¢ 22 : sy
along with the measurement accuracy of the tracking

£ .
stations. Underestinating P(0) delays convergence,

which in turn prevents the orbital elements from reaching
stcady values, Overestimatihg P(0) grecatly improves the

rate of convergence, and this also results in very

. { -
steady orbital elements in the minimum time,

v 2

The major discrepancy in the Group 1 results is
the value obtained for the semi-major axis for Satellite
3825 as compared to the value provided by SPADATS. The

measuremtnts for Satellite 3825 are obtained from Station

- 349, and these measurements contain larger bias errors

[ .l v L .
nd sigmas (stendard deviations) than any of the measure-
) - ~ ~ .

ment: from the other tracking stations used, as shown in
Table 1, This fact érovidgs a fossible explanation for
the discrepancy in the answers obtained by using data
from.Station 349, o . R

The Line of ﬁodes angle had a positive time rate
of change‘which'ig a function of the inclination angle.
and eccentricity. This rate of change vafies from 0.08
to 0.2 degrees per revolution for the four satellites,
and’accounts for some of the discrepancy between the
computed values of the Line of Nodes and those values

provided by SPADATS.
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Group I1 Results

The purpose of the six computer runs 1n.this group
is to determine if the orbital elewents obtaincd in
Group 1 are rcucatable, The passes of each catellite
for thece correletion runs cre chocon ac clocoe in tize
as possible to thoso in thce original ruas., Teable V
presents the gatellitec and stations used, the nurber
of observations for cach run, and the initial, maximim,
and miniimua values of range and clevation encountercd
during the radar track. Table VI comparcs the results
obtained in the correlation runs with the corresponding
runs from Group I. Also included are the results from
an additional corrclation run for Satcllite 3825, A
plot of the orbital elements versus time for cach run
are shown in Figs, 34-39, vhile additional curves for

the error estimates and error covariance elemecnts are

shown in Appendix E,

Group 11 Analysis

The orbital elemconts obtained in the correlation
runs compare quite favorably with those from Group 1.
The most noticeable discrepancy is once agaln the semi-
major axis for Satellite 3825.. Runs 12 and 16, which
use tracking data from Station 349, result in a semi-
major axis slightly higher than the SPADATS value. Hou-

ever, Run 15, which uses observations of Satellite 3825

59
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from Station 345, yields a semi-major axis which is
very cl?se to the SPADATS vzlue, An analysis of Station
345 shous thzt the measurcements for this station have
much smaller blas errors and sigmas than Station 349
(Table 1), 7Thins faet provides a possible explana;ion
for the discrcpancy in the answers for the semi-major
axis vhen using trecking data from Station 349,

The results shown in Table VI for Run 12 are token
after 21 obscrvations have becen processed, After this
point, the orbital elements begin to change and the final
answers are quite a bit different from those provided by
SPADATS. This change can probably be attributed to the
elevation angle which rose quite rapidly near the cnd,
and reached a final value of nezrly 83 degrees.

It is possible to obtain stcady values for the
orbital elemcnts in only 50 seconds (6 observations) for
Run 14, and in 48 seconds (8 observations) for Run 13,
Very good orbital elcments are obtaincd for Satellite
3824 using tracking data from Station 349, as shown in
Fig,e 38, Thercfore, this station prevides o;1y fair

elenents for an elliptical orbit, but very good elements

for a circular orbit.

Groun 111 Recults

The actucl series of measureménts obtained during
a single radar track of a satellite often contain from

one to six missing obcervations. The purpose of Group

4
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111 is to determine if a number of consecutive obsérVa-r
tions can be omittcd, and still achieve good results
for the orbital elements,

In ordcr to havc & basis foir canparicon, the sams
tracking date end input P(0) uscd in Run 2 ond Kun 7 of
Group I are-uced in this group of runs., These maasure-
mente are for Satellites 3825 and 3624, rcepectively,
which reprecsent both highly cllinticz)l and ncerly circular
orbits. Run 17 uses the data from Run 2 (Satellite 3825)
with eight consecutive observations removed after 10
seconds, and Run 18 uscs the data from Run 7 (Satcllite
3824) with cight conscoutive observations romoved after
50 secconds. Table VII prescuts a comparison of the results
from the original tvwo sruns, the valucs provided by SPADATS,
and the results from Runs 17 and 18, The graphical results

are shown in Figs. 40 to 51,

Analysis of Group 111 Results

The computer algorithm is able to perform quite
successfully with eight consecutive missing observations,
Preliminary runs (not included) using the same data, but
with skips of two, four, and six.observations, produccd
results which are as good or better than the results for
Runs 17 and 18, ;

It is quite interesting to notc the bchavior of

the error covariance matrix, P(-), vhich is computcd
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from Eq 14 (Chapter 11I)
P (<) =d P ()b 4
m+1" "¢h m' m (49)

This matrix cquation is used to propagate the error
coveriance bétwccn necasurements. Representative matrix
elements ere shown in Figs., 49 and 50 for Run 7, which
contains no shkippad obsorvarions, and these can be
compared wvith the same elements in Figs. 47 end 48 for
Run 17, vhich contains eight skipped observations,
During the time pceriod covering the skipped data, the
matrix clemonts for the two runs are quite different.
Howecvcer, once the skips are terminated and several new
measurements are rcceived, the values for the elcments
for both runs quickly becomcc clmost identical. It should
be not . that the scales for Figs. 47 and 49 are not

the same, causing the curves to appear different, even
after tho skips are over. But upon closer analysis,

it can be scen that after approximately 100 sceconds the
curves arc very similar. Thus, despite the large change
in P(-) during the timc of the skipped observations, the

Kalman Filter continues to opcrate properly.

Group 1V Results

The state transition matrix is computed using Eq (13)

which is repeated below

2 2 3 3
&= 1+ FAt + F At /21 + F At /31 + h.,o.t. (50)
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vhere h,o0.t. represent the higher order terms, All the
previous runs in Groups I-I111 used the first four tcrms
shown in Eq (44), and the question aroge ac to how nuch
the results would be affected by cither adding or sub-
tracting terms from; this eyuation, To easwer this
question, Runs 3, 5, and 9 (Group 1) erc each repeatcd
using two diffcroent equations for the ctatc tronsition
matrix. The initial cct of runs use only the first

two terms, tvhile the sccond set of runs include the
first five terms. | ﬂ

In eech sct, the resulting orbital clcments ere
the same &5 the Group 1 recults out to the fifth or
sixth significant digits., A comparison of the graphical
results for cach set of runs alego feails to disclose any
appreciable differences. Becauce of this similarity,
the results are not included in this report.

In most of the previous runs, the tracking data
from a single radar station during one pass seldom lasts
oveé five minutes, Howcver.}one sct’of data is availcble
from Station 345, Satellite 3825 which covers a time
interval of nearly ninc minutes. Within this data,
there are a number of missing observations (25) which
occur in groups of from one to three over the last 270
seconds, Because of the interesting nature of this
data, one additional run is made, and the graphical

results are showvn in Figs, 52-56.
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Analysis of Croup 1V Results

In analyzing Eq (50), it is found thet the lergest
clenents making up tha F nutriz ere on the ozder of
0.0001. In addition, the value foir At is a coastant 0.1,
Thus, the terz in Eq (50) beyond the sccond tern (i.e.
F%AtZ/Z % ¢ + ¢) hove maxivm megnitudcs vhich are less
than 10-10, end thesc teoens ere therefore very insigni-
ficont vien addod to the zdentity matrix I,

The computer xrun ucing the nine minuvte treck of
Satellite 3825, produces stczdy values for the orbital
elements after approximatcly 200 sccondsz, as chovm in
Fig. 56. By using rmaller valucs for the initiel crror
covariance matrix, P{0), thc orbital elcments take longer
to reach steady levels, oncc agzain indicating ‘that it
is best to overestimete diag P(0). The run could have
been terminated after the steady values are rcoched
since the orbital elcments evc ecsentially unchanged for
the final 55 observations, The final value for the ccomi-
major éxis‘(1.4927) is higher than the valuc provided
by SPADATS (1.488). Thercfore, even by using deta from
tvo different tracking stations (345 and 349), a consis-
tently high value hes been obtained for the seai~-major
exis for Satellite 3825. A possible explanation could

be that the value computced by SPADATS is in error,
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VIi. Conclucions and Recommendations

Conclucions

l. The application of the Kalman Filter to deter-
mine the orbit of a cpace vehicle is quite successful,
For cach of the four gatcllites used in the study, it
is poszible to obtain convergeince of the crror estimates
to valucs less than 0,1 per cent of the actual values of
position and velocity, Vhen measurcments gpaced six
seconds apart are uced, convergence is achieved with
e minimum of eight observations. For measurements ten
scconds apart, a ninimun of six are necded to obtain
convergence., The value chosen for the initial error
covarlance matrix greatly affecté the rate of conver-
gence, and in general, overestimation pirovides steady
orbitzl elements in the shortest time, Once convere
gence is reached, the optimal estimate of the trajectory
is obteincd, and edditional mcasurcnents fail to improve
this trajcctory.

2. The orbital elements are repeatable for three
of the satellites when using tracking data from different
radar stations., The orbital elements are repeateable for
the fourth catellite when using tracking data from the
san2 rcadar station for two consecutive passes,

3. The computer algorithm is capable of integrating

for oveir 80 seconds with no tendency to diverge.

FT ! 1-—‘d
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Therefore, as many as eight consecutive mzasurcnoents
spaced 10 scconds apart can be missing from within a
track of a satellite, cond the progrom will still pro-
vide good results. If the missing observations occur
before convergcenice is rcachcd, then several additional
measuremcinte are ncecded folloving the skips in order

to o¢btein steacdy valucs for the orbital eclcacnts,

4, VWhen computing the ctate transition matrix, only

the first tvo texmc of the series e:xpansion arc ncedced,

‘and all additionzl terins are ncgligible,

S

Recornnendations

The following topics are sugpested as arcas for
further study.

