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( Preface 

This thesis« a continuation and expansion of a 

t topic first developed in a term problem by Lt. Joseph 
'j 

Orwat, AF1TSE, GGC-69, deals with  the use of the Kaiman 

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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i orbital analysts for the Space Detection and Tracking 
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answering questions relating to current orbit determina- 
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Kannen» AFITSE» for his advice and instruction concerning 
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appreciation to our wives for their help and understanding 
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Abstract 

As more satellites are launched into spacev a great 

need exists for a rapid, recursive (reducing computer 

memory requirements) orbit determination method. This 

paper presents such a method by applying Kaiman Filter 

theory to determine the position and velocity of near- 

earth satellites using data from a fixed observer on the 

Earth. 

The vehicle equations 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 

linear estimated errors are added fo the nominal states 

to obtain an updated trajectory which is used as the 

starting point on a new nominal for the next integration. 

' Actual tracking 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 cover lance matrix, along with the measure- 

' ment accuracy of the tracking stations. 

The paper includes the Kaiman 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 talmlav and graphical form. 

xv 

« 
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^m^^m^^^mm 

GGC/EE/70-7 

APPLICATION OF THE KALMAN FILTER 

TO ORBIT DETERMINATION 

I.  Introduction 

The job of quickly and accurately determining the 

orbit of near-earth satellites is rapidly becoming a 

major problem as more 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 required to 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 

- - - ■ - ^l« m ,    ,*m h i M^lafc"^ 
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this can be determined directly from the nomincl conditions 

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 several others are 

discussed by Baker in Ref 3i23-77. 

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 residualst 

i.e., differences between the actual observations and 

those computed with the adopted elements.  The differential 

correction theory then relates these residuals to improve- 

ments to the initial orbital elements by linear differen- 

tial relationships. The residuals also give an indica- 

tion of the accuracy of the elements and aid in deciding 

whether or not another correction is necessary (Ref 9il25). 

The overall purpose of the differential correction process 

is to define the orbital parameters so that the residuals 

^ ..fc. ^.-t. .A:   ..A— --    . .  . .n I * 11 
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are minimized.  Such a minimization is usually taken in 

the least-squares sense in that the parameters are 

adjusted until the sum of the squares of the residuals 

is a minimum (Ref 3t 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 which the prediction is made.  Thus» the differen- 

tial correction technique, by fitting 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 5i4-5). 

Since the Kaiman 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 cycle 

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 the present actual deviations 

in the observations. This permits a complete optimal 

estimate of the orbit variables and the observation 

errors from each single observation. As a result, 

computational efficiency is achieved by requiring only 
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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 Kaiman 

Filter method not only provides a recursive procedure 

to process each observation as it occurs, but also 

yields a predicted set of orbital parameters coupled 

with a matrix of coefficients which depicts the accumu- 

lated error in the predictions in real time. This 

recursive procedure may be used for the followingt 

(1) satellite or ICBM interception. (2) to obtain know« 

ledge of current errors in prediction.  It should also 

be pointed out that the Kaiman Filter method is equally 

applicable to orbit determination for either an orbital 

observer or a fixed observer with only slight modification 

(Ref I5i67-75). 

Statement of the Problem 

The problem to be considered involves the orbit 

determination of a space vehicle by the application of 

the Kaiman Filter.  The required input data consists of 

a series of radar observations 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 

« 
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the space vehicle by using Kaiman Filter techniques and 

the data provided from the observation point 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 Limitations 

The equations of motion of the vehicle are derived • 
r 

using the assumption that the vehicle has negligible 

mass and is under the gravitational action of a single 

dominant central force field, the earth. The perturba- 

tions due to the earth's oblateness are Included in the 

program* but other external perturbations and system 

disturbances» such as atmospheric and solar 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 negligible. 

Plan of Development • 

This report is divided into six chapters plus an 

Appendix. Chapter II presents the Kaiman Filter equa- 

tions and describes the basic iterative procedure needed 

to implement these equations. This is followed in 

Chapter III by an explanation of the coordinate systems 

used, the formulation of the dynamic equations of motion 

for an orbiting space vehicle, and the linearization 
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procedure.    Chapter IV describes the basic orbit deter- 

mination al^jrithm along with the conqmter program used 

to implement it»    Chapter V presents and analyzes the 

results obtained,  and conclusions and recommendations 

are given in Chapter VI.    The initial nominal trajectory 

equations,  the derivation of the system description 

matrix, the initial trajectory equations,   a listing of 

the computer program,   and additional graphical results 

are included, in the Appendixes. 

4 ^t- 
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II. The Kaiman Filter Equations 

Linear System 

The Kaiman 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 variables in a 

nonstationary linear system. The basic Kaiman Filter 

equations are presented in this chapter, vhile an actual 

derivation can be found in Ref 61125-128. 

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 their outer 

product. The covariance matrix for a(t) and b(t) is 

given by (E denotes ensemble expectation) 

cov[a(t),b(t)] « E[A(t)Ä
T(t)] - E[a(t)]E[bT(t)]  (1) 

Since only zero mean quantities are dealt w^th in Kaiman 

Filter work, the simplification 

cov[a(t),b(t)] a E[a(t)bT(t)] (2) 

can be made.  The covariance of the errors in the Kaiman 

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

P(t) a cov[x(t),x(t)] (3) 

/ 
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For measurement noises, the covarlance is given by 

R s» cov(v,v) (4) 

When the discrete version of the Kaiman Filter is used, 

the requirement that the measurement noise and system 

disturbances be uncorrelated over the smallest measure- 

ment interval gives the restrictions 

COVCV^VJJ) s 0        for m # n 

cov(Vm»Xn) B ^  for m = n 

(5) 

(6) 

Thus the measurement covariance matrix relates the state 

variables to the quantities being measured, while the 

state covariance matrix describes the uncertainty in the 

optic v 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 

(7) 

Xn- 

The vector notation permits the linear system to be 

described by the unforced matrix differential equation 

8 

i 
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-: 
i 

x s F2 (8) 

where F is the system description matrix. The measurements 

in the Kaiman Filter are taken as linear combinations of 

the system state variables» corrupted by uncorrelated 

noise.  The measurement equation is written as 

Z ss Mx + v (9) 

where z is the set of measurements arranged in vector form» 

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 corrupting the measurements. 

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

pate it based on knowledge of the measurement matrix Mn 

and the estimate of th* state vector at the instant the 

measurements are taken.  If zn and M^^ do not agree, 

the difference must result from the measurement noise vn 

or an error in the estimate.  The state variable estimates 

can then be changed according to statistical knowledge of 

the errors in 2» And of the measurement errors.  Thus, the 

state error vector estimate after consideration of the 

measurement is given by 

&*)  - &,(-) * «„[Sn-M,^-)] (10) 
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Where the (-) and (+) indicate immediately prior to and 

after a measurement respectively. The filter gain matrix 

is determined by 

Kn - ^-^[yrf-X+ R] -1 (11) 

Between measurements,  the state error vector estimate is 

determined from 

A „A 
Sn+l B*t&i (12) 

where $, the state transition matrix»  is computed from 

the system dynamics as expressed in the system matrix F. 

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

ence At,  and is represented by the series 

I + FAt + F2At2/2l ♦ •  •  • (13) 

The use of measurements provided at discrete instants 

of time causes the error covarlance to be discontinuous, 

having different values before and after the measurements. 

The value prior to a new measurement is determined by 

W-) - «W+^n (14) 

where <X> 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 

Pn(+) - V-WtKW-W* * KnRnKn "5> 

10 
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«here I is the square identity matrix and Rn is the 

eovariance matrix of the measurement errors vn. This 

equation can be written in ether forms, but Eq (15), due 

to its symmetry, is preferred since it is less sensitive 

to computational inaccuracy (Ref lit261). 

Extension to Non-Linear Systems 

Since the Kaiman 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 '»Jectory. 

The nominal states, position and velocity, are determined 

by integrating the {umlinear equations of motion, and 

the Kaiman Filter theory is then used to estimate the 

errors in thevnoalnal states. The linear filter theory 

is applied to the 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 is therefore being used as the 

reference about vhich the linearization is done.  This 

can cause large 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. 

• ■* - - — 
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however, the recursive action of the Kalmen Filter will 

cause the updated nominal to approach the actual trajectorx 

Many past applications of Kaiman 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 Kaiman Filtering to a near- 

nominal ascent guidance problem 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- 

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-nurse" recursive filter for almost 

all real applications (Ref 12i35). 

12 
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Data Weeded For Kaiman Filter 

In order to apply the Kaiman 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 Kaiman Filter processt 

1» System description matrix F 

2. Sampling time At 

3. State transition matrix <X> 

4. Measurement matrix M 

5. Measurement noise covariance matrix R 

6. Initial state covariance matrix P(0) 

7. Initial state estimate x(0) 

The block diagram for the discrete Kaiman Filter is shown 

in Fig. 1. 

/ 

/ 

13 
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Input Initial Measurements 
Including P(0) & R(0)  { 

1 
Compute Initial i 

Nominal Trajectory 
-1 
^ 

1 Compute State Transition! 
1   Matrix <D (Eq 13)    1 Numerically 

Integrate 
Nominal 
Trajectory 

i 
Compute State Covariance 
Matrix P^C-) (Eq 14) 

> < 

No 

>^Mea surementS^ 
^\Avallable^^ 

I      Yes 
| Input Measurement | 

^ f 

Compute Filter Gain 
Matrix K (Eq 11) 

i 
1 Compute Estimate of State 1 

| Error x^  (+) (Eq 10)  | 

X 
Update State 

Covariance Matrix PIrt.1('f) 

'       I 
Update Nominal Trajectory 

<M - z*(-) ♦ ^.(t) j 
1 

j  Continue Until All   ! 
1 Data Has Been Processed | 

i 
| Stop| 

Fig, 1 Flow Chart For Discrete Kaiman Filter 
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III.  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 problems  the radar observer (rotating topodetic 

system), and the center of the Earth (geocentric system) 

(Ref 9t7).  The geocentric system is further divided by 

referring to an inertial geocentric system and a rotating 

geocentric system. The three coordinate systems are 

shown in Fig. 2. 