A1. Use tracking dzata for satellites vith low and
intermediate inclination angles,

2. Include perturbation terms, such as aticospheric
drag, soler dreg, and additional zonal harmonic terms,
in the nonlineer statec cquations.,

3. Include tracking data for both continuwously
thrusting and intcrmittently thrusting vchicles,

4, Extend computer algorithm to include iterative
differential correction techniques as outlined by
Morrison (Ref 143428-482),

5. Extend the dimension of the state vector end
filter matrices in order to include the station biases

and sigmas in the estimation process (Ref 7:1241..242).
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- Appendix A .
Initisl ilovinal Trajectory Cquations |
" The cquations used to compute the initial ‘nominal !
trajcctory are prcéentod in this qppendix. The input‘ !
data needed includes the followings 11
1. leight of tracking statioa, h(méteﬂé)
2, Lztitwic of tracking station, ¢ (degrées) !
3. Longitude of tracking station, @(degrees) -
4, 'Slant range of satclliée; p(metcrs) » ' |
5;. Slant range rate of satellite, 5(meters/second)
é. Azi%ufh of satellite,'Akdegrees) | i
7% Elévation bf‘satellite, E(degfcéé) 1
8.. Azimmath rate of satcl}ite,_A(degrees/second) 3
; 9./'ﬁ1évatiou,rate of sétcllite. é(dégnees/seéond)
Comggtation of 3tation Qgérdigates in Rotsting Frame f
1 | ' N i x| —-(C+H)cos(0)cos(¢51~'ﬁ L N
3 A R = v| - g;(C+H)cés(¢)sin(0)> (A-1)
' Z| h-(S+H)sin(¢) | ;
: vhere 1l is the station héight in earth fadii. and .,
9 . 1/2 ‘ [
' ; ,, ¢ = 1/t - (2t )sin ()] S (a2)
: s = c(1-£)° | (A-3)
\ * X !
3 ¢ '
N 88 -

/ G

2
. ‘A e o f

sy Sttt
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Computation of

vhere

5
34

vhere

It

.

LX cos(0)(~L1+L2) - sin(8)(L3)
LY = | ein(@)(-L1iL2) + cos(8)(L3)
LZ coc(P)cos(h)cos(h) + sin(¢P)sin(h)

Ll = sin{(¢)cos(h)cos(r)
L2 == cos(®)sin(h)

L3 = cos(h)sin(a)
LXD
LZD

= (A)cos(8)sin(P)sin(A)cos(h)+
(E)cos(8)sin(e) sih(h)cog(l\)-i-
(E)cos(@)cos(P)cos(h)-
(A)cos(A)sin(8)cos(h)+
(E)sin(f)sin(A)sin(h)

LYD = (A)sin(8)sin(¢)sin(A)cos(h)+
(E) sin(O)sin(¢) sin(h)cos(A)+
(E)s1n(0)cos(¢)cos(h)+ g
(A)cos(G)’co‘s(A)cos(h)-
(E)cos(6)sin(h)sin(A)

Vectors L and L in Rotating Firame

(a-:)

(4-5)

" (A-6)

(A-7)

(A-8)

(A-9)

(A-10)

e tmart oty

T
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LZD = (-A)enz(¢)sin(A)cos(h)-
(E)cos(p)cos(A)sin(h)+ | (A-11)
(E)sin(®)cos(n) |

Comnutation of Satellite Position Components in

Rotating Fraae

Computation of Satcllite Velocity Components in

Rotating Framne

-

iR
n
K. Re

Ne

90
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Appendix B

System Descrivotion Matrix

The system description matrix I' is made up of the

partial derivatives of the equations of motion with
! L)
respect to the states x, y, 2, R Y, %y 28 given by

Eq/(23) in Chapter III,

‘Fi,l = "/r3[3(x/r)2-1] [1+lla] - w?

Fp = px/r3 (3y/r2)§1+na) - Hyy

Fuy = px/p3 (3z/r2)(l+Ha) - H,,

Fao = Fyo = 0

F45 =‘éw & e
l“‘51‘¥,p}*/r3- ;,(.3"/”2)(1“.'1‘3) - H,, 3

Fg, = #/r3~[3(y/r)2-1]{}+ﬁé] - yHyy 92

Fgy = py/r3(32/r2)(l+Ha) - ng

.« 2"
Ln
&

n
'
N
e

Fs5= Fz6 = 0

91

(5-1)
(8-2)
(B-3)
@),
(B-5) -
(B:6)
3-7)
(nf»f-s) :
@5

(8-10) -

%
s

Skinaicn
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where the terms H,, B, H, and B, are given by

Hy =

B

b

i

ay
3J A 5J A
free [1 5(z/r)?] 4 =S [3 2(zfe)|ele (8-11)
3J fx 15J XZA
—2% [10Ge/m)%1] + —-—%—-—[7(z/r) -2| (8-12)
3J 15 yzA
- --2--°--|:0(z/r) 4]+ ——2[1(2/)%-2] (8-13)
r
6J A 153 A
2e 5 ufe) 23] + —as |_9..,-5 5(z/r) %+
(z/)* | (8-14)
pz/c3 (32/r2)(1+ub) - By, (B-15)
wzfr3 (3y/c?) (1) - Hy, : (B-16)
#/x3 [3(z/r)2-1][1+nb] - 2H,, (B-17)
N
F65 = F66 =0 ‘ (B-18)
vhere the terws Hb' be. “by‘ and Hbz are given by
33,42 53,43
cxe [3 -5(z/r) ] il |:6 7(z/x) _]z/r (B-19)
2 ' 3
JoALx 15J,A2%
et [30(7/::)2-9] ——-%’—3-3[7(7./:.-)2-4] (1-20)
l’.' r

Y T P

b

92
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2
J A Yy e
2% 2
Hby = [éO(z/r) -?J
2,
6JZA 7
Hbz = -;4-“[5( /1-) |

15J3A y2z

r

93

+-—6—----[7<z/r) ] (8-21)

[r7( /)"

7.5(z/r)2] (B-22)
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Measurement Hatrix M

"The mcasurcment matrix M is made up of the partial
derivatives of the measurements P, f’, A, and E with

respcct to the states, position and velocity,

-:(3_‘_)' -a-—p- [ ] L ] [ ---—-p:1
Mglg %,y dy oz
M(2 ¢ *
M =' }1(3) = . . (C-l)
M(4) ’a'” b:?:
y _a:; [ ] [ ] [ ] [ ] a}‘-‘

vhere the terms (1), ti(2), M(3), and M(4) are given by

M(1) = ;3x+x)/p, (y+¥)/p, (z+Z)/p, 0, O, q] (c-2)
u(2) = -2._5(x+le y _elyrY) z _ p(z+2)  xX
LP p2 ’ 4 pl P P P,
y+Y z+Z
. T] S
M(3) = [1/(02-2%)] [-szin(O)-yTsin(sb)coc(O..), xTcos(G)-
YTsin(¢)sin(0). YTCOS(¢).0.0.é](C-4)
f. ML) = [1/(P2-22)1/2][cos(¢)cos(0)-zT(x-X)/Pz,

sin(G)cos(¢)-zT(y-Y)/PZ. sin(¢)-zr(z-2)/02.
0.0,0] (c=-5) ]
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Appendix D

Comnuter Prooram

The computer prograa listine is presented in this
appendix, along with a cornwon listing of the variables
used in the prograin, and o sanple of thc reguired input
data. The prograem is written in Fertran IV lenguage
for use on the 1IB:i 70¢4 computer locatcd at Vright-

Patterson Lir Force Pese, Ohio,

o
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C( 1)
ct 2
c( 3
(o ¢ 4)
ct 5)
(o § 6)
ct 7
c( )
ct o)
cC 17
ct 11)
ct 12)
ct 13)
C( 14)
Ct 19)
C( 16)
c( 17)
Ct 18)
c(t 19)
Ct 20)
cCt 21)
C( 27)
C( 23)
C( 24)
Ct 2%)
C( 26)
c( 27
C( 28
C( 29)
C( 32)
c( 31)
c( 32)
C( 33)
C( 34)
C( 35)
C( 36)
C( 37)
Cc( 32)
C( 39)
C( a0)

T

DT e
SCRMU
DTa4
wIFKi:
nT3

OT?

vO

I\

MU
LR K
VE2eWwIF2
£

KF

J2?

J3

MUIAET

TI

ER

AR

RE

RDB
HOUR
MINUTE
HP

NO

C( a41) THRU C( 49)

. Ct 50
Ct S1)
- Cl 52)
Ce 53
C( s4)
C( 5%5)
C( 56)

RHOM
PHODM
AM

FM

RHOC

*ny COMMON LISTING #¥%

TIME

INTEGRATION STEP SI1ZE

SQUARE ROOT OF MU

DT3%XDT/460

ANMGULAR HOTATATIONAL RATE OF EARTH
DT2ENT/360

DT*DT/260 :

CIRCULAR SATFLLITE SPFED

RADIUS OF FARTH

GRAVITATIONAL CONSTANT (=1e0)
AMGULAR ROTATIONAL RATIEE OF FARTH
W yE

- FLATNESS COErFICIENT

CONSTANT

CONSTANT

CONSTANT

CONSTANT (MU FOR METER UNITS)
TIME INTERVAL MEASUREMENTS

FLEVATICON BIAS

AZIMUTH RIAS

RANGE BIAS

RANGE RATE BIAS

HOUR OF OBSFERVATION
MINUTE OF ORSERVATICN
HETGHT AT PURIGFE
NUMBER OF OBSFRVATIONS

CLT(141) THRU CLT(343)

RHO MFEASURED
RHO~NDOT MFASURED
AZ11UTH MEASURED
FLFEVATION MFASURED

RHO CALCULATED

96
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C{ 57)

RPHOD? RHO=DOT CALCULATFN
C( 58) AC A7 VUTH CALCULATED
C( 59) EC FLEVATION CALCULATED
C( 60y
C( 61) Ia) AZIMUTH-DOT
Ct 62) ED FLEVATION=D0T
C( 62)
Cl 64) .
Clt 65)
Cl 66) ,
C( 67)
C( €8)
C( 69)
Ct 70) pep reo]on
c( 71) I (Y208 RNTY Wi In 'S Ko}
ct 72) ECC FCLENTRICITY
Cte 73) T EQCH T
Ct 74) E CCCENTRIC AMOISALY
C( 75) v 1AM ANOIMALY
Ct( 76) PDP U DOT PROODUCT OF UNIT VECTCRS
Ct 77) PDQ UV DOT PROOUCT OF UNIT VECTOPS
C( 78) ANG I THCLINATION AMGLE
Ct 79) ANGALN CANGLE TO LINT 05 HNODIS
c( 8n0) ANGAP CANGLE OF ARGUNMFNT OF PrPRIGEF
C( 81) < PN U ¥=COMEONTHT CF P O U
C( 82) PY UV Y~COMPONEMT OF P O U
C( 83) PZJU7 Z=COMDPONCHT OF P 0 U
C( 84) OX4 VX X=COMPONINT OF Q OR V
C( 85) QY VY Y-COMPOMNTNT OF G O V
C( 86) CZsV7 Z=COMPONEMT OF @ OR V
C( 87) WX X=~COMPOHEMNT OF W
C( 88) Y Y=COMPONENT OF W
C( 89) Wz Z~COMPOMNENT OF W
C( 90)
-C( 91) X POSITION OF SATCLLITE IN MITERS
C( 92) Y POSITION OF SATFLLITST IN ¥ TF0g
C( 93) V4 POSITIOM OF SATELLITE I wETEOS
C( 94) vX VELOCITY OF SATELLITE IM METERG/STC
C( 95) vy VELOCITY OF /SATELLITE M METERG/80C..
C( 96) vz VELOCITY Of CATFLLITE IN MTTFRS/SSC
C( 97) R MAGHTTUDE OF SATELLITS POS VFCTOR
C( 98) v MAGMI TUDE OF SATFLLITE vFL VFCTOR
c( 99)
C(100) .
C(101) X POSITICN OF SATFLLITE IN FARTH RADII
C(102) Y POSITION OF SATFLULITF IN FASTH PADITI
C(102) z POSITION CF SATCLLITE IN FLRTH RADIIL
C(104) vX VELOCITY OF SATFLLITE IN EARTH UNITS
C(105) vy VELOCTITY OF SATELLITE IN FAPTH UNITS
9(106) vz VELOCITY CF SATELLITE IN FARTH UNITS
£(107) :
C(108)
97
prr— id - ad 2 i T b i vl ol i« st et