Inertial Geocentric System.  The center of the earth 

is the origin of the inertial geocentric system, and the 

principal direction, Xj, is toward the mean vernal equinox 

of date. The positive Z^-axis is in the direction of the 

mean north celestial pole and the Yj-axis completes a 

right-handed orthogonal coordinate system. This is the 

coordinate frame in which the orbital elements are 

computed. 

yiotatinR Geocentric System. The center of the earth 

is the origin of the rotating geocentric system, and the 

principal direction, Xg, 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 satellite. 

Rotating Topodetlc System. The third coordinate 

system, the rotating topodetlc, 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.  Tie positive Z^-axls is normal to 

the spheroid-model, and the Ym-axis completes a right- 

handed system. The earth model used as the reference 

spheroid is described in Rof 1. Since this rotating 

topodetlc system is used as the reference frame for 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 

range/ 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, 

r « PL - R (16) 

16 
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Fig. 2. Coordinate Systems 
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f «PL - PL (17) 

Equations of Motion 

The nonlinear equations for the vehicle in the rota- 

ting geocentric coordinate system are given by 

x 
_ 2 

« fj s - H^d+Harmonic A) + 2«uy + xw* (18) 

Jr ■ f2 ■ - H^Cl-fHarmonic A) - 2wx + yw 

V W f 3 « ? li|(l+Harraonic B) 

(19) 

(20) 

Centripetal force and Coriolis force terms are included 

in the equations since the accelerations are referenced 

to a rotating frame. The harmonic terms are given by 

. Harmonic A - 1..5J2(Ae/r)
2[l-5(z/r)2] + 

2.5J3(Ae/r)
3[3-7(z/r)2]z/r    (21) 

Harmonic B « 1.5J2(Ae/r)
2[3-5(z/r)2] + : 

i2.5J3(Ae/r)
3[6-7(z/r)3]z/r  , (22) 

V- 

vhere J2 and J3 are zonal harmonic constants which repre- 

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

All subsequent zonal, harmonic terms and all of the tesserai 

harmonic terms are neglected in ordlfe: to simplify the 

Taylor Series expansion of the nonlinear equations of 

motion.  A complete discussion of the equations of motion 

18 
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and the harmonic terms can be found In Baker (Refs 2ilA4- 

145, 3i167-183).  Equations (18), (19), and (20) actually 

represent a set of six first order differential equations 

or a 6 x 1 state vector differential equation, where the 

first three states represent position and the latter 

three velocity, all in Cartesian coordinates. Next, the 

non-linear equations of motion are expanded in a Taylor 

Series about a nominal trajectoryi 

x « f^x ,y ,z ,x ,y ,z ) + -—-(x-x ) + rrr(y-y ) + 
©x        3y 
Ü1 

3fi 
—(z-? ) ♦ ^(x-x ) ♦ W(y.y  ) + 

—7-(z-z ) + h.o.t. 
as 

/ 
(23) 

V 

/ 

with similar equations for y and z (24)-(25) 

i Now a linear state vector or error estimate vector 

x is defined as the difference between the actual and 

nominal state vector. 

"■-- 

r1 *l 
X - X 

r2 v-y* 

r3 * z - z 
*4 

m 

x-x* 

X5 
Y - Y 

[x6_ z - z | 

(26) 

Combining Eqs (23), (24), and (25) with Eq (26), and 

19 
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retaining only first order terms» results In the linear 

state vector differential equation 

♦   _A 
x B Fx (27) 

where F Is defined as 

/ 
o !  i 

l 

F(t) 

(28) 

and F(t) Is given by 

F(t) 

3fi  dfi      'hU 
*     *» •  •    * 

3x  dy      3z 

3f 

3x 
1 . • • • • 

3f3 

3z 

(29) 

All the partial derivatives In Eq (29) are evaluated 

along the nominal trajectory. The actual derivation of 

the system description matrix, F(t), is given In Appendix 

B. Application of the Kaiman Filter provides the best 

estimate of the linear state vector, x, which Is then 

used In Eq (10) to obtain the latest best estimate of the 

nominal trajectory. 

i 

Coordinate Transformation 

The measurement data Includes slant range, slant 

range rate, azimuth, and elevation as shown In Fig. 3. 

20 
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->YT West 

(1      _2vl/2 
(p - zT; 

XY North 

Fig. 3* Measurement Geometry 
■< 

Because the calculated coordinate values of the slant 

range vector are desired in the rotating topodetic , 

coordinate system, a transformation is needed to go from 

. the rotating geocentric system to the rotating topodetic 

system. Since the slant range vector is the sum of the 

geocentric position vector of the tracking station and 

the geocentric position vector of the satellite (Fig. 2), 

then the coordinate transformation is given by 

-8in(0)cos(d) -sin(0)sin(0) cos(0) x+X 

sin(0)     ,. -cos(0)     0   y+Y   (30) 

co8(0)cos(0)  cos(0)sin(0)  sin(0) z+Z 

X^ 

YT 

This is an orthogonal transformation matrix« «here ^ and 

0 represent the latitude and longitude of the tracking 

station respectively, and Xj, YT, and ZT are the topodetic 

coordinates of the range vector. 

21 
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Measurement Vector Expansion About The Nominal Trajectory 

The slant range, slant range rate, azimuth, and 

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

211/2 r   2      2      21: 
P . [(x+xr + (yfY) + (z+Z) J 

P - 1/p [(x+X) x + (y+Y) y + (z+Z) z] 

1 [-YT/XT] 

ZT/(P -Z^) 

A o TAN 

-ir   lt 2    21/2] I ZT/(P -zT ) J 

These equations are based on the geometry of Figs. 2-3. 

Equation (32) represents only the radial component of 

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 

(31) 

(32) 

(33) 

(34) 

pm» pa + vl 

"m- pa ♦ v2 

Am« Aa + v3 

Em- Ea + v4 

(35) 

where the subscripts "a" and "m" denote the actual values 

and the measured values respectively, and v^ represents 

zero mean, Gaussian-distributed white noise. 

■ 
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■i I  

Next» define 

Apm " P« " P, m m 

AP, m m - P. 

4Am Am " Ai 

E„ - E, 

(36) 

«here the subscripts "n" and NmN denote the nominal values 

and the measured values respectively. Now let 

AP 

A^5 

AA 

AE 

P. - P 

Pa - 

A. - 

n 

Pn 

E^ - E. 

(37) 

This allows Eq (35) to be rewritten as 

[Ap-1 AP' 'vll 

APm AP v2 

rA" 
■ AA 

+ 
v3 

[AV AE >] 

(38) 

The quantities AP» AP» A A» and AE represent deviation? from 

from the nominal« and if these are assumed small* then 

a first order Taylor Series expansion about the nominal 

results in 

23 
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3p  3P 
3X ay 

3P 
*    * T 

3z 
• • 
« t 

3E 3E 
3x 

•    •   •   • 
3z 

(39) 

Tho 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 H is 

the matrix of partial derivatives in Eq (39), and the 

actual, partials are derived in Appendix C, The components 

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 Taylor 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 7il3). 

Suboptimal Kaiman 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 vaiue of the state 

transition matrix. Likewise, the linear measurement 

vector equation given in Eq (40) simply defines the 

measurement matrix M, which is needed for the Kaiman 

Filter equations. 

In view of the definition of the linear state 

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

—n 
A 
x <-> + K„[in - MA(-)] (41) 

Let x (-) be the nominal values of position and velocity "*n 
obtained by integration of the nonlinear equations of 

motion.  These values are considered to be the best 

estimates available Just prior to a measurement, 

2 C-) = x (42) 

The quantity within the brackets of Eq (41) actually 

represents the definition of the linear measurement 

vector, because Mj^C-) may be computed from Eqs (31)- 

(34), and by letting 

then 

E" m » M x(-) —nom   n—x * 

z g z - z "~  —n  —nom 

(43) 

(44) 

Equation (41) can then be rewritten as 

x(+) = x** + K£ (45) 

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

velocity after a measurement,   then 

x(+) 

and S ■* x - xf 

(46) 

(47) 

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

error vector and the linear measurement vector. 

2n » K z n-n 
(48) 

Xn must be emphasized that the filter which is repre- 
sented in Eq (41) is not the exact optimal filter for the 

nonlinear system of Eqs (6) 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 8i 11-15). A Kaiman 

Filter used in this manner is frequently referred to as a 

suboptimal Kaiman Filter. 

26 
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IV, Program Description 

This section gives a brief description of the 

coaputer program written to apply the Kaiman Filter to 

the problem of orbit determination. The program is run 

on the IBM 7094 computer located at Wrifht Patterson Air 

Force Base, Ohio. A complete listing of the program, 

a listing of all the variables used in the program, and 

an example of the input data required, is found in 

Appendix 0. 

Computer Algorithm 

The following is the basic algorithm used to imple- 

ment the Kaiman Filter in an orbit deteminaticn problem. 

1. Input P, P, A, E, A, E, Ht, <t>,   0,  P(0), R(0) 

2. Compute initial nominal trajectory x (r and r) 

3. Compute orbital elements 

4. Calculate estimates of state errorsi x = Kz 

5. Update nominal trajectory 2Sn(+) * 25n(") 
+ 2«^+) 

6. Update error covariance matrix from tn to t^^ 

7. Numerically integrate non-linear equations of 

motion from t to t., n    n+i 

8. Check to see if new measurement data is availablei 

a. Yes - Go to step 4 

b. No - Go to step 6 

9. Continue until all data has been processed. 

10. Recompute orbital elements. * 

27 
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Description of Computer Program 

The computer program consists of a MAIN program plus 

additional subroutines needed to implement the various 

steps of the basic algorithm. 

MAIN Program.  The MAIN program calls the operational 

subroutines in the following sequences 

1. Call ZERO to initialize the various constants 

needed in the program. 

2. Call INPUT to input range, range rate, station 

height, latitude and longitude of station, 

initial state error covariance matrix, and 

measurement error covariance matrix. 
/ 

3. Call STAT to compute the coordinate transformation 

matrix. 

4. Call EQCOMP to calculate initial nominal trajec- 

tory (r and r). 

5. Call ELEMTS to compute orbital elements. 

6. Update the nominal trajectory by calling KALMAN. 

7. Call DPCOV to update the error covariance matrix 

from tn to t^!. 

8. Numerically integrate nonlinear equations of 

motion (supplied by DERT) in TRAJ. 

9. Check for new measurement datai 

a. If available, return to step 6. 

b. If not available, return to step 7. 

10. Continue the above procedure until all measurement 

■ \  * .1 
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i 

data is processed. 

II.  Call DRAW to plot results. 

Subroutines.  A brief description of each of the 

subroutines used in the program is given below» 

ZERO   - Initializes the various constants needed 

in the program .        ^ 

INPUT  - Reads in the following initial datai 

Card 1 - Integration step size / 

Card 2 - Station biases       • 

Card 3 - Initial error covariance matrix 

Card 4 - Initial measurement covariance 

matrix 
i 

Card 5 - Ephemeris starting time . 

Card 6 - Latitude, longitude, height of 

station 

Card 7 - Initial measurements 

INPUTA - Reads in the second and subsequent radar 

observation cards.  The format is consis- 

tent with SPADATS data cards. 

OUTPTA - Lists the station parameters and radar 

measurements (input data), satellite 

position and velocity, and orbital 

\  elements (output data). 

UPCOV  - Updates the error covariance matrix (Eq 14) 

from time t^ to t .... n    n+l 

EQCOMP - Computes the equatorial components of 

29 
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-■- ̂  

position And velocity for use as the 

initial nominal trajectory.     The equations 

used are found in Ref 2i 118-130,  and 

Appendix A.   , 

ELEMTS1 - Computes the orbital elements when given 

.   the equatorial conponents for position 

and velocity.    Pv  Q,  and W unit vectors 
"       ' * * ■ ' .   ,■    ■■ 

'    are used c.nd the actual equations are 

given in Ref 31.11-22. 
; 

y     ELE.MTS2 - Computes  the orbital elements when given 

(^ the equatorial componeatsTor position 

and velocity.    U, V,  and W unit vectors 

■^ '    are used and the actual equations are 

...   given in Ref 10155-60. 

STAT        •; Computes the coordinate transformation 

matrix from the latitude and  longitude of 

the station.. 

M£AS        - Computes the range!   range rate,   azimuth, 

and elevation (Eqs 31-34) for comparison 

with the measured values from the tracking 

station.     The measurement matrix (Appendix 

C). is also computed for use in KALMAN. 

- Provides the vehicle equations of motion 

.    (Eqs 18-20)  to be numerically integrated. - 

- Numerically integrates the nonlinear 

< 
- 

DERT 

TRAJ 

equations of motion using an Adams-Moulton, 
*y 

s 

/ 
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integration procedure. This Subroutine 

is a modified form of the IBM 360 sub- 

%     program DFEQ, 
I 

KALMAR - Processes the filter equations and provides 

the best estimate of the errors in position 

and velocity following a radar observation. 

\ This error estimate is then used to update 

• ' i, the nominal trajectory.  *  \ 

SDM    - Computes the system description matrix 

, •      (Eq 29). ^ 

Subordinate Subroutrines.     These subroutines are used 

within the operational subroutines to perform mathematical 

and plotting operations. 

D£T - Computes the determinant of a function 

SINV        • Inverts a given symmetric positive definite 

matripc 

MFSD ;  - Factors a given symmetric positive definite 

matrix :  ' 
■•'      ' - ■' ■..••*» 

MPRD   - Multiplies two matrices 'f ■■... 

LOC    - Computes a vector subscript for an element 

in a matrix of specified storage mode 
T. *-* l." 

,  (needed fpr MPRD) 
•v % *        ,  .   '  ^ 

MTRA -»Transposes a matrix "-/'" 

MCPY - Copies an entire matrix (needed for MTKA) 

DRAW - Draws a graph using Cartesian coordinates 

PLOTS - Initiaties the plotting routine 

PLOTE - Terminates the plotting routine 

*     „ 31 
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T v«  Presentation and Analysts of Results 

Available Data 

The data used in the computer simulation was provided 

by the Space Detection and Tracking System (SPADATS), 

located at Colorado Springs, Colorado. Four different 

satellites, vhosc orbital paths ranged from highly 

elliptical to nearly circular, are used in the study. 

The input radar measurements consist of the range, 

range rate, azimuth, elevation, and azimuth and elevation 

rates of the satellites being tracked. Since the azimuth 

and elevation rates are not always provided, it is some- 

times necessary to estimate them based on two consecutive 

values of azimuth and elevation. This estimate is only 

required for the determination of the initial nominal 

trajectory.  For all subsequent observations only range, 

range rate, azimuth, and elevation inputs are needed. 

The radar stations used to obtain the necessary 

tracking data are listed in Table I along with their 

latitudes, longitudes, height above sea level, and 

sensor slgmas and biases. The sensor sigmas are squared 

and used as' the diagonal terms for the measurement error 

covarlance matrix R, and the sensor bias values are 

used to correct the measurement values at each observa- 

tion time. The bias corrections are necessary because 

of the assumption of a zero mean noise vector. Table 11 

«? ■ 
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Table I 

Radar Tracking Stations 
'> / N 

Station 
Parameter 

Station 
342 

Station 
348 

Station 
349 

Station 
337 

Station 
345 

/ 

Latitude 
(Deg) 

+54.37 +76.57 +64.29 +37.01 +52.73 

Longitude 
E. (Deg) 

+359.33 +291.71 +210.81 +39.99 +174.10 1 

Height 
(meters) 

276.00 370.00 240.00 915.00 93.00 1 

t 
Sigmas 

4 
**- 

Range 
(KM) 

0.50 1.00 1.20 0.09 0.06 

V 

Azimuth 
(Deg) 

0.02 0.06 0.03 0.10 0.02 

Elevation 0.02 0.05 0.03 0.07 0.03 ! 

Range 
Rate 
(M/S) 

2.0Ö 2.00 2.00 . 5.0p 1.00 

Bias 

Range 
(KM) 

-0.40 -0.80 -1.30 +0.30 +0.03 

Azimuth 
(Deg) 

+0,03 +0.05 +0.04 -0.03 -0.08 

Elevation 
(Deg) 

+0.02 +0.06 -0.02 -0.32 +0.18 

Range 
Rate 
(M/S) 

-15.00 0.00 -2.00 +1.00 0.00 j 

Tracking 
Intervals 

(Sec) 
10.2 10.1 10.1 6.0 

f 

6.0  j 

> 

•Jf \ 33 
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Table II \ 

Nominal Elements Computed Before Launch 

Element Satellite 
3823 

Satellite 
3824 

Satellite 
3825 

Satellite 
3826 

1  Period 
|  (Min) 

93.83 95.27 154.04 90.84  1 

| Inclination 
(Deg) 

99.42 99.05 105.00 99.28  1 

Eccentricity 0.000008 0.011 0.28 0.02 

Apogee 
1   (NM) 

2A9.4061 330.000 3142.70 245.91 

Perigee 
1   (NM) 

249.3481 249.387 249.05 94.99  | 

1 Argument 
of Perigee, 

|   (Deg) J 
172.36 179.32 178.20 106.00 

Semi-Major 
| Axis (NM) 

3693.31060 3733.627 5139.81 3614.38 

Injection 
Height (KM) 

249.3481 249.388 249.05 245.91  1 

Injection 
Latitude 

j  (Deg) 
7.691 7.69d 1.74 , 2.35 

Injection 
Longitude 

1  (Deg) 
228.809 228.805 226.71 4.09 

Injection 
Time After 
L/0 (Sec) 

699.2 731.9 970.7 3239.1  ' 

(From Ref lit2) 
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presents the nominal elements for each of the satellites 

as computed prior to launch. 

The computed orbital elements obtained in this study 

are compared with values supplied by SPADATS.  For three 

satellites( only one set of elements for both days 

covering the time of observations arc provided by SPADATS. 

In addition, the exact time of day when the orbital 

elements are calculated by SPADATS is not available. 

As a result«-it is usually impossible to have the times 

of computation coincide, thereby preventing any precise 

comparison of results. 
r 

.■'to 

Introduction to Computer Results 

The computer runs used to evaluate the application 

of the Kaiman Filter to orbit determination are divided 

into four groups. The first group of runs are used to 

determine the basic effectiveness of the filter when 

applied to tracking data for each of the four satellites. 

The second group of computer runs use observations 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 changes in the results caused 

by different tracking stations and different passes. 