‘
i
!
i
4
4
i

R
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C(129)

C(110)
cCti13y) X CENIVATIVIES FOR INTEGRATION
. c(112) YO PERIVATIVI & FOR INTEFGRATION
Ct117) YA, DIRIVATIVE S SO THNTECORATION
Cl114) VN PURIVATIVIES FOi?2 INTEGRATION
C(11%) vy PERIVATIVES FOR INTEGRATION
Ct114.), V7D DERIVATIVE S, FO™ INTECRATION
cefr7y :
SR ELD)
C(11)
(off § Bale
C(171)
cC(1722) .
C(17°) THITGRO IRIT AL GERErMwICH Titar
C(y1"4) THET L WETLN SIDNFRTAL TIMT(GRUUNYICH)Y
' C(12) ’
! i G2 LAT LATITUDE C: STATION
i caro7y LOMG LONGITUDE OF STATION
- q c12o) HT HETGHT CF STATION
Clirey TOOT THETA=DOT
C(130) j
Ct121) e . GEEOCENTRIC COORD OF STATION IN FefR,
F CL1r) v CrelrnTiIC COORD OF STATION 1IN FePe
C(133) 7S GFOCFITRIC COCRD 0OF STATION IM Fof2,
T 1724 XV ' !
C(13n) vy~
ce134) vZAa
C(137) XS e XA GFOCUNTRIC COORE OF STATION (!1)
C(1:39) YaevYaM GFOCIMTRIC CONRD OF STATION (')
C(129 7007 GFOCENTRIC COORD OF STATION (14)
' C(14D) . =
. Ci1a1) XV E T CONPONENT OF SATILLITE IN STN COORD
1 : Ct142) Yve COMPONFNT OF SATILLITE IN STN COORD
C(1e2) 7Va COLIONFNT OF SATELLITE IN STN COORD
C14a) THTU C(164) NOT ueeEn :
CLIcT7) arCoNn SECOND OF ORSTRVATION
| CUIGFEY THRU C(200) NOT UReD
C(ZN1) THY CL270) FUlal) THRU F(646) |
p C(737)
c(23m) o) DETFRMINANT OF . PE 7%
& . C(p30y ' - ; -
C(ra0)y
C(761)Y) THRY C(2nn) C141) THRU M(446)°
C(PO)Y . ’
C(rao) R(1) SIGHA%ED RHO
C(Ph7) TR(2) SIGYAHA:-%P RHQ-DO0T
; cC(rrey ' R SIGYh D AZIMUTH
C(Pnr) oP(a) T QIGHAN D FLFVATION
C(r70)y
CUI71Y R C(P04) KElel) THREU K{€44)
‘ C(=2"") )

98
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>C(296) Z(1)
C(297) Z(2)
c(29n) Z(3)
C(r0q) Z(4)
C(300) THRU C{340)
C(341) THRPU C(376)
C(377)

cC(3783)

CC(3T79)

C(380)

C(381) DXEST(Y)
C(382) DY ST ()
c(2383) DXFEST)
C(384) DXEST(4)
c{3es)y DXFST(5)
c(386) DXFSTI(HY
C(307) THRU C(400)
C(401) THRU C(436)
C(437) THRU C(a7?)
Cl473) THRU C(500)
C(501) . STANR
C(502) SATNR
C(503) YFAR
C(504)

'S

DAY

CFLTA RHO

DELTA RHO~-DOT
NELTA AZITMUTH
DELTA FLEVATION

NOT USHI

PE(1e1) THRY DBF640)

ST IMATIC
COTIMATE
CaT1AnTE
ST IMATE
CSTIMATE
ESTIMATF
NOT USED

oF
o~
O
¢
O
or

X Fieon
YoOERROR
7 EOR
VX FREOR
VY FRIOX
V7 F200

FPPRP(16¢1) THRU DPP(66Y

PHI(141)

NOT USED

THRU PHI(GE)

STATION NUMBER
SATELLITF NUMGER
YEAR OF OBSFERVATION
DAY CF ORSERVATION

99
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. ’ . L3 )
) . " - ~
. <
S .
SIRETC PALH . ’ .
. N i
N B a 4
O /AR IT/L(B00) < 2 ’
DIVENCTON X (H) e P(G).v(‘nn).>rDR(751thPP(7v)v t

1vxfw“(’f).wvfru(7 DAVZERR(TEY G TIME (7)Y e TP (75)
PTPRTEY TP UTTY  TOCLTRY g TG (79) A TPTL75) ¢ TR (TS )
ATALT ) aTEAT A TICER) ¢ Z0TRER0 ) §TP2ET75)
COUTVALTROE (C o0 4TI (L0911 4X) 0 (CLL10T ) aXFRY i
STEC (17 ) e THEGI S e (720 LD ST 1) 4 (CURP2) aDUERTR ) o
PACLIZLY o THE T4 )4 C2A2340) ¢DOXESTA) ¢ LCIH25) ¢ NDXEQTS) o
ﬁ(r(lﬂ‘)" LG ) (O DRG0 "“)o(f(alﬁ)¢£b1°l ,
GCUADPY AT 4 (T PG) WD) (G425 PP66) T A
CECETIN/N 0 (007305 ) o ACEPRY AT (CL383) e DXTSTI) e o
GUC AN g™NTETEN 4 (C (40 4P IAIC(424) ¢PP64)
TECAAIY LT (C0DT)Y V0 '
ANV FORMATOIHI OX e 1AHCONA0M LIST 16 ¢ SX g 7HTIME = (F15,7/) -
6 FOPVATCISAPX 1020107 : «

.

I!'d.- . o e .

€ TCTR 15 £ TIMT COUN :

€ = : : .
100 TCVR= QL0

N NT =Y

) GALL 7FRO
CALL TWPUT _—

_—CAaLL, STAT e ¢ ¢

CALL ROCoMe . :

¢ CALL FLENMTS
WRITE (64501) T
YRITE, (64600) (1aCCIY g COIH1)aCI42) 40 CH43) 4CUTI24)
1C LIS 4COI+6)4CUI+TYaT = 10a724n)
KOArSTD s :

e

KTC< = 60 '
C Al ’ ) G . .o .
oy NO ETPRESINTS THE NUWH&Q;O? ODSFRVATIONS TO BE
C * READ INe NONO 18§ USTD 7O DETERMINF WHEN THERE ARS
c NO MOQF M7 ASUL: P:NTS. KTCK DEPENNS UPON THE
C : MOAGUEN VMENRT, INTURVALS OF THY RADAR STATIONS
C . ) . .
NONO = (NO~1) ¥vTCH .
¢oH 'TO 2 C :
C \ N ‘ 5
c INZO (A RLANZS CARD) IMPLIFS THAT AN CASERVATION 1S .
q AVAILARLE AND THIS DATA 1€ PFAD  INe OTHERWISE N
C INTOGRATION OF T19 FQUATIONS OF ”OtION CONTINUFS
C FOR AMOTHTR TI® INTFRVAL.
c : : Yo ’
1 RTAD (Se20N) IN ' e .
©0N B ORMAT €11y N :
IF(It AelYes S '
11 Crrl 13°UTH : '
T OUALL krlvan W
o S ) ° 5 9 s ;
d ".f./"(- i g
P - //,,-“
I\
N
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% ._
DO 16 1=1423
J=1+43 i

OO 00N

4

o

AaNeNeNe

s

o

xtD(I)-xcl)/AE
16 XEREUI)=XJI) /VO
CALL FLCUTS.
GALL OUTHTA
caLL TQAJI

COTHT FOLLOW NG STATE ~ =

-
LN

IN THIE PL (s)T'T IME CPOUTI e

TIEC(NT) ‘= TCTR
JCTR = TCTD 4 60 -
XERZC MT-- ) DY'.al
YERIRC NT ) = ‘D¥ES

i

ZERR ( hT ), Dx"v
VYERR( NT § = DXLQTa
VYERR(.NT § = DUFETS
JVZERRE ONT ) = DXESTC
= TPLINTY = Po1Y | -
CTPPINT) = PPR2
"TP3(NT) = PP33 °
5 TP4INT) = PPas
TPS(NT) = PP55 |
~TPG(NT) = PP65
© TP7UINT) =:PP31
- IPBINT)Y = PPG4"
CTAINT) ="A
TE(NT) = E )
TIANT) = Al

NT = NT + 1'\-
WRITE (64601) T

WRITE (64600) (14CC1) 4 (141)0C0T142) 4 COI43)4COT£8) o
° 1C(1+5)0C(1*6)0’:(l-‘7)01

3 CALL UuPCOV

CALL TRAY

KOUNT =KOUNT+ 1

IF (KOUNTWLTKTCK)
Y KTCK = KTCK: 4+ 60

“.

L]
(Qf\m'-. 1, T_n

TUSEFD FOR TrmlRoiaAny STCUIAGE OF DATA

= 1447249)

GO TO 3

‘
EOR USS

"

TI(MTY=21)

THIS STATEMENT UPDATES GREENMy ICH SIDERFALs ©
TIMF EVERY MEASURTMENT INTFRVAL

. THETA = TH7GRO + Me0043753GOXTCTR/E0.0
IF (KOUNTeLEJNOND) GO TO 1

DO 17 k=143
J=143 g
"XER(I)=X(1)/AE
17 XER(J)I=X(J)/VO
" CALL FLFMTS .
CALL OQUTPTA 9 o

%

(A
LI
4 .

T

=

.
4

\

\
et e




T e CALL PLOTS(DGAN0) ;
COCALL DRAMIXEPRGYFRP ) 7ZERN ¢ XNEORGTIVE ¢NO ¢ 34 3)

CALL DRAW (VXINRGVYFRRGVZEPR GUXIRR e TIME«NO9343)

CALL DRAW(TRP14TP24TP34TP74THAF eNOsA ¢4 ) }

CALL DRAM(TI4 4 TESeTP6TR3s TIMEIND 444 4)
©CALL DRAWITAGT o Ti e TASTIMTINC4341)

) CALL: PLOTE - \
co:TO 160 .. - 4
s D ' ’
, :
EUNEXERPY P UPRALY B ZRERLARRE NS
=

&IN5 TC 77RO
SUNPOUT INE 20D

THIS SURPOUTINTG ST THE 600 COMMON STORAGE
LOCATICHS TO Z¥FRO AN DEFINTS ALL NFCFSSARY CONSTANTS

ONDOHNH

COMMON/LEIT/CLG00)
PEAL MUSMUMET o:J2"n J3WKE
FOUTVALL NCE (C(P19)4F14 Y4 (C(226)4F25 " Yo
1(C(P323)eF26 " Y lCIO1T)eJ2 10 (C(O1R)J3 )
2(C(018)¢F ).(G4qu).A¢ 14 iCLONQ]) 4y VO Yo

3(C(017) « MU
4(C(O013) 4 IF
5

-

Ye (C(U7SY e TOOT
I (CLOO2)Y4DT
CLC(O1AY) aIE?

Y4 (C(D16)KE Yo
Yo (CCOIOYMUNET Yo
Y4 {C(ODRIWLT2 Yo

6 U 0T7Ye DT (CLO0G) s WIEKE)
NAMCL I ST/NALES/OT i
DC 1 1 = 14600 T

1 C(1)==0s T ‘
READ (S eNAYES) |
Fl1iez1e0
Fp6=1,0 -

. F36=1.0

rUu=1e0
JP=1082e545F~0%
J2==2 G465 -05
F=1eD/20C 625
THOT=04 05883447 : .
MUMNFT=3e0R6032F+14
VIE = 7e29215F~5

MULTIPLY WIE BY CANONICAL TIME UNIT FOR USE IN
SUBROUTINT FLEMENTS

-

NOOO

WIFKE=WIFXR045.821364

WIF2zWIF3wIf

KF=442602430

AF=A37R1FA0,0 .

VO=T7eO0N3376F407 5

DT2=DT*NT /260 ’ \ .

DT = DT2*DT/73.0°

o

Sy =Y




ey = mo

e NaNeNe!

- GGC/EE/70-7 / : : . ;
i
RETURN g i
FND ] - 1
%}-)H\‘ RERN L RERRE NN ERNRAR S AN 2R :
SLREFTC INPUTZ | : E
h SUBROUT INE  TRPUT « 1
c : - - . . [
c THIS SUBRCUTINE RIT/ANS IN THEC FIST SET OF DATA \\
C WHICH IS USSR IN SUTMROUT TNE FOCOYP TO ESTARLISH
C INITIAL BOMINAL TRAJSCTODY ]
(o i ' :
' COMMON/AF IT/C(AH00)
REAL AT ¢LONG 4 MIMNUTE ;
INTECER? SATMRGSTANRAYFARSDAY sHOUR ° 1
. EQUIVALFRNCE (C(001) T )4 (C(003)¢DT Yo 1
1(C(120)4HT Yo (CL126) 4 LAT Ve (CCIP4) e THETA )
2(C(0%4) 4FL ) (CLOB2Y W A7 Yo (C (051 4RO )
3(C(061)4ADOT 4 (CLOE2IGEDDT )9 (C(341)4P11 Yo
4(C(355)4P33 14 (C(562)aP44 )4 (C(369) 4P5E Yo
S(C(266) +P1 ) o (CL26T) 4 R2 Yo lC(260)4R3 Yo
6(CIS01YaSTANR e (CLEN2) 1 SATND 1o (C(S03)eYFAR )
T(C(020) ¢HOUR )4 (C(O30) sMINUTEY 4 (£(167)4STCONDY o

B(C(OZSHIIER) s (C(O26I4AM) ¢ (C(O2T)I4RBY ¢ (CLOPR) 4RNPR) o
S(C(127)4LONG, Y (CLOSZ)Y) ¢RHCNOTYI((C(2a0)eP2D Yo

ALCHL27L +F00 ° 1e(CiPED) WA 14 (C(504) ¢DAY Y
B(C(1223 4 THEGROY 4 (C(O0203 4T )4 (CTB32)4NO )

NAMEL 1 3T/NAME 1/E6 s ATs F s RDH/NAME 2 /P11 4P224P334P44
1P554PC6/NAMED/R] ¢ RP 404124 /NAKEG/HR 4P INUT 4 SECeNO W T
CREAD (S4NAVEL) .

READ (SeNAMEZ)

READ (SeNAMEDR) | |

k—

R1. THROUGH R4 (COMPUTED RELOW) ARE EQUAL TO THE
SIGMAS SOUARED. . B

.«
I

R}
R2

R1*%2

R2%%2

R3 (R3/57e3)%x%x2

R4 (RA/5T7e¢3)%%2

READ(S e NAMEG)

VRITE(6sNAMES)

READ (S54501) LATLONGWHT )

READ (50502’,SATNQQSTANR.YFARQDAYQHOUR.MINUIFQSECONDC

nnn

]

1EL s AZ¢12HO« INDEX¢RHONCT 4 ERDT ¢ ABOT ‘ |
1 INDEX ¢ RHODOT ¢ENCT ¢ ADCT '

C THETA 1S THE MEAN SIDEREAL. TIME AT GREENWICHe

RHR = HOUR
THETA= (HR4RHR 4+ (P INUTHMINUTT ) /606 0+ SECHEZCONDY /
L 136D0401%15.0

v

103

P




GGC/EE/70-7

n

s

. o
! C CON‘.K""?T THETA FRPOY DFCOFCS TO RADTIANS S
C g ’

’ THETA = THFTA%147452203F =)
) - THFGRO = THFTA '
HOUR = BN - . ‘ ’
.. GO TO (142e¢304) ¢ INDFX . "
| 1 RHO = REC“10640 '
GO TO 109
2 PH)D PHCOX 10060
¢o TO 10C .
3 RHD = RHOY1600.C
1 GO TO 100
L“ -4 "RHD = PH3H1000CL0O
E ' f 100 WRITF (64600) QATNu.qTAMQ.YFhQ.DAy.“Q RaMINUTS
: PEFCOND
ILAT o THETALONG cHT 4FLe 27 4PHO g RPHODOT o FROT o ANOT e T DT
! 501 FOPYAT 1A4%eFTe/ 4 el aFGeN) -
3 502 FORMAT (1XeI1%e134 1241341205 26005563 ¢FGeAs1XeF 704010
IF 762110 1XoF 7670 1XeFDel 41X FSe4) :
600  FORMAT(1H] ¢32X33HINPUT DATA FOR INITIAL TRAJUECTORY/
' 138X 0 17HSATELLITE ~UMDEP = ¢ 154 10X
} B17HSTATION NUMDFR = .
] P13/83% ¢ AHYFAR ¢ Yo TFDAY ¢ 5X ¢ 4HHOUR ¢ SX ¢ 6GHMINUTE ¢ € X'
3SHSFCOND/A4X 4 12460 1346X 1248X 0 124 TXF6e3// _
OANGITHLATITUNE = «T1567485XeI0HTHTTA= = 415,747 X

( 41PHLONGITUDE = (E15e745Xe 1THSTATION FEICHT = (F640/3% _
S1PHELEVATION = (C15e744X e 10HAZIMUTH = oF1Ce745X,

O6GHRHD = 4F 15674 11X e 1OHPHD=NOT = oElE.?/J&o {
AVTHELFVATION RATE = 4F15e7¢73%0

TISHAZ INUTH RATE = sF15e7//3X e 1AHSTARTING TIME ==
BF 462/ ¢ 20HINTFGRATION STFD SI7i7 = ¢%462)

C A
C STATION RIAS CORPRTCTION, {
‘ c !
- FL = FL + FB N .
AZ = AZ + A8 i
PHO = RHO 4+ RRA : .
\ RHNDOT = PHODOT + FDR e >
! - RCTURM : o
* END }
EREFRAALA TR ERRE SRR AREXSLIRY
\
\ SIBTTC INDUTR % .
: SUBROUTINT INPUTA . , .
c . : )
(o TIIS SUPROUTINT READS IN ALL' MEASUREMENTS \
3 C SUISEOUENT TO THS FIR2ST YEASUMTMENT
P . C B
COMNON/AF 1T /C (GO0 . 1
FQUIVALENCS (70 51) 414D Y e (C( T2)eRHODOT ) o
' 4
| ]
3 ‘ 104 |
A ’ _.1
4 1
\ ) |
a l .
E & a 3
f ¢ v ’
L. T adad i e sl e ;1‘;_“... S B o g .'
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GGC/EE/70-7 \
1(C(053) A7 Ye (T 5A) VL Yo (CC BLYWAZDOT Yo
P2ICIOPRYIAFPYIa(CUNPAEY ¢ AR 4 (CUN2TI A (C(N2R)Y ¢1eTV3)
3(C(062)¢SLNOT ) )

. READ(S SOOI L ¢ A Z 40 INTITNY gDHOTOT o ELNOT -
SCO FORMAT(2AN 4 Fhe” a1 Cal Teia 1Y eV 7ol ¢ 1) 01N 7 c?olXquoﬂ)L

GO TO (142943 44) ¢ INNEX
1 RHO = RHOY1060
GO TO 100
2 - RHO = RHOZINO,n
: GO TO 100
3 RHO = PHO¥10CN.D
GO TO 100
a4 RHO = QH?%]OGO“.Q

STATION RIAS CORRTCTICH,

s NeNg!

100 Fi FL + FR
. A7 = AZ + AB
RHD = PHO + Pp
RHODOT = PHODNT + POR
RETURN
END

nn

2 I R LA IR R X B

$IRFTC OUTPTZ

SURROUTINE OUTPTA

THIS SUBROUTINT WRITFS THN CUPRFNT VALUFS OF
THZ POSITION AND VFLOCITY OF TH™ SATFLLITE
ALONSG VITH ITS ORBITAL FLFMFNTS

aEeNaNe el

COMMON/AEIT/C (600

EQUIVALFNCF (C(020) 47T 1)

C(1)=C(1)~TI

VRITE (6¢600) C(1)4C(12E14C(124)4C(126)4CC127)4C(50)
1C(51)14C(62)4C (B3I iC(52)¢C(61)

C(1)=C(1)+T1 .