The third group of runs investigates what would happen 

If several observations are skipped from within a series 

of observations. The last group consists of several 

35 

i  ."  •• • •. 

» ■       • 

-^•^—.   ;■.....■-.■ .^ -.. ^^-.lril „ 



GGC/EE/70-7 

tuns 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 observations found in the avail- 

able data. 

\ 
Group 1, Results 

The initial computer simulation is made up of ten 

computer runs as shown in Table 111. The input data for 

each run consists of a series of radar observations 

made by a single tracking station during one pass of 

the satellite. The satellite is usually tracked over 

a period of four to five minutes during each 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 expressed by the initial values of 

the covariance matrix. The recommended procedure is 

to underestimate the off-diagonal (cross-correlation) 

terms and overestimate the diagonal (auto-correlation) 

terms. Therefore, all the off-diagonal terms of the 

6x6 error covariance matrix are initially set to zero, 

and the different combinations chosen for the diagonal 

terms are shown in Table III. 

» 
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The results obtained in the first ten computer runs» 

along with results provided by SPADATS, are shown in • 

Table IV.  The approximate time when 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 when 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 off-diagonal elements of the 

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

resulting orbital elements are plotted versus time in Ü 

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 covariance matrix are presented in Appendix E.      •  , 

:    •.- ■   '\ -  y    ' ■■'.'■•   •'      ,.      ' . 
Analysis of Group L Results 

For each satellite,   it is possible to obtain 

convergence of the error estimates to values less than 

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

The number of observations needed to obtain convergence , r. 

38     . 
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varies from a mlnimun of 10 (100 seconds)  to a maximum 
• 

\ 

of 24 (2A0 seconds). The rate of corvergence is related 

to the, initial estimate of the error covariancc matrix, 

along with the measurement accuracy of the tracking 

stations. Underestimating P(0) delays convergence, 

which in tvirn prevents the orbital elements from reaching 

steady values. Overectimating P(0) greatly improves the 

rate of convorccnce, and this also results in very 

< 
steady orbital elements in the minimum time. 

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 

measurembnts for Satellite 3825 are obtained from Station 

349, and these measurements contain larger bias errors 

and sigmas (standard deviations) than any of the measure- 

ments from the other tracking stations used, as shown in 

Table I. This fact provides a possible explanation for 

the discrepancy in the answers obtained by using data 

from Station 349. 
' . ■   •    ' •■      ■■„.'• 

The Line of Nodes angle had a positive time rate 
s , '       " 
of change which is a function of the inclination angle, 

and eccentricity.  This rate of change varies 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. 

<.•' 

I 
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Group II Results 

The purpose of the six computer runs in this group 

is to determine if the orbital eleiacnts obtained in 

Group 1 are repeatable«  The passes of ench catellito 

for these correlation runs crc chosen c,z  close in tirsc 

as possible to Cho&n in the original runs.  Table V 

presents the satellites and stations used, the number 

of observations for each tun, and the initial, maximum, 

and minimum values of range and elevation encountered 

during the radar track. Table VI compares the results 

obtained in the correlation runs V7ith the corresponding 

runs from Group I. Also included are the results from 

an additional correlation run for Satellite 3825, A 

plot of the orbital elements versus time for each run 

are shown in Figs, 34-39, vhile additional curves for 

the error estimates and error covariance elements are 

shown in Appendix E. 

Group II Analynis 

The orbital elements obtained in the correlation 

runs compare quite favorably with those from Group I, 

The most noticeable discrepancy is once again 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. How- 

ever, Run 15, which uses observations of Satellite 3825 
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from Station 3^5, yield? a semi-major axis vhich is 

very close to the SPADATS value. An analysis of Station 

345 chows that the moasurerr^nts for this station have 

much Eir.allcr bias errors and sifc^as than Station 349 

(Table I), This fe.rt  provides a possible explanation 

for the discrc.jancy in the ansv.^rs for the semi-major 

axis vhen using tracking data fron Station 349, 

The results shown in Table VI for Run 12 are taken 

after 21 observations have been 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 v/nich rose quite rapidly near the end, 

and reached a final value of nearly 83 degrees. 

It is possible to obtain steady values for the 

orbital elemc-nts in only 50 seconds (6 observations) for 

Run 14, and in 48 seconds (8 observations) for Run 13. 

Very good orbital elements are obtained for Satellite 

3824 using tracking data from Station 349, as shown in 

Fig. 38. Therefore, this station provides only fair 

elements for an elliptical orbit, but very good elements 

for a circular orbit. 

Group III Rerults 

The actual series of measurements obtained during 

a single radar track of a satellite often contain from 

one to six missing observations. The purpose of Group 
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III  is to determine if a nuirbcr of consecutive observa- 

tions can bo omitted,   and still achieve cood results 

for the orbital olenients. 

In order to have a basis for comparisoni   the same 

tracking data end  input P(0) used in Run  2  and Run 7 of 

Group I  are-used  in this croup of runs.    These rasasure- 

mentc are for Satellites 3325 end 302':,  respectively, 

which represent beta highly elliptical and nearly circular 

orbits.     Run 17 uses the data from Run 2  (Satellite 3825) 

with eicht: consecutive observations removed after 10 

seconds,   and Run 18 uses the data from Run  7  (Satellite 

382^) with eight consecutive observations reaoved aftes: 

50 seconds.     Table VII  presents a comparison of  the results 

from the original two runs,   the valuc-ü provided by SPADATS, 

and the results from Runs 17 and  18,     The graphical results 

are shown in Figs, A0 to 51, 

Analysis of Group III Results 

The computer algorithm is able to perform quite 

successfully with eight consecutive missinR observations. 

Preliminary runs (not included) using the  sarae data,   but 

with skips of two,   four,   and  six observations,   produced 

results which are as good or better than the results  for 

Runs 17  and  18, i 

It is quite interesting to note the behavior of 

the error covariance matrix,   P(-), vhich is computed 
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from Eq 14  (Chapter  II) 

m-ri     ram   m (49) 

• / This raatri:: equation is used to propagate the error 

covcrinncc between raGccuremonts. Representative matrix 

elements ere  showr« in Fi£,s, 49 and 50 for Run 7, which 

contains no shipped obrorvacionsi and these can be 

compered v/ith the snmc elements in Figs. 47 and 48 for 

Run 17, vhich contains eight skipped observations. 

During the time poriod covering the skipped data, the 

matrix olcrticnts for the tvzo runs are quite different. 

However, onco the skips are terminated and several new 

mearaircmcnts are received, the values for the elctacnts 

for both runs quickly becomes almost identical. It should 

bo not . that the scales for Figs. 47 and 49 are not 

the same, causing the curves to appear different, even 

after the skips are over. But upon closer analysis, 

it can bo scon that after approximately 100 seconds the 

curve-D are very sinilar. Thus, despite the large change 

in P(-) during the time of the skipped observations, the 

Kaiman Filter continues to operate properly. 

Group IV Results 

The state transition matrix is computed using Eq (13) 

which is repeated belov; 

2    2 3    3 
<I> r-.  I + FAt + F At /2I  + F At /3l  + h.o.t. (50) 
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vhere h.o.t, represent the higher order terms.  All the 

previous runs in Groups 1-II1 used the first four terns 

shown in Eq (44), and the question arose as to how much 

the results would be affected by either adding or sub- 

tracting terms froi.i this equation.  To answer this 

question, Rune 3, 5, and 9 (Group 1) arc each repeated 

usins two different equations for the state transition 

matrix.  The initial set of runs uco only the first 

two terms, while the second set of runs incl\i.dc the 

first five terms. 

In each set, the resulting orbital elements arc 

the same as the Group 1 results out to the fifth or 

sixth significant digits.  A comparison of the graphical 

results for each set of runs also fails to disclose any 

appreciable differences.  Because 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 

over five minutes. However, one set of data is available 

from Station 345, Satellite 3825 which covers a time 

interval of nearly nine 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 shown in Figs. 52-56. 
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Analysis of Group IV Results 

In analyzinf. Eq (50), it is found that the larrost 

elementJ? making up tbr- F matrix ere on the order of 

0,0001.  In cc'.dition, the value for At 5G a constant 0,1, 

Thus, the terns in Eq (50) beyond the second tern (i.e. 
2 2 

F At /2 + • • •) have maxintura rcD^riiti-dcs which are less 

-JO 
then 10  , end those tern.-, are therefore very insigni- 

ficant When added to the identity matrix I, 

The computer run using the rone miiiu'co track of 

Satellite 3825, produces steady valuec for the- orbital 

elenicnte after approximately 200 seconds, as shown in 

Fig, 56, By using smaller values for the initial error 

covariance matrix, ^(O), the orbital elements take longer 

to reach steady levels, once again indicating'that it 

is best to overestimate diag F(0), The run could have 

been terminated after the steady values are reached 

since the orbital clcnients are essentially unchanged for 

the final 55 observations. The final value for the semi- 

major axis (1,A927) is higher then the value provided 

by SPADATS (1.A88).  Therefore, even by using data froui 

two different tracking stations (345 and 349), a consis- 

tently high value has been obtained for the semi-major 

axis for Satellite 3825. A possible explanation could 

be that the value computed by SPADATS is in error. 
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VI.     ConelurJ.cms  and Recorrr^enda11 ons 

Conclti!-5.onr, 

1. Tho application of the Kaiman Filter to detcrv 

mine tho orbit of a epaeö vehicle is quite succesuful. 