WRITE (64601) C(1)¢C(21)4C(101)4C(94)4C(108)4C(92) 4
3C(102)C(05) . .
1C(105)4C(93)4C(102)9C(96)4C(106)4C(97)1sC(SR)C(S1)
2C(52)14C(5314C(T8) 4L(56)4CI57I4C(T8) 4O (5G)

VRITE (64602) C1V4T{T1)4C(T21aC (T 4C(TD) 4T (A0,
1C(74)4C(75)4CLT)

600 FORMAT(1H3¢4Xs10HINDPUT DATAISXs7HTINE = ¢F15e7//56Xs
118HSTATION PARAMMETIRS/BX4OHHTIGHT = ¢S15e7 45X
T8HTHETA = ¢E1Se7s
PSXe1THLATITUDE = (E154745X¢ 12HLONSITUDE = ¢C1547//58X
318HRADAR ORSERVATICNS/1SXs 12HTLEVATION = 4E15,745X
A18HSLANT RANGE = «F1567410X417HTLFVATION RATE =
BE15e7/15X . \

S10HAZIMUTH = 4F 1854747 ¢ 1OHALANT PANGE PATT = (F165,7,

105

4 .
o a o e Eaiia i s it i | il e Ml it o Sk biicic bepl o mamn | -
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ki
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65X 1GHAZ IMUTH RATE = 4F15e7///)

601 FOEMAT (44X 1IHTUTOUT CATAGHSKeTHTIME = oF15e7//74D "
12AIHOATEFULITE POSITICN AND VELOCITY//8Y% ¢
. PTHM(1EY =2 qT 15 7eON e PHX(EPY = (M 15679 X e

1OHVX(M/9) = o515 700X e MHYNIFU) 1B 7/0 X,
ATHY (1) = ¢F 1SR ¢T OV OV LIFRY = aF 15674 X
i SIOMUY(2/9) = 416, 740XV IFU) = 4T 15e7/8X
GTHZ LY = 41T e 7458 MHZITPY == 47156745 Y
TIOHVZ(M/S) = 150 TaGXeMHYZIFY) = oF 156 T7/8% s 7THR (M) =

LT}
4

Pr15e7433X0 | |
BV (/9) = ol 15967/ OX4BHPHC=M = (F15.704X, ) _
€12 1R10-D0T-12\= o= 15074 t

OIX g THAZ =1 = 4T 1547OXGTHTL=M = yF1567/ BXeHRHO-C =

D5 1567940

L PHPHO=DOT=C = 4F 15470 1XeTHAZ=C = ¢F15e 74O e THEL =G =

Fi'1heT///) ‘
602 FORMATIAX @ IAHDRNTTAL FLIFUENTRWONGTHTIME = 4P 15.7//5%e -

COBGHA = ¢F 1547 A :

15X ¢HHTCE = 4154745 aaH] = 4P 106 705X ¢BHILN = 4F 15,74 "

GEHAD = o

PE1Se7 /5%t = (F1NeTaBXeHM = 4E15, 74 TR SHET = o

551507
RF TU
FND

© I ’ FEXEXIN Y ANISEYAIERRAPURAZIINX

1)

ITFTC COVe
SUAROUTIME UPTOV

|
. ¢ \ ) .
C THIS SUPRROUTING UPDATES THE FRIOP COVARITANCE WATRIX
c F7 Use O THR ATATF TiRANSITICN MATRIY
Ie []
COVMBN/EF 1T /CI600) - , '
DIVENECION PR(GLeH)ePT(HAIA) aF(GCaRYPANCHIGIO)4PHI(E 4B
1PADGSI(E46) «OCHIT(S e 5) N = a
FOUIVALENCE (CL201)4F Yo (C(238) 4D )e
1(C (341 4OF 1o (C (401 459 )4 (C(ON3) 2 DT Ye
. 2(C(O0R) e DT? )¢ (CL007) DT )4 (C(a2T7 5 4P
C ‘
c COMPUTFE THE SQYRTEM [LESCOIRTION MATRIY ~ F .
el c '-‘ . - :
CALL &nv — - - ‘
c — R
4 2 c. COMPUTE STATF TRANSITION MATRIY, - PHI  AND - PHIT
e
N s C B
CALL D20 (F T PANGAI646604046)
: ( CALL I'PRD(Z4PLT664¢PANGET e 5615001046) _ g
DO 11 1=146 : _
‘ : . DD.IC U146 i \ ; it ]
{ ) 10 PHI(1 e =M (1ad)2DT+PADGS (1 D) *DT24+PADG6Y (16 #DT2 ]
11 DHI( 1Y =PHT (T 1)4160
0 %‘ S L3
106
e‘ * 4 i
’ 3y - e
® 41
; A \ $ 3 o -
L e R T———, ," - . _— .




GGC/EE/70~7 :
i CALL MTRA (PHI «PHIT 46464 § 1
C UPDATE FILTED FSTIMATION COVARTANTTE VATIPLS - pff . 0
. C : :
CALL MPRD (PHI PO PLDCAS 64648000 eA)
CALL EPRD (DADNGPHIT O 464G 106 0eh)
y D=NFT(PF 4)
DO 22 I=146 '
DO 22 J=144 L
23 PP =PI (14U =
RE TURM
END
. c Kol SRy R EER G ARRRN LY LAY NV ) "'
SIBFTC FQCOIe ;
SUPRGUTIN  FOCoMD !
c . _ o .
C THIS SUIROCUTING WHFN GIYTIL PADAR MEACURCMINTS
C COUPUTES VALUTS FOP POSITION LMD VELOCITY OF THI ]
[ of SATFLLITF 1 TIF QOTATING GEFOOCUNTRLIE FDAYT
= | _
COMMOM/AF IT/C(600) o w
REAL LXIZ4LYIKqLZICaUXMDOM gL YDP (L ZD 4L 1 4L 241 34 <7 L ONG o LONGE {
EQUIVALENCS (CLOS2Y 0l Fo(C(Oma) T e - 3
1(C(O051) ePHO 14 (C(OG1YIAARDT Y4 (C(CEZ)eTDET )4
2(C(052) ¢RHODOT I (C(126) ¢ PHL Y4 (CC127)4LOMNGY ;
' » 3(C(128) 4 HEIGHT) 4 (C(121) 4CX YelCL122)4CY ) .
. 4(C(133)4CZ 16 (C(101) 40X )4 (CC102) 4Ry s 7
. 6(C(103)4RZ RREAS LIS TLealE R Sl § Rola RicA (LI X' '
T7(C(1058) 470 )o(C(OlO$4AF Ya(C(n1A) o7 Y
B8(C(129)4TDOT N e (C(ODI)XYER Y4 (CUAT2IAYIT2 )y
O(C(093) eZMER Yo (CIODLGY ¢XNTMEDR ) ¢ (CIORTH5) gYDMER )y
A(C(OCEY ¢ 7ZNIVER 1o (C(137)¢XEMR Y4 (COI2DY (YN,
, BIC(130)¢7ZSM 14 (C(O15)14F) e (CLYaVO) 4 (CLIT)4UF Y
. DATA CDTR/1e7452202E=2/ ' : : 1
- PHIR=PHI*CDTR
AR=A%CDTR ] _ :
ER=EZCDTR | ‘ ' ' " :
5 LONGR = LONG%CDTR . : )
SG = SIN(LONGR) )
CG = COS(LOMGR) . .
SP=SIN(PHIR) '
CP=COS(PHIR) = - . ’
SE=SIN(ER) ’
_ CE=COS(FR)
F SA=SIN(AR) _ .
] ' . CA=COS(ARY - . .
. ' : RHOF = RHD/AF ' , : , R
b . RHOD = RHODOT/VO : 9
f ED=EDOT#60s O/KE - o s
; . ' AD=ADDTE606 0/KY " ' d
4 . . i .
) 107 ’ |
, - ' 9’ . \
o * g ?
O : ) - = ‘ < ' .
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LAOTE = AD
H=nT 10T /A"

CFF=140/0CT(1e0=(DeN*F=F ) GPXGPY. =

S=SFEH(1e0-F) 222

cx =
cy =

Cc7 =
MO o= ex

-y

yauo =

7S =
c CO uTH vireT

L1 SOs0RE0A
Lo=Ch¥ R
LaA=Cixam
Ly = CG*(-i
LyR = §6¢(-L
L7 = CO%CF®

200

e

CONPUTF. VFCT

N

| =GnTC Ay pE
l‘Yn.’.‘ -

14CCLCARANTE
LzDw

SYSTE

nnnAn

1

Ry,
RY
Rz

-

N

n

¢ osYaTFe .

NONON

L ON
RYN
R7Y = RHOEX(
C COMNYTRT RO

. XMTP = PXIAS
74T = By
7T = R7Y /.;:

CONVERT Flades

aNeNe]

YN =

Ly = Cered
eGriedrgprr ANCE
2= C GARANCH - (PECATSEHID

COUDUTE CODWMINATTS OF

[EPARRAS)

¢
-

¢ COMDUTHE COMMDINATIS OF ATATION IN ROTATING FRAME

~(CFFAHYZCOECI

ity ¥ P GG

ol Sch 4 B AN

Iae

= CVYVAF
CZ“‘;’:-

R L. IN ROTATING FRAME

141 2y - €13
140 2y 4 Co¥L2
o A RAR N Ay
OR L--NOT 1IN ROTATING FRAME
YGATANCY 4 COASPUEGFECAREN
4 erreprceren

4+ SGEAPLSEYXCAYED

~ TLYSERSANED

+ CGXCP*CEXD
+ SG*CPXCrien
+SPRCE %ED

i
1

ONU~CT WITH RIVSPECT. TO ROTATING

\

PHOT XD -, CX , : 2
PHO= I YR ~ CV
PYHOrYL 7D - 7

s

CONPYUTE VTLOCITY OF OfJUFCT wITH RTSOPECT TO ROTATING

»

U RHOTFLYDR 4 RHIDELXR
QMO ELYDR + RHODELYR

7DR 4+ PHODRL 7P
FARPTH UMITS TO METORS

N o

FanTil UMITS T CTFPS/STC
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YDMFR = RYD
ZOMER = RZD
RETURN
END

SIBFTC ELFMTe]

#V0
v

sunnourxwr ELeeTy
C ; /
C THIS SUPROUT TN WHER GIVEMN THY COUATCR AL COMPONENTS ¥
G| ; Xe Yo 7¢ YDy YD« 7D )
C COUPUTES THE ORRITAL FLEYVENTS -
C LBy ECCe To 1o Allle ANa Ty 1%
c UNIT VECTORS=04t= ADE USFD A
c
COMMON /AFIT/ £(600)
REAL lo WelleE ; »
FoulvnerCF CC101) 4% _)o(C(l@/)oY )
1(C(103)47 . Y e (CC104) 4D ) o (CLIDSBY o YD )e
2(C(106)+2D: 1o (CIOTIY 4 & )« (CLOT2)45CC Yo
3(C073) 4T )4 (CLOT8) o8 )4 (CIQ7SI oM Yo
4(CIO1G)Y oF Ve (CLNYDY 1) YeLTLOT78Y 0D e
B(C(O77)4PDO YA (CIOTRY W ANGT . ) 4 LC(OTO) ANGLLINY o .
6(C(OBO) s ANGAP ) 4 (T (081 ¢PX )4 (CLORP) 4 OY )e
7(C(083) +P7 1o (CLOB4YOY o Y4 (C(OB%) OV ) o
B(C(OB6) 407 ° 14 (CIOBTY X Netcionny vy Yo .
9¢C(géo).w )y (C(OT0) 4 BFR Yo (CCI24) e THECR Yo
A(C(006) s WIEKF )q(C(COL)«CO?JU)o(’(Ol')oﬁr ) e
B(C(O31) ¢HP y . :
DATA CQTD/S7.?°5780/ )
c s [
(@ TRANSFER x.v.7.xo.v0.zn. FROM .ROTATING FRAME TO
c INERT IAL FRAMF . o
C ¢
ST = SIN(THEGR) w
CT = COS(THEGR)
X1 = X%CT ~ y=ST :
~ YI = X¥ST + Y*CT

XD1 = XD*CT = YD#ST ~ WIEKEZY]
YOI = XD%ST + YD#CT + WIEKE%X]
X = X1 = ‘
Y = Y1

., ' XD = xDI
YD = YDI

c .
c COMPUTE THF SEYMI-MAJOR AX1S
C 2

‘40 . RO = SORTIXXX + Y=Y + 72%7)

.+ V&Q= XDﬁ'Xﬁ-leD*Y"-&?D’fZ”
o SORMU=SCET ( MU)
- CARFC= (24 /20 )= (V5Q/MU)

109
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GGC/EE/70-7 . 0l ‘ . ’ v

(2}

A=140/0REC ' : g ¥ . ]

c 1 e : .
C COVPUTE TH= PERION « - .
¢ { . R , :
PER=T. 4 PR AFA X NPT (AXX /MUY /KF S '
Q = AY(1e0-0C0) . I? k : iy
HP = AFX(0=140) - ) 3
c B A . o
c COMPUTT THE FECENTRICITY - FCC [
(. ¢ . . R /1
ChO=SCUr ({18 /RO~ AREC) ,
l o

RO=SAPT (VD)

O= (XU XNAVIVIILE 7Dy /SO0y
EC=rnonpnyzontvy )

Fa=n/onenyr) . F
FCC»’:"»C':TT(F"\X-;'?tr(::'-‘;éj\ - '

o

(S ]

COMPUTF TI'™ FCOEWTRIC ANDUMALY «~ F

E=ATAND(T G4 C)

c
C COPVUTE THIE "-’l"t:'\?\' SROMALYS -~ M J
c :
, oM.
‘ c . . . .
n < CONMDUTE THET FPICH TIMT -« T .
€. A e - .
. T=MECORT (A Y R3) /(SORNMURET ) . ' ]
« . : e . L . E
c COMPUTI THE COMPONENTS 05 P 4
¢ o ‘ :
' B AX= (DD =X YD) /SQRMY |
AY= (DR Y=DrYiy) /86y )
AZ=(DDEZ7=D%Z0) /301008
PX=AX/FCC " .
! - PY=AY/SCC )
*_ P7=AZ/FCC
- < - | )
i ‘ : c LCOMPUTE THE - COYPONMENTS OF 0
4 C ‘ g

SP=L* (1e=TCCHICO)
H=RO~-CD
HD=S0RYY D /RO : , |
OX= (HDEX=H X N) /00D )
BY=(HDEY=HYVNY /A0
& AZ=(HD27 =27y /78000y
v CON=1eO/(ECCESORT (SR))
‘ OX=f1%0D
v : . QY =nys*n

Q770N k
- c - B
3 o, e,( COYTYTT TH CHAYDDMTNTS OF
F H .
3
:
! : |
| ' | - 110
‘ ! .
I v
i
’ ‘ B
¢ f # *
- .
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%

HX=z(YR7ZD=Z2 YD) yelPvY
HY = (Z#XD=X%7D) FS0nmy

. H7 = (03 YD=Y 2 XD /7007 R ¢
ERAP=OANT (D) ’
. WY =HX/8R"D . 3
L. WY =HY/SRER / .
] i . W7Z=HZ/SReN : i
c . A : 1
fe COVMPUTE Tl ANFLES =  Te AL ~OJ / 5
. o c : ' ;
T : 1=2APCOS (7). > e ]
: ALNSATAND (Y 6 =0 ) ’ '
AP=LTANP (7 407 5
] ANGT=1#CPTD e ;
TF(AHGT ol TaD e AMAT = A 1436040 |
ANGALNS AL NI CIDT . b
. TF(ARGALM oL T e 0N ) AN LM =ANCGALIH 6040 ! T
A ANGAP= APFCRTD : Y :
IF (ANGAP oL T e 0D AUCATZ LEIGADY 360 ¢ O 1
ADO=OXXOXA4 NY XQYLAT 207 “
QDP=QY%PY+0OY YNV 4L7 07 o
| RFTORN i ' ‘ : '
END : ‘ : :
L E X PR R LSS SR EE R BT RE L X ST AT
| S $11MTC ELFMTe?
1 SUAROYTING - FLFMT2 . i
1 C - ' J B 1 . '
| . c THIS SURROUTING WHIEN GIVFN THE FQUATORIAL COMPONFNTS
I ¢ *Xe. Yo 24 XDy YD¢ 7D |
| c COMPUTES THE ORDITAL FLEMSNTS - {
¥ C As ECCs Totlo ALNs ANy Fo MQ
! c UNJT VFCTORS~U.VMg ARE USED
; c ' \
1 ' COMMON/AF]TVCG&OO)h‘ .
{ ' " REAL JeMUGMKE L ' ' .
EQUIVALENGE  ~ (C(1n1)eX )4 ¢CL102)4Y ) N 1
1(CC103Ye7  ° 1e(CC104)eXD )4 (C(105)4VD X I
2(C(106)420 14 {CI(OT1) 0 A Yo (C(O72)47CC Yy . .
| A . 3(C(073) 4T ValCINTAY 4% - )4 (C(OTE) M Y -
1 . 4(C(016) 4KF ) e (CLO12) 41A1) Ve (C(O76I Ny )y '
S5(CIOT77)eUDV )¢ (CLOTBY 4 ANGT ) 4 (C(OT7D) s ANGALN M»
6(C(OBNYSANGAP )4 (C(OB1)aUX ) elr(nazy iy )
7(C(083)UZ 1o (CLOBAY 4UX ' )4 (C(OPS) 4 VY )4 : ;
. B(CIOBB)ISVZ <)o 1C(02T7) 4K ) s (CCOPR) gy ye s
; S(CIORD)AWZ | « N (CLOTOIWPER Y a(C(M2A) s THEGR )4 o -
. A(C(006) ¢ IFKE 1o {C(004) ¢ RO (C(O1NY ¢ 15 )e .
. , , B(C(031)HP ) ' ' T o
DATA CRTN/57 6205770/ , - - R
c 3 L !
.v == ‘ - A‘ -
’ ‘ 111
| "
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C TRANSFIR XeY o7 XDaYD4ZDVe FROM ROTATING FRAME TO
1 C INTCRT AL Frihrs”
c
. % CT = COS(THFGR)
" ST = SIN(THICM) '
‘ X1 = xXxCT = vzeT |
. YI = X*ST 4 YCT ]
XDI = ¥Nr*CT = YPraT = WIFKELY])
YOI = XD:ST + YN2CT 4+ WIFK oyl i
X = X}
Y = Y}
X0 = XNI
YD = vyYnl
10 RO = SOPTIX'X 4+ YIY + 7%7) ’
SATYU=GADT (7))
IX = Y47N=73YD
HY = Z3XN=xXx7d
H7 = XuYD=Y#%D , . '
P = HXXHYIHY SV /27 '
PSGOR = SART(P)
Ux = HX/PAnR
vy = HY/PSOR ‘
V7 = HZ/PSOR ;
UX = X/i20 |
Uy = Y/RO
; ) Uz = Z/RO
VX = WYIUZ-17 XY
VY = ¢ZEUX=wNxtiy .
V7 = uIXEUY=uy 2y
RD = (XEYD4YIVYD4Z7Z270)) /20
FSV = RD¥P3N2
FECV = (P/P0)~-1.0 I-
c .
C COYOUTE THf FCCFNTRICITY = - FCC r
c .
ECC = SCRT(EZQVIXP+EC #%2)
C
C CONPUTE THE SENI=%AJOR AXIS = A ‘
C
A = P/(1eD-FECCXE2)
’ Q = AS(1.0~7CCH
HD = AFX(C=140)
C
C COVDUTE THT DFR1AN
C . .
12 PER=6420AG4SART (AT X2 /15U) /KE
AY, = UXTYECV=UX*E[Y
AY = UYSECV=YYIESY
AZ = UZFCCV-VY7IF8Y
SWw7 = SCRT(1.0-w7%¥2
5 AXN = (=AXFUYLAYIVX) /C0T
AYN = (=073 (AYTUUXFLAYINIVY ) OV V422507
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g COMPUTE THE FCOPNTRIC LMNOMALY -~ F
c ,
FSE = ((ROZSQLT (1 eN=FCCE2) )GV ) /D
FCE = (ECV4FCCYH#2) /(1401FCV)
E = ATANP(FSF 47O
c .
c CONTUTE THS MELw AMDLLY  ws 1
c
¥ = F~FSF
c S
c CO%PLUTE TH FPOCH TINE - T
c
T=4ESGRT (AL 3) /(CORVYL L)
c
c COMPUTE THE AMGLFS = 14 ALNg AP
c

1=ARCOS(WZ)

ALN=ATANZ (VX4 =Y |

AP = ATANZ (AVYNGAXH)

ANGI=T¥CRTH

IF(ANGT oL Te D DI ANGT =AML TI4+360,0
ANGALM=ALNZCPTD

1F (AMGALNGL T e 0o O) ENGALNM=ANGAL N4 3504 N
ANGAP=APXCRTD .