For each of tho four catcllitcs used in the study, it 

is possible to obtain convcr^Ciice of the error ectimatcs 

to values lesr; than 0.1 per cent of the actual values of 

position and velocity. When ncasurcms-nts spaced six 

seconds apart ere ueed, converßcnce is achieved with 

e mlnltnum of ei^ht observations. For measurements ten 

seconds apart, a minimum of six are needed to obtain 

convergence. The value chosen for the initial error 

covariancc rantrix f;reatly affects the rate of conver- 

gence, and in general, ovcrestimation provides steady 

orbital elements in the shortest time. Once conver- 

gence is reached, tVic optimal estimate of the trajectory 

is obtained, and additional measurements fail to improve 

this trajectory. 

2. The orbital elements are repeatable for three 

of the satellites vjhen using tracking data from different 

radar stations. The orbital elements are repeatable for 

the fourth satellite vrhen using tracking data from the 

sano radar station for two consecutive passes. 

3. The computer algorithm is capable of integrating 

for ovor 80 seconds with no tendency to diverge. 
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Therefore, as many as ei^ht consecutive measuremento 

spaced 10 cecondc apart can be missing from within a 

track of a satellite, and the program x;ill still pro- 

vide good results.  If the missing observationf? occur 

before convergence is reached, then several additional 

measurements are needed following the skips in order 

to obtain steady values for the orbital elements. 

4. When computing ehe state transition matrix, only 

the first t\;o terms of the scries crcpansion arc needed, 

am* all additional terms are negligible. 

Recoinmandrti onn ^^ 

The following topics are suggested as areas for 

further study. 

1. Use tracking data for satellites with low and 

intermediate inclination angles. 

2. Include perturbation terms, such as atmospheric 

drag, solar drag, and additional zonal harmonic terms, 

In the nonlinear state equations. 

3. Include tracking data for both continuously 

thrusting and intermittently thrusting vehicles. 

4. Extend computer algorithm to include iterative 

differential correction techniques as outlined by 

Morrison (Rcf 141428-482). 

5. Extend the dimension of the state vector and 

filter matrices in order to include the station biases 

and sigmas in the estimation process (Ref 7i241-242). 
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" Appcprllx ^ 

Inltt*1! i'Ovin.->l Trajectory Eaitntions 

Tho equations vised to «compute the Initial nominal 

trajectory are presented in this appendix. The input 

data needed includes the following! 

1. Height of tracking station, h(tnetei*s) 

2. Latitude of ^racklnf: station, 0 (decrees) 

3. Longitude of tracking station, ^(degrees) 

4. Slant ranpe of satellite, p(meters) 

5. Slant ranj^e rate of satellite, p (meters/second) 

6. Azimuth of satellite, A(de?;rees) 

7. Elevation of satellite, E(degrces) 

/ ' 8*  Azimuth rate of satellite, ÄCdef.rees/second) 

9,  Elevation rate of satellite, E(d'ec.rees/second) 
^■■z      .        -   .  ■. 

Co^ortation of Station Coordinates in Rotatin? Frame 

R = 
i"'-. 

-(C+H)cos(ö)cos(^) 

*(C+H)cos(0)sin(ö) 

-(S»-H)sin(0) 

(A-l) 

-, 

where II is the station height in earth radii, and v , 

r 2 T172 

C :=  l/[l -  (2f-f  )sin (0)] (A-2) 

S = C(l-f) (A-3) 

••-.-^ 

V. 
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Co^.putntion of Vectors L  and L in Rotp.tinfi Fr.jrne 

/ 

'LX*1 rcos(ö)(-Ll+L2)  -  sJ Ln(ö)(L3)             "1 

L = LY ~ clu(ö)(-LiJL2)  -.*- CCE(Ö)(L3)               | 

■ .LZ. _coe(0)cos(h)cos(A) + sin(0)sin(h)J 

«here LI =   sin(0)cos(h)coi 5(A) 

V L2 B coc(0)sin(h) 

L3 = Cüs(h)sin(A) 

- 

* 

"LXDl 

' 
• 
L = LYD 

• J^ZDJ 

(A^:) 

(A.5) 

(A-6) 

(A-7) 

(A-8) 

c     . 

(7, 

where LXD =  (A)co£(ö)sin(^>)si,n(A)cos(h)+ 
• / , 

(E)cos(ö)sin(^)cin(h)cos(A)+ 

(E)cos(ö)cos(0)cos(h)- 

(A)cos(A)sin(Ö)cos(h)+ 

(E)sin(ö)sin(A)sin(h) 

LYD ■  (A)sin(ö)sin(0)sin(A)cos(h)+ 

(E)sin(ö)sin(^)sin(h)cos(A)+ 

(E)sin(Ö)cos(0)cos(h)+ 

(A)cos(ö)coß(A)cos(h)- 

(E)cos(ö)sln(h)sin(A) 

(A-9) 

(A-10) 
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LZD ■  (-A)cotC0)sin(A)cos(h). 

(E)cos(^)cos(A)sin(h)+ 

(E)sln(^)cos(h) 

(A-U) 

Cor.^p.ntntlon o^f Sat^IU te Position Components in 

Kotntlnr;  Fr^i^ 

/ 

r = 

3: 

a pL  -   R (A-12) 

Commttatlpn of Satc31ite Velocity Components in 

Rotating Fssag 

r ss 

z 

r=  PL.     +   PL (A-13) 

/■ 
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.. 
« 

* " Appendix B 
■. ■ ' ' ■ ' 

System pef.criotion Matrix 

The system dsscription matrix F is made up of the 

partial derivatives of the equations of motion with 

'       . ... 
respect to the states x, y,   z, x, y, z,  as aiven by 

Eq'(23) in Chapter III. 

F^! -  ^/r3[3(x/r)2-l][l+na]   - xHax    J- ^2 (B-l) 

F.« « |ix/r3 (3y/r2)(l+H )  -    H a' ay 

F43 = /ix/r3 (32/r2)(l+Ha)  -    1\&Z 

^44 ^ F46 ^ 0 

F45 =  2« 
V 

FS! « My/r3 (3x/r2)(l+iia) - Hax 

F52 ■ ^/r3 [3(y/r)2-l][l+Ha]   - yHay    + J 

F53 « My/r3(3z/r2)(H-Ha) - Hiz 

F54 ss -2<u 

F55 * F56 ■ 0 

<B-2) 

(B-3) 

(B-4) 

(B-5) 

(B-6) 

(B-7) 

(B-8) 

(B-9) 

(B-10) 

<>        > 
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where the terms Ha,  Hax,  Hay,  and Haz are given by 

Ha-^C-^^)2]^^^^2^ r        Os-ll) 

H n:: r4 p-[lO(2/r)2-l] +    "J    fe[7(Z/r)2-2]   (B-12) 
ZJ^y. 

H 
3J2A|y 

ay '     r^ 
-[lOC'/Vr)2-!] + 

15J3yzAj 
[7(z/r)2-2]   (b-13) 

Ha* = 
6J2A2z I 3J3A2 

-|5(z/r)2-3] +  ~ [o.5-5.5(z/r)2+ 

7(z/r)A ]     (B-14) 

Ffil  = ^z/r3    (3x/r2)(l+Hh)  - IT 61 bx (B.15) 

F62 = /iz/r3 (3y/r2)(l+Hb) - Hby 

F63 »  »'/r3 [3(z/r)ll][l+Hb]   - zHbz 

(B-16) 

(B-17) 

F64 B F65 = F66 " 0 (B-18) 

vhere the terms Hbf Hbx, Hb , and Hbz are given by 

3JoA2 

HbS=^r2 
^[3-5(z/r)2J + ~^[6-7(z/r)2Jz/r   (B.19) 

II 
J2A?X 

b:: 
15J3A xz r     « T 

|30(K/r)^9| + —^^~h(z/r)2-4j (B- ~^r30(z/r)2-9l .6 20) 
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H 

JAy 30(z/r)2-9    +  ?-—- 7Cz/rr~4      (ß-21 
J r L J by '      4-  i-^-zw  --1   •       js 

7.5(z/r)    (B-22) 
?' 

1 
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Appendix C 

[tegsuegment I^Ttrix H 

The roeasurement matrix M is made up of the partial 

derivatives of the measurements P,   P, A,  and E with 

respect  to the states,   position and velocity. 

M     a 

^P    ÖP  .   . .   ÖP 

Fi(i)l 3>it   ^y hz 

M(2i e • 

M(3) ** • • 

^(4)J $!•: . Äf 
Ö:: Ss 

(C-l) 

v/hero the terms M(l),  M(2),   M(3),   and M(4)  are given by 

H(l) =  ßx*rO/P,   (y+Y)/pf   (z-!Z)/p,  0,  0,  o] (C-2) 

M(2) «  fx   p<y»X)    y      p(y>Y)    z ^ pCz+Z)      x-»-X 
p2  f p 

y+Y    z+zl 
P   .     P J (C-3) 

H(3) 1/(P
2
-Z|)     -xTsin(Ö)-yTsin(0)cos(ö),  XYCOSCö)- 

yTsin(0)sin(ö)t  yTcos(0).O.O.Oj (C-4) 

M(4) =. ri/(p2-ZY)1/2ircos(0)cos(o)-zT(x-X)/P2, 
JL 2 2 

sin(0)cos(^)-zT(y-Y)/P  ,   sin(0)-zT(z-Z)/P , 

0,0,ol (C-5) 
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Appendix D 

Cornnntcr Pror*^"^ 
»MM      Bi—   ■■!■      ■     I    ■ i   ■■ mm   »mmmm 

The co:nprit*>r program listing is presented in this 

appendix, alone with e  corr.T.ra lir.tins of tho vcrxahloc 

used in the prograoii and a sample of the required input 

data. Tho progrcro is written in Fortran IV IcnQua.i.c 

for  use on the 1KH 7096 computer located at i/ri^ht- 

Patterson Air force I'.r.ne, Ohio. 
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*»«   COMMON   LISTING   «** 

C( 1) 
C( ?) 
C( 3) 
C( 4) 
C( Pi) 
C( 6) 
C( 7) 
C( p.) 
C{ 9) 
C ( 10) 

C( 11) 
C( 1?) 
C( 13) 
C( 14) 
C( IS) 
C( IM 

C( 17) 
C( 18) 
C{ 19) 
C( 20) 
C( ?1 ) 
C( PP) 
C( 23) 
C( P.'i) 
C( ?<■>) 

C( 26) 
cc 27) 
C{ 2fn 
C( 29) 
C( 30) 
C( 31 ) 
C( 32) 
C( 33) 
C{ 3A) 
c< 35) 
c< 36) 
Cl 37) 
c< 3P.) 
C( 39) 

C( 40) 

C( 41 ) 
C( 50) 
C( 51 ) 

C( 5?) 
C( 53) 
C( 5/5) 
c< 55) 
C( 56) 

TIME 

sorjru 
OTA 
V'IFKi 

DT3 
OT? 