IF (ANGLP oL T eNe Q) LMGLP=ANGAP+360 0
UDU = UXXUX+UYRUY+UZYUZ

UDV = UX#VX+UYRVYLUZAVY

RE TURN

END

SIBFTC STAT.
SUBROUTINF STAT

THIS SUBROUTINE IHFEN GIVEN THE LATITUDE ANMD
LONGITUDE OF A STATION COVMDUTES THE fFLEMENTS
OF COORDINATE TRAMSFORMATION MATRIX

(aNeNeNeNe!

COMMON/AFIT/C(600)
REAL LATLONMGLATR JLONGR

EQUIVALENCE (CL126) +LAT
1(CCOAT7ICLTI3 14(C(081)Y4CLTE
2(CLO4R) JCLT23 Y4 (C(O42)4CLTPH
3(C(0A49)4CLT3I3 )4 (C(2A2)4CLTR)

DATA CDTR/1e67432035~2/

LATR=LAT*CNTR

LONGR=LONGXCDTR

SLONG=SIN(LONGR)

CLOMG=COS (I ONGD)

SLAT=SIN(LATR)
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CLAT=COS(LATE)Y
CLTIt=-CSLATF¥CLCNS
CLLT2YI=~=SLATESLCNS
GUET 2N SGLIAT
CLTI>2=cLOMNG
CL.T?2=-CLO"IG
CLT32=0e0
CLT13A=CL,/THCLONG
CLT?P3A=CLATHSLONG ) "
CLTAR=SLAT

RETUN

FND

$IDFTC MFASe
SUIROUT IHT MEAS

c
C THIS SUDROUTING WHEM GIVEN THF PCSITION AN
c AMND VELOCITY COYPUTES RANGE ¢RANGE RATE « AZ114UTH,
c AMD CLEVATIONe 1T ALSO COMPUTES THE FLENIMNTS
c OF THE NMFASURFUFMT PAATRIXe M THE VARIAELES COYCUTED
o IN MEAS ARF USFD IN SUSESUTINE KALVAN
c
CONMLON/ASIT/CL600)
REAL LATJLONGLATR3LONCR ¢%(446)
FQUIVALENCE (CL091) eX )e(C(D92) Y )
1(C 093y (7 Yo (CLOOLY o %D Yo (CLODSIeYD Yo
2(C(056) 7D Yo (CC137)4¥%S Yo (C(12B)eYS Yo
3(C(139)¢75 14 (C(O56) 4R[HO ) ¢ (C(OST) ¢ RHODOT Y o
4(C(0123) v “1e(CL141) 4 XVS 1e(C(142)0YVS )
S(C(143)e7VS 1o (C(2Pa1) M 14(T(126)sLAT )
6(CII27Y4l.ONG .  1e(CLOA41)4CLTEL Y4 (C(024)4CLTI2 )
TCCADAT7Y4CLTLIZ 14 (C(OA2) 4y CLLT21 14 (CLOA5)4CLLT22 )
BIC(O4R)Y4CLT23 14(C(CH2)4CLT21 Y4 (CIC26)4CLTZ2 )
O (A(040)(CLT22 19 (CINFOY 4AC Y e (CLOSG)Y & C )
DATA CDTRWCRTD/1674532035=2457e 205775/
LATR=LAT%CDTR
LONGR=LONGYCDTR
SLONG=STINL(LONGR)
CLONG=COS(L.CGNGR)
SLAT=SIN(LATL)
CLAT=COS(IL.ATR)
XR=X+XS
YR=Y+YS
7R-747¢
¥VS-CLTI1*¥XR+CLT21%YR4CLTII=7R
YVE=CLTIZYXR4OLT272Y24LT A 2R
ZVE=CLTIXR4CLT2 % YR4CLT33¥ 70
C
C CALLCULATE RLNT g PANGE RATF . AZIMUTH. ANC FLEVATICNG
C '
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]
T PHOZ=YREXD EYRIYIL /TR ]
T RHOZ GOOT (71402 t
& RBODOT = (XI[sX™ 4+ YOIYD 4 ZI2u7y sineer
. AR=ZATAND (=Y VG4 XVS)
CREATANI(ZVE « STRT (DS 7V Y Pyey 1
AC=AR:CTIID
' FC=FRACRTD
C {
C COMOUYTH: THE IT7 YN =7 T 1K 2 4
C
Mol /OHN
P (1ePY=YD /0
Fi(le3y=7/1 /D0
M(Pel) = (¥YDY/2UT = DSOS g
NP ery = (YD) /UMD = DM YY) i
MU2e2Y=7D /D= RHN TN YL e J
] M(Psa)=11(Ya1)
‘ M(Pe5) =11 42 )
M(Pe6Y="(1423)
T1=1eO/(RHD2=-7VEXZVE)
M 2641 ))=T1#(=XYVOE oL CinC=YVE LR ATY CLONG)
MUR242)=TIX(4+YVATCL OMNG=YV Y SLLT Y TIL.ORS)
M(3e3)=TIAH(YVSECLAT)
T2=SORT(TI)
M(aa1Y=TP2%(CLATSCI OLG=7YEIYR /D)
M G 42)=TP%(Cl ATZSLONGE=7VYSY YT /OHD )
] M(442)=T2% (SLAT=2VSY 70 /71205 )
‘ RE TURN [

FaD

/
[$18FTC TRAJ
S SUBROUTINE TRAJI

C

Cc THIS SUAROUTINT WHEN GIvEN INMITIAL VALUTS FOR THF

C PORITION AND VYFIOCITY INTFGPATES THT NMONM=-LINFLR

C STATE FOQUATION. THE INTFESPATION OCCURS DEfWIfN

C MEASUREMI'NTS

C
COVMDONM/AF IT/C (H00)Y
DOUBLE PRECISION W
DIMENSION D(H45) 4V (GeS)aY(6) e YD(A) ¢ X2 (H) o
EQUIVALFNCF (CCODTY oH Y4 (C(ODY ) 4X 1 X
1(C(091)asY YelC(111)Y0YD )
DATA M/6/
K=0

4 K2=0 ’
DO 10 f1=1M
* 10 W(lal)=DRPLFLY (1))

CALL NFPT

DO 1 1=14F

115
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1

40

5
50

6N

70

Detemr=¥YD(L)

RETURN

CNTRY TEAY

Xr=Y¥

16 (Kot oMY IF (K=2) 504506110
XP=XC

£O 45 1=1s"

W Te5)=%(141)

Ky =4~%

D 70 121"

DO 60 Umlea
DETeJY=D (T eI+ 1)

YT e2)=H+D{ ] 44)

U(Tal )=t {141 )4+eDN2 (T 42)
YOI)=0ml (W (lal))
Xe=¥C4o'3"H

CALL DERT

NG 2 I=146

DETaSY=YD( 1)

DO 60 1=1.M
V(TaY=HED(T 5

(T a1zl al ) +eBDNIF(WITo3)=V(T42))

£

)

b

1700

n

110

120

1
1

157

YOI =080 (W (Te1))
CALL O RT

DO 3 12146
D(TeDY=YD(T1)

DG ©0 1=1e%

DB == (Ve )
V(Tald=t(Tal )+ (T al)=eSD0NW(]143)
YOIY=SNaL (Y (lse1))
X=XC+rl
CALL DIFRT
DO 4 1=146
D(ler=¥D(1)

DO 100 I=14M

ECTal)=W(Tal)=2(Taa)+otBrROOLOLELLEALASEARETRIWIT 4214200

(VT a2)4+ (T a4 ) 412D (1 45))
YOIY=SNGL (Y (T al))

K=K+1

1=K

CALL OERT

DO 5 =146

D(Te=)¥=YD(T1)

RETUNAN

DC 120 I=1eM

(1 e2)=W(T41)

DO 120 J=144

DCTeSy=0(TeJ+1)

VI(Ta3)=U (1 a2V 4041 AACHAAALESCAHLATD=] EHE (S5, 5D(]1441-50,%

CUTaDI 376D T a?) PN (1a1))
(1e2)="0"0(141)
YOI)=8XNTL (" (1e7)Y)
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X=XC+H
CALLL PFRTY
DO 6 I=146
6 D(T45)=¥YN(1)
DO 140 TI=1M
VWl el )=W Tl al Y+t YAECLOOAOACAIEHOTR=1 0 (Ge D
ID(T aA) =S¥ {47 ) = (147 ))
143¥D(T 7))
140 NY{1I=0GNCGIL. (" (T41))
CALLL DERY
DC 7V I=1.46
T D(LeE)=YD2(])

RETURN
END
SIHFTC DFRT
c
C SUBZRDYUTING DFEPY DPDROVIPDES THIT DERIVATIVE LIS
C INTCCRATION ROUTINE FCR THE TOAJECTONY GUNi
SUINROUTINE DERT
COMMON/AFIT/C(6C0)
REAL MUsJ24J3
EQUIVAILFNCE (C(OD1) 4% ) e (CLOD2) Y
1(C (02347 Y4 {C (04 Y g X Y4 (CLOTE) VY
2(CLO06) s \V7 Ve (C(O1D) (MU Y4 (C(O13) ¢V IE
3(C(O14YAVIF? Vg (C(111)4¥D Y4 (C (112 eYD
4(CL113)Ye7D Ve (GUI1a) v¥D Ya(C(115)aVYD
5(C(116) 47D Yo {CLO10Y 4 AR - Y (C(D1T7) 40>
6(C(018) 402 Y4 LCCOT7) 4R ) (C(O70) 4\
ReCQRTIXENAYRY 27
V=SQRT(VMXVUX+VVEYYSVZENVT )
C
C COMPUTE THE HARYMONIC TERMSe
C
A=MU/ (R%%3)
AX=AX
AY=AxyY
A7=A%7
R=7/R
BR=R%M
-(JE*(AF*'P))/(P x2)
F= (I35 (AFX%3) ) /(R¥*3)
HAS 1 ¢ SXHY (1 6 D= ¢ NEPNYI 4D g BXF S (340=7 ¢ DHPAZY XF:
HE=Z1 o GX¥HY (3000 0F P )47 o SHEX (£40=T 0 0X¥AR) 41
HA=HA+140
HO=HR4+1 0
XD=VvX .
YD=VY
ZD=Vv7
117
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COMPUT THE FQUATICNS OF MOTION,

VXDZ=AXMIA+2 ¢ O UITT SVY4X 2 IFD
VYD==AY  HA=2 ¢ DHWIF VXYW TP
VZDm=AZ L HD

RETURN

FND

SIRTTC KALM

DN NN

s NeNe!

00N

SUSIIOUTINFE KALYAN

THIS SUPDROUTENT WHEN GIVEN A MEZASUEMENT UPDATES
THE BRI COVARTANMT MATRIX AMD COMPUTES THo LATFST
CPTIMUM “STIMATES O STATE ERRRQINY

COMMON/AFIT/ZC (000

RIAL K(G4a)YaKT(4e5) M {4456) eMTI64)

DIMENSTION FF (A0 s PHI(AVGI AP (64 Y PF(GCaH)R(LY 7 (0)
3N(O) WRXERT(6) 4 ‘
IPADAA(SeLYaPHITLE A)Y s DPANLA (G4 )Y aPANGL (4 44) sAL10) o
PRPACGAL (G 48) aPANEGT OGO ) 4PLDG6I (64 6)

FQUIVALYNCF (C(271) 4K Yo lC(241)4M Yo
1(C(O0R) 4T Yo (CL20L) o F Yo (C(301)PHI Yo
2(Ca01) 4P Y (C(341)40F Y4 (C(238)4D Yo
3(CA266) & Yo (C(226Y4 2 Y4 (C (02104 X )
GIC(20]1)yTXEST W {CIOTGYIRHIC Y4 (CLOTT)RHONC )
E(C058) . AC Y (CL051) 4 RHADM ) ¢ (C (OS2 ) 4RHODA Yo
6 (T (053) AN Y4 (CUNH0)Y)  =C YA (T (054 )4 TM )

T(C(OOA1Y A7DOT)
NALTLTAT/NANFEA /Y ¢ TaTF MR g7 e haX g 150
OATA CDTR/1 6745223 =Dy

UBDATE MEASURTHENT MATRIX =~ M
CALL MFAS
COVPUTE FILTER GALIM VATRIX - K

CAtL ¥TRA MeMTeAe6BD)
CALL MPRD (PZ ¢MToTANGA¢646401004)
CALL MPRD (MaUANGE4 PLADAN A 464060 448)
PO 12 1=144
12 PATAA(Ta1)=PADAL T 1)4R{T)
K=
DO 200 I1=1.4
DO 200 J=1.1
A(YEY=PADLA (JUe 1)
AN K-+
CALL STINV (AeAsleNT=03¢1FR)
Kr=1

118
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DO 2P1 1-144
DO 201 JU=141
> PALLAT (Je i =L (WE)
PARAAT (L ¢ U= 4041 (Ue 1)
201 ¥y =ri7+1

CALL w2RD {7/ D64 ITAnT P7eH 854N 0l )

c
c UPDATS FILTED B2 1 0TI0ON SOV LNTE ) Ty
C
CALL M0BD (Y™ el A0/ G LD %)
DO 14 [-1af
DO 12 =147
172 DDA T N -=PANAG (] 4 )
14 PADSO(T 41V -1 e0+PAICA(] 4]
CALL 1T (DADEGY P IADGET 4 H5FB¢0)
CALL MIOPL (PINGE (T (DATACL 464640 D46
CALL 120N (DANG6T « I DCEHT a7 464540 eDeH)
CALL 1'TRA (%4 XTs£4410)
DO 140 lnx.o
D2 140 U=14¢
140 PANGA(T AN =X T e N (D)
CALL PPRD (PADGL ¢ KT ANGL4684408045)
DC 15 1=146
DO 15 J=1e5
16 PP(ieD)=PR(l ¢ tPLD6H(T ¢ J)
C .
c CALCULATE ODTIYUY ESTIMATE JOF FRIOOPS [N STATES
Cc

2(1) = RHCYV-RHDC
7Z(2) = RHODY-A-CD7T
IF( ACeLToDe)RO TO 1CO
CD T0 2CO
100 AC = AC 4+ 3500
300 IF(C(ON])eGTel1eN)IO TO 5N

ACR = AC
AMP = AM
50 ACAr = AC
AMA = AN

(s Nele!

1F (AZDOT) 18617417

17 IF (AMA=AMR)I2 0410410

20 AMA = AMA 4+ 8N4 N

10 ACAR = ACA = ACR

IF (ACARGLTe=25Ne0VACA = ACA436N6N
GO TO 30

18 1F (AMA=AME ) 2] 421470

22 AMA = LMA ~ 26040

21 IF (ACA~ACB)I 20630440

40 ACA = AC/=3626¢0 J

390 Z(2) = AMA-ACA

. 119
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Z(2Y = Z(2ysCHhT 0
ACi=2 0/
Asly = RIGA
7Ly = §p0-tC
74y = Z(ayrCnNTT
YRIT (Letr2 74
C
Cril. YO0 (a7 e "N ATeEs/ « e 1) '
c
C UPDNHT T ST ATES

T T RS I IRy
174 Y1V w( {1yt Y " a7 (1
DETWL N

£ N

LS LA EA TR I TS SR FEESEET L

S167TC &Nt
SULPOUT IMT G

THIR CUAROYTING v CIVEIL THE CUPDSNT VALUTS OF
FOSTITION £8D VTLATITY COMOUTES THI AVETEr
GESTPIDTION PATHIY TO i USTD TN SUAROUT INF  UPCOV

(oo S Nia Mot

COUMOAN/LFIT/CHETO)
RELL e P U3
ECUOTVALEINTT (F(019)y MY Y (C(O1T)e2 Yo

il Kt

1(C(D1P)Y) e U
2(C(N27Y 47
2UC (21 oFaT
L(C(P1T7)eFED
YHC(PIN S W 07
GIC(D1IT) e AT

Yo (C(OOT1 )Y o ¥
Ye(C(FO4)a 41
1o (CL205) o751
14 (C(PNAR)Y 4 TA1
e (CUPERY 45
Ve (C(DYA)Y 411872

) 4 (C(OOPY Y
1o (C(P10) 4T42
) e (CE211) 4752
)2 (C(21P) 462
) s (C(2P3)4FS4
)4 (C(O13) e IF

Yo
)
Yo
)s
Yo

D= Q0T (MIN4YEYHT )

COMDUTT THT HAPYONIC TENNMG,

[a e el

A=t/ (3227

Ay=Lty

Ay=Lry

r7=tr7

f3=7/7

fra=-fy o

H=(JP 2 (AFET 22 Y /(22 2)
D= (U2 (LE2:2) )y /(P 2h)
F=(J2 Y (AFYE3)Y /(D7 25) .
Fz(JRr(AC"r3) )y /(P 36y
C = 165.,0%6%7

CX = GTY¥
Gy = G¥Y

Gy = GX/(0 D
GYir = LY/ (r5ul

A i e
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\

HAZ1 e B 2 (140" a7 7 ") 4247 7 ¥ (RaNt=T NV "1} 212

HE =17 2t ¥ [P aP="" g N1 )3T g ¥ T A (Rg DTy MHLT 1) 20

HA=!1 4120 .

1HR=H3+ 1 e C

FIAY RO T r R (1N g =1 gAY O DT {7 O 1)
THAY=3,MNXMX Yv(lq DY =] g NG TVIIF T g MY =Dy D)

HAZ=64 0¥ X (% Bty AP E IS SR G AV EST I I I Y 6 VARl RESIE T 2

17602(00522))
COWMTUTE THE STATC PECORIRTION BATEIN

FAISAR((2 NI (Y /0N 170y o DY THA=Y S HinX Y2 e D
FAZmlYHL(Ry IV /(172 2D ) ) Y1 wtInY)

FAR=AY2( (e 08T/ {00y 2Dy Y2 g/imei30 7))

FAS=2¢N"WiF

FE1=AYH ({305 /(P2 D) y XL 1LX)

FO2=AX((2e ORIV /) B0 )= DY P HA=Y HEY )47 D
FOAZAY#((3e0>Z/ (R 52) ) ¥HA HAZ

F54==Pes O+ WIE

HEX=XEDY{3DeNITP =4 N)LAX L (T4 OFiiN~L o D)
HBY=Y(DX (P20 ¢ DXT =D gN)Y ALY L7 e 052~ 4 ab)
HERZ=7%6eNINT (T OFAN=4 ¢ N)H 1T o NP2 (1 gN=T e ELI04 740N

1(BREx2)) ’
FORIZAZH((3605Y/(PTXD) ) XM=tIDY ) A .
FEP=A75( (e 05V /(022 Y3 Ha Dy
FEIZAY((De020R—] g ) FHI=TEHTT7Y

PetuzN

END

b

-
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<YvvCve
cYVevCre
cYWVyCve
cYveQve
CcYVvdve
<9vrQurve
cIdvyQue
c9vvdve

CIVLOvVe

v

tllin-

ol -

SLuy=-

-e

L0slys
Vevascd=
PNHQPMI
LOVLirp=—
ClilovUg—-

(g

ochYcs

SEG5-

<
'

L9l lg=-

[golvs=-

103360

COL Iy 0

758 STUYOTL

1Ceusvdi
1Swillyl
laliucre

Is28Le908

OISV
EYCPRIIT IS
aviOvES9
Ve L90
€09.,0L0

vudoeLo

40352

S12UvTELICCYVOIBL0LSEYEIZREDN
SEBCCTECILEY YOI 8LY698PEOZSCUN
Z0L9TLCLUOEI»v01BLULY3INEIZBEU

56v30120820vv018L069UPYEIZOCON
LICUU 1 6vient w0 13L0GIEPEDLELON
SLEZYI9 ISV Ol uiDGSEPESZBEON
CwEv 10LVECE VO 18L069BYESIELON
LUL6E [USELLEVOIBLOO9BYEDZHLCN
vEES 1 1222 e vl l5L0698YEOZEC0N

VLECUOLE L loeTda9a9L+
CN=L

LoUL=1LGc=0ONY oL *Cl=0u8 0 Lv=lnNIG U I Tax,

YaWYNL

CN Y

2000=vE Y9utusLe C0%dSdae YUtULLTEly

LoAVNG
C.—g“-o

"Ch(oNHGCQ.ﬂCLCoﬁuUTQ.NouC.wuﬁcﬁ.ﬂChCoﬁuﬂﬂc.NouCoﬂﬂN&&.NOMCoﬂnHNC

S

V0w

SN
OGN
0 VLU=l * Q% 0=LVY *SC*i=0Ll

s .
vass ViING

GN e
1% = o
Lo VAL
VaVue
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hppendix E

Additional figures for Croups I and II arc¢ presented
in this appendix. Figures 58-74 are frem Group 1 results,

and Figurcs 75-98 are from Croup lI recsults,
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o - X Error
A - Y Error
X - Z2 Errror

o = X Error
A = Y Error
X = Z Error
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100.00

- diag P(0)=(102 102 10? 10! 10! 10!)

1
TIM
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Fig. 57 Satellite 3826 Station 348 Pass #2
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58 Satellite 3826 Station 348 Pass {#2
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