V0 
Ar 

MU 
V/r « W I - 
V,'F2»WIF2 
F 
KF: 

2 
3 

MUM ET 
TI 

i 

FR 
AP 
RB 
Rf^n 
HOUR 
MINUTF 
HP 
NO 

THRU   C<    49) 

RH0M 
PHODM 
AM 
FM 

RHOC 

STEP   SIZF 
or Mu 

RATE   OF   FA^TH 

INTCGRATION 
SOUARE   ROOT 
nT3«nT/4»0 
ANGULAR   ROTATATIONAL 
nT2*nT/3»0 
OT^PT/p.o 
CIRCULAR SATELLITE SPEED 
RAO I US OP- EARTH 

GRAVITATIONAL CONSTANT <=1»0) 
ANGULAR ROTATIONAL RATE OF EARTH 
WE»V'F- 
FLATNESS COErElCIENT 
CONSTANT 
CONSTANT 
CONSTANT 
CONSTANT (MU FOR METER UNITS) 
TIME INTERVAL MEASUREMENTS 

ELEVATION BIAS 
AZIMUTH BIAS 
RANGE BIAS 
RANGE RATE BIAS 
HOUR OF OBSERVATION 
MINUTE OF OBSERVATION 
HEIGHT AT PERIGEE 
NUMBER OF OBSERVATIONS 

CLT<1«1) THRU CLT(3«3) 

RHO MEASURED 
RHO-DOT MEASURED 
AZIMUTH MEASURED 
ELEVATION MEASURED 

RHO CALCULATED 
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C(   57) 
C{    58) 

pHonc 
AC 

C(   59) FC 

C(    60) 
C(   61 ) AH 

C{    62) FD 

C(   62) 
C(   64) 
C(    65) 
C(    66) 
C(    67) 
C(    6P) 
C(   69) 
Cl   70) PER 
C(   71 ) 
C{   72) 

A 
FCC 

C(   73) 
C(    74) 

J 
E 

C{    75) V 
C(    76) POP.UDU 
C(   77) POOtUOV 
C(   78) AMG I 
C(   79) ANGALN 
C{    BO) ANQAP 
C(   81 ) 
C(   8?) 

PX«UX 
PY «l/Y 

C(   83) P7*\J7 
C(   84) OX4 VX 
C(   85) 
C(   86) 

OY 4 VY 
C2 4 V7 

C(   87) 
C(   88) 

WX 
V/Y 

C{   89) V.'Z 
C(   90) 

C(   91 ) X 
C(   9?) 
C(   93) 

Y 
7 

C(   94) 
C(   95) 

VX 
VY 

C{   96) 
C(   97) 

V7 
R 

C(   98) 
C(   99) 
Cd 00) 

V 

CdOl) 
Cd 02) 
C(103) 
Cd 04) 

X 
Y 
7 
VX 

Cd05) 
Cd 06) 
Cd 07) 
Cd 08) 

VY 
V7 

PHO-POT CALCULATFH 
AZ.VUTH CALCULATFn 
FLFVATI ON CALCULATFD 

A7iKl^TM~nOT 
FLFVA1ION—DOT 

pppion 
SF?'I-MAJOP   AXir, 
rccrNURiciTY 
FPOCH T1MF 
FCCJ- NTi-i IC ANOMAL Y 
MFAN ANOMALY 
DOT PRODUCT OF UNIT VFCTOPS 
DOT PPCOUCT Or   UNIT VFCTOPS 
INCLINATION ANGLE 
ANGLF TO LIN^ 0^ NODFr, 
ANGLF Of ARGl/VFNT Or ppPiriFF 
X-COMOONFNT Of P OR U 
V-COMPONHNT OF P 0" U 
7-cor/PO'%,r;NT OF P OR U 
X-COMOQNFNT OF Q OP V 
Y-COMPONMNT OF O 0^ V 
Z-COMPONENT OF O OP V 
X-COMPONFNT OF W 
Y-COr-'.PONFNT OF Iv 
Z-COMPONENT OF W 

POS11 I ON OF SATFLLITF 
POSITION Or SATFLLITF 
POSITION OF 5VATFLLITF 
VFLOCITY OF SATFLLITF 
VFLOCITY OF/SATELLITE 
VFLOCITY OF SATFLLITF 
MAGNITUDR OF SATELLITE 
MAGNITUDE OF SATFLL1TF 

IN METERS 
IN MFTERji 
IN METERS 
IN METERS/SEC 
IN METERS/SEG- 
IN METERS/SEC 
POS VECTOR 
V^L VFCTO^ 

POSITION OF 
POSITION OF 
POSITION OF 
VFLOF, ITY OK 
VELOCITY OF 

SATFLLITF 
SATFLL I Tr 
SATFLLITF 
SATFLLITF 
SATFLL1TF 

IN FAPTM ^AOlI 
IN FA^TH PADI I 
IN FAPTH RADI I 
IN FAPTK UNITS 
IN FAPTH UNITS 

VFLOCITY OF SATFLLITF IN EARTH UNITS 
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i    • 

C ( 1^9) 
r < 11 r>) 

C { n 1 ) 
C( 11 ;■) 
<-( 11 :<) 
C( n^) 
C( nc".) 
C ( 1 1 d ). 
c < •fl?) 
r- ( 1 1 '■) 
C ( 1 1") 
cc 1 ? 3 > 

C ( 1^1) 
C( 1??) 
r ( i p :j.) 
r ( ir1^ ) 
C ( i?-.) 
c. ( l^M 
C( 1 ? 7 > 
C( .1 ?.'•.) 
C t 1^^) 
/- 130) 
c t 131 ) 
c 13r > 
c 13.T) 
r 1 '-.^ ) 
C : 135) 
c [ !?<-.) 
c t 1 37 ) 
c 1130) 
s* 
V (139 
c ( K. 0) 
c (IA 1 ) 
c (14?) 
c Jlfl?) 
c M ^ M 
c ( 1 6 7 ) 
c ( 1 0 P ) 
c (?01 ) 
c (P37 ) 
c l?^r') 

c (?3r') 

c (?« 0 ) 
c (?4 1 ) 
c {?6';) 

c (?r.c ) 
c (P'-.7) 

c {prf ) 

c {^.'.r•) 
r ipyc) 
r ('■7 1) 

r t?v'   ) 

xn 
vn 

vx ^ 
vvi ■ 
V/'O 

DFRlVATlvrs  ror?   irjTrG!?ATior-j 

V THP-GPO 

, THFTA 

LAT 
L ONG 
HT 
TPOT 

xr 
■ vr, 

7S 
XV". 
VYf^ 
V7'-, 
XRtXSV! 
VS»Y«;M 
7'-,«?«.M 

XV.C 

YV? 
?vr> 

TM-\; r (i ftA ) 
r.rro\n 

Tur-'U (iPCC) 

T^'J CAP'"-) 

THPU   C<?:64 ) 

Of P I VAT IV' r> 
Dt:Riv/Mivr n 
nrtfttvATivrs 
DL'RIVATlVrs 
[>FRIVAT|vrs 

rot? 
ro»-» 
ro;-' 
F 0(? 
FOR 

If^TFGPATION 
1 UTr- G^'AT 1 ON 
INTFGRATION 
INTEGRATION 
INTFGRATION 

lU'ITIAL GRPrNWlCH TIMF 
VFAN S IOFRF -M. T I MF ( GRFFNV/1 Cl!) 

LATITUDE OF" STATION 
LONGITUDE OF STATION 
Hf-. IGHT CF, STATION 
TH(-TA-nOT 

GrrocrNTPic COORD OF  STATION  IN F»R. 

GrOCFNTf^flC COOPO OF STATION IN F.O. 
GFOCFNTRIC COORO O- STATION IN F»P« 

GFOCFNTRIC COORO OF STATION (M) 
GFOCFNTRIC COOf->n OF STATION (M) 
GFOCFNTRIC COORO Or STATION |M) 

«■ 

COMPONENT OF SATFLLITF IN STN COOPD 
COMPONENT OF SATFLLITF IN STN COOPO 
COMPONENT OF SATELLITE IN STN COOPO 
NOT USED 
SFCONO Or Onp.r-pyyJTIOf.,. 

NOT USED 
r< Itl) THRU r<f.4M 

OFTFRMINANT OF op. 

^ ( 1 « 1 ) THPU M ( /» ♦ 6 ) 

1- 

p{ 1) SIGVA««? RMO 

PC') SIGMA**? PMCJ-OOT 

PC) SIGMA»«'? AZIMUTH 

P U ) SIG^A»»? ^L^VATION 

-jtfiP'j r {,->'.4 > K ( 1 , 1) THRU Kit*A) 
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>C(296) 
C(?97) 

C(?0O) 
COOC) 

C(377J 
C(370) 
C(?79> 
C < 30 0) 
coon 
C(3B?) 
C(383) 
C(304) 
C(385) 
C(386) 
C(307) 
CMOl ) 
C{437) 
C(473) 
C(501) 
C(r)0?> 
C(503) 
C(504) 

THRU 
TIIPU 

7A 1 ) 

7(3) 
7(4) 

0(340) 
C(37^) 

TH9U 
THRU 
THRU 
THRU 

DXFSTd ) 
DXeSTC?!) 
DXF:ST( 3j 
nxFst<^) 
DXFSTC^J 
DXFST(r)) 

C(400} 
C(436) 
C(47?) 
C (fSOC ) 

ST A MR 
SATNR 
YFAR 
DAY  . 

PFLTA 
DCLTA 
DFLTA 
DTLTA 
NO (' U: 

RHO 
RHO-DOT 
A7IMUTH 
FLFVATION 

PF<l»n THRU PF<6»'f>) 

OF 
o-- 
OF 
01- 
0rr VY FRf^Oft 
OK V7 FRROR 

X FRROR 
Y FRROR 
7 b'RROW / 
VX FPROR 

/ 

F.ST IMATF 
CSTIVATF 
FSTIMATF 
FSTIMA7P 
(rSTlM'4Tr 
fZSTI-MATF 
K'OT USED 
RP(1«1) THRU PP(6»6) 
PHId « 1 ) THRU PHI (6*6) 
NOT USFP 
STATION NUMBFR 
SATFLLITF NUM3FP 
YflAP OF OBSFRVATIO^ 
DAY OF OnSFPVATION 

-.' 

\ 

; ■ 
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'-V 

. 

O I vrNr. I ON   X ( r.) . X'l! (.''■.)« 0 ( 60Ö) * XITRfR ( 7f-,) « VFRR ( 75 ) » 
1 VXr^'P (?':)«VY^HP ( 7 - > ♦ V/"" "r" { 7^ ) , T I Vr ( 7«i ) » TPU 76 ) i 
?TP" (7- ) « JP V (-7-. )*« Tff' ( 7?) |.TP6 ( 7^ ) » TP7 ( vs } , TPB ( 7^ > « 
3TM7r  ) ,Tl  (7'-. ),tTI { ?^ > ♦ Z^PRC«© ) #TP2 f75 ) 

fTÖulVALrNTP"   (r (on:') «T)«(r(ooi > «x)»<r.( 101 ) «x-R)« 

2 (C ( 1 ^A ) « it<:   rA     )'* ( r.'t 7^'! ) t'^X-- TT'l ) 4 ( GC-HPf? > 4nXFp,T5) « 
:• (r( Ani .>/,'P^I^I ) .^('^ /:^^♦''; '"'''«(c( Ai n) *^P731 

•f- (C CiPP'J «!Sr;'; '. ) » (CC    ?9J »PP55) 4 (C(436),*PP66) 4 
'. (-C (71)1 /• ) ♦ ( C < 7.- ')»)♦ ( Cv« VH ) 4 A ! ) { C< 383 ) 4 nx-r,T3 » 4 
6(r c?'1' ^.i^x'srr 14 (r.(/<03) •PP31 vftcCA.?-») 4PP6''' > 
7 c c {a: 0) 4 Ar ) 4 (r (00") 1 vo > 

FORMAT« 1H1 «^^, 1 /»UrOMMOy» L 1 ST/r«,4 ciX4 7! !T I M?' ♦'   <    *        5 
r.cvv/A T r 15 4 rx 41 r^r: i ^. 7 ^ 

TCT'?    IS   A   Tlr-,r'   CO'.'.V 

\ 

*w 

\ 

rcir.v =  o.;o 
NT =^-1  ' 
GALL 7efiO 
CALL INPUT 

'CALL. ST AT 
CALL rOCPMP 

« CALL FLEMTS 
vniTr (f>4f.r,i) 
WRIT^, (6,600) 

1 C ( I -l r^ 4 C ( I +6 ) 4 C ( 1 !- 7 > 4 1 
<ai,-;-'T-;\ "' 
KTC:< ,= 60 

(14r( 1) ,c( i-fi) 4r( n?) 4CC i+3) 4C(r+/») 4 
1 »A7?>4n) 

c 
c 
c 
c 

c 

c 

c 
c 
c 
c 

c 

1 
500 

11 

N'O ^-PRERPNTS THE ^UMOER, 0^ 08SERVAT I(»IS TO BE 
PcAp IN« NDKO If, USED TO DETERMINE WH^N THFRF AR^ 
NO MORF McASURFMEMTfC« KTCK DEPENDS U^ON THF 

■♦ir.Ar.'J»LMFNT. INTERVALS OF TH'"' PAOAP STAT1 ON?, 

NOS'O = {NO-1 ) KICK 
GO TO ? '    » '■\,\    ■ 

IN-O    (A   PLAN«„eAR^)     IMPtfES   THAT   AN   ORSFPVATION   IS 
'AVAILABLE   AND  THI«   DATA   IS  PrAn   IN,   OTHERWISE 
I NJF GiVt T I ON   Or    T 1 \     EGÜAT 1 ON5   OF   MOT I ON   CONT INUES 
FQR   ANOTHFR   TI"^    INTERVAL« V r* 
READ (^4^on) 
»ORMÄT   (Ml) 
ir{ lr) ';♦ 1 {%f, 
CALL   IN^UTA 
tAi.L   KALIAN 

I 

K5 
IM 

' 

\, 
.y 

s 

100 0 
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c 

^ 

c 
c 
c 
c 
c 

» 

c 
c 
c 
c 

DO   16   I=1♦? 

x?:/,;( i )=x( I )/AF 

16  xfrnJ)=k<J)/VO ^ 
CALL   FLCTS o » -'   ' 
QALL   OUTPTA- 
CALL   TRAJI 

.    .TH^   FÖLLOV/1MG   «iTATF V'K'TS    (nOv'M., TO   T I (NT )-,■'.! )    Afr 

UF.FO   PCQ   TrViPORARY    StC^AGif   OF   DATA   FOr-?' USF 
IN   TWF   PL OTT IK'"-   POUT I'.'. 

. T! (■•':{ NT)    =    TCTR 
JCTR   s   TCTP   +   r..O ,> 
XERWC  NT)   = nxrr.Ti 
VSR»( NT ) = nxpf.TJr , ,       . •   ' •' 

;   ZBRR( ,'ivlT > ,= DX;-ST3        _ , , * 
VX-RR( NT ^ = OXiT^T^ 
VYFRRt.NT j- DXF5iT5 
.V/Fppc NT ) = nXFc:TC 

..- TP1 (NT) - PP.11  . 
TP?(NT) = PP?2 '\ ■ . 

' TP3(NT) BD PP33 . " 
A       TPA(NT) = PPA/J 

TPF)(NT).= PP^'S  ., ^--       i 
^TP6(NT1 - PP66 ^ 

"      TP7{NT) = PP3r 
TPS(NT) = PP^1 — 
fA(NT) «A 
TE(NJT> = EM 

t      *. 

TE(NT) = E | 
TI(NT) = AI 
NT = NT + 1 
WRITE; (6« 601) T 
WRITE J6«f.n6) (I »ct n ,c( n i) »C( i+?) «r( H3) «cc 1+4)« 
ICf 1+5) tClI+6) «C(147)« I = 1*47?«^)    * .. 

3 CALL UPCOV ■ J 

CALL 7PAJ 
KOUNT =KOUMT +1 ..        ,t,'' 
IF (KOUN'T.LT^KTCK) GO TO 3 
KTCK M   KTCK + 60 

THIS STATEMENT JJPDATES GRFFNvICH SID^RFAL« 
TIME EVERY M^AfiURFMENT INTERVAL , 

, TH^TA = THFGRO +'f>,00437^?6P>TCTR/60«0 
IF (KOUNT.LEiNONO) GO TO 1 
DO 17 fsi,3 
J=I+3 
XER<,I )=X( 1 )/AE  .      .      ; 

17 XER(J)=X(J>/VO 
CALL FtfMTS .     % '. 
CALL OUTPTA   ,.••»'•  o - 

*» - 

- 

■\ 
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J^.-^v    CALL PLOTS(n,f.OO> 
CALL r»PAW (XPRR, YPTJO , zrpr? * XFPR«T 1 VJ5 « NO , 3 i 3) 
CALL DRAV«    {V>:t"f'l?,VYrn(V»v7f r'P*VXrr?P«TfKr«N,0»3»3> 
CALL DRAW ( TP1 « TP;? ♦ 1^3«TP7 « T 1 ME«NO f 4 « 'i ) 
C AL L DP AW (TP/; * TP3 « TP6 «TPa« T IMF«NO ♦ 4 ♦ /; ) 

1   C/M_L nrrAVMTA^Tr «T,i ♦TA»TIV.-«NO«3« 1 ) 
1     ^ CALL PLOTF , 

GO'TO   ICC ',..    • ^ 
rt.'n 

J^  *» .V  */   v .v  %•, ^. v   ,v J' K A*. Ä ^f .* ■ M ;• ^f -v ? «;f;:« «•»:- «■ y s • 

«■. I 

C 
C 
c 
c 

nrrc ZFRO» 

SUBPOUT1NF 7rpO 

THIS SUBROUTlNf 

c 
c 
c 
c 

TS   THE   600   COMMON   STORAGE 
LOCATIONS   TO   ZFRQ   AND  DEFmFS   ALL   NECESSARY   CONSTANTS 

COMMON/AFIT/C(600) 
PFAL   VU« MUMET4 J2%J3 « KE 
EOIH VALENCE 

1(C(?33)«F36 
?(C(01^)«F      "■ 
3 (C (01 ? ) » MIJ 
4{C(013)«VIF 

(C(P19,) «F1A 
; )4 (CKOI?) , j? 

»«(6-fO t C) ♦ AE 
> « {C( \\?9) «TOOT 
)*(C(d03)*nT 
l-CCOH) IWIE2 

. '   (C < r 07)«   DT3)«(C(0O6 ) « WIFKF) 
5/!)T 

) » (C(??6)«r?fi ). 
) t ( C {01B ) • J3 )« 
) « iC(0O<3)»V0 )< 
)«(C(016)»K:F )« 
)« (C(019)«MUMET    )« 

)»(C(OOP)«DT2 )« 

NAf/IEL I ST/NAf. 
DC   1    1    -    1.600 
C(l )=-0# 
RFAD    {F.»NA'/!r!i) 
F1A«1V0 
F?6«U0     - 
F36-1,0 
f/;u=uo 
J?=10P^.6'':FF-06 
J3 = -?«ri46F-06 
p=uo/rpr..?5 
Tr'0T = 0,0cr.Bn3/»/i7 
MUMFTe3a^B6p32E414 
WIE = 7.Pc)?l?1F-5 

MULTIPLY WIE BY CANONICAL TIME UNIT FOR USE IN 
SUHPOUT 1 NT FLE'TNTS. 

WIEKEeWlF«A0A.*B1364 .  . . 
WIEpeWIEfWlE , « 
KFr4.?60«=.A30 
Ac-t:6^7ni60.0 
VO-7,P0537f-,r+o'^  - 
DT?=DT*-nT/?»0 
013 •-   DTP-DT/T.O 

i 

I?   ° 
4»      • •• ■•  * 
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RETURN 
FND 

SlHFTC INPUTZ / 
sunr?ouTi/jr: INPUT 

c ,        7 ■ ... , \ 
C     THIS r.U^RC'JT INF RFAfV'i IN THC FIPST SET Or' DATA   \ 
C     WHICH IS USFPJ IN Sl.T'POu'l IN!- FOCOVP' TO FSTAHLISH 
C     INITIAL hfOMlNAL TRAJECTORY 
C 

COMMON/AFIT/C(600) 
REAL L AT »LONG♦M1 NUTE 
INTECF» SATNP.r.TANfiiYFAR« DAY «HOUR " 
EQUIVALENCE (C(001)«T )«(C(003)«nT >« 

1 (C(l?r.),*HT )«(C(126)«LAT ) • (C< 124 > «THETA )« 
ZlCiOt-.H) %FL )♦ (CCO'ö.T) «A7    ) « ( C ( O'Sl ) «Rl 10   )« 
3(C(06n«AD0T ) « ((:(062) «FPOT ) « (r( 34 1 ) »PI 1 )t 
4(C(3~r>) «P33 }«CC(362}^P44 > t <CC 36«?) •P5S )« 
5(C(;?6M«P1 )«(C(267)«P2 )«(C(26n)«P3 )♦ 
6(0(501 ) «STANR )« (C(M6?)«SATNP ) ♦ ( C ( ^503 ) « YFAR )« 
7(C(02O)«HOUR )«(C(030)«MINUTE)«(C(167>«SECOND)« 
0(C(0?E.) «EP) « (C(0^6) «AP) « (C(0^7)«RH) « (C(OPn) «Rpp) « 
<9(C(1?7)«LON;G )« (C(00;r)«RHCnOT) « (r<7./JP.>«Pp? )« 
A{C{376;tP66   i%iCi?.C9)%f<* ) « (C(504) «HAY   )« 
B(C(123;«THFGRO)♦(C(020;«TI    )«(CrC3?)«N0    ) 
NAHEL I ST/MAMf 1/EH ♦ AR« PP « RDH/NAMEgW5» I 1 « P?2 « P33 « P4/*« 

1 P55« P66/NAME3/R1 « RP «»3« R«/NAf.'E6/HR«P 1 NUT «SFC « NO « T I 
READ (1«NA'.'ri ) 
READ (5«NAME2) 
READ (5«NAME3) 

C .'l 
C     RJ. THROUGH R/4 (COMPUTFD PELOW) ARE EOUAL TO THE 
C     SIGMAS SQUARED. 
c :, 

Rl = Rl**? 
"  R2 ■ RP««2 

R3 ■ (R3/57.3)*«2 
R4 «= (R4/57«3)«*2 
READ(5«NA«E6) 
»/RITE{6«NAWE6) 
READ (5««=;01) LAT«LONG«HT 
READ ( 9 « ?02 ). SATNR « STANR« YEAR «DAY « HOUR«MINUTF « SECOND« 
1EL«A2«RH0«lNDEX«RHOnCT«EnOT«AnOT 
1 INDEX « RHODOT«EDOT « ADOT 

C 
C     THETA IS THC MEAN SIDEREAL TIME AT GREENWICH« 
C 

RHR = HOUR 
THETA= (HP+RHR   + ( P INUT+V I NUTr ) /60 • 0+ ( SFC + ^COND ) / 

13600,0)«15.0 
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( 
c 
c 
r 

C0^■'^f^•7T   THFTA   PPOM   DFGPFPR   TCV PADtAN?« t 

C 
c 
c 

THH-TA   -   THFTA«U74532<»^I='»2 
TurCPO   =   THfr'TA 
HO'.»'"''   =   PH^ 
GO TO ci«2«3«4)«iNorrx 

1 RHO   =   RHO*10«0 
GO   TO    100 

p PHO   B   RHO«100*0 
CO   TO   100 , -    ' 

3        ' RHO   s   RHOKl000*0 
GO   TO    10O 

/> ' PHO   e    PHO-Vrl OnOO.O 

100   V.'PITT   (6«6O0)   ^ATNR»STAN^*YrAR«OAy«H0UR«MlhÄJTF« 
^r^FGONJO« 
1L AT ♦ T'trTA «LONG.fiT , ^L ♦ A ^ t PHO «PHOnOT «FPOT « /TiOT«T » OT 

501      FORMAT    (^X.^T.'^r"./» tFCO) 
50?     FORMAT   ( IX« Ir'>« \?t I?» 1 3« I?»r?#o«F 5«3«F6«'>« 1X«F7»4« IX« 

1F7.?«1 1 «lX«F7.r«lX«rn.A«lX«F^,/* ) 

600      FORMAT! lHljf3?X«33HINRUT   DATA   FOR    INITIAL   TPAJFCTCRY/ 
130X« lOHS/Tf LL1TF.   WÜMF^FP   =    «Iri«10X« 

BITHSTATION   NUVr"""»^   =    « 
? 1 3/43X »4HVFAR «r X«"»HDAY « 5X « 4HHOUR « 5X«6HMI MUTE ««^ X« 
36^rCONO//'i''jX«,ir,«<r.y « I3,r,v, ip,nx« i;>«7X,F6.rV/ 
P3X« 1 IHl.ATITUrr   =.     ,^15.7,5X« lOHTH^TA-''-   =    «,:'15«7«r:X« 
412HL0NSITUDE   =   «^lG.7,5X«17HSTATION   HEICHT   =    •F6.0/3X 
ÖIPHFLFVATION'   -    « ^ 1'".V «/"X« 1 0HA7 I MUTH   =    «F|l5.7«5X, 
ßGHPHO   =    «FI^.T,IIX«lOH'HO-nOT   ~    »F15»7/^<« 
A17HrLFVAT10N   RAT^   =    tr\'>»7%P9X* 
715I!A71VUTH   RATF    »    «Fl 5.7//3X « 1 5H^TAPT I NG   TIMF   -    • 
BF4»2/3X«?AHlNTFGRATrON   STF0   SIZE   =   «F4.2) 

STATION   PIAS   COPPr-CTiON. 

FL = PL 4 FB 

AZ = A7 -^ AR 
PHO   =   PHO   +   PB 
PHOOOT  S  PHOOOT +  POP 

RFTUPN 
FNO 

..\ 

V 

..v\ *IMrTC INOUTP 
sunpouTiNT INPUTA 

c 
C     Tllr. cUrPO>JTIrr P'/OS IN ALL MEASUREMENTS \ 
C     SUHSEOUENT TO THE FIRST MEASUREMENT, 
C 

COWO'M/AM T/C (600 < 
EOUlVALPNC^     (G| 51)«f^H0   )«(C( »2)fRH0P0T)« 

104 
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1(0(053).^.? )«(C{    r;/>),'-L )«(C(    61)«AZD0T    ). 
PtC.tCP^) «FP) ♦ (("(OP* ) «At?) « (CAOPD |R3) « (T (0?") «' ^0 » 

>»• 3(C(062) «FLHOT    ) 
ÖEAD(5«500>PL«/'^«nHO« iM^rx^PHODOTfELOOT 

«=iOO      FORMAT C33X«F6.4«'i:<«r7»4 , 1 >'«'"7,^ « I ) , 1 v«r-/,.", IX^Pfi.A) 
GO   TO    (1 «?, ^«',;) « IN'rp-x 

I RHO   =   PHO-VJO.O 
GO TO  mo 

p RHO   =   RHO«foO•f 
GO   TO   100 

3 RHO   =   RHÖ*1000»f) 
GO   TO   100 

A RHO a RHp*ionoo«n 
c 

C      ST A T 10.N r--. I AS CORRr C T 1 ON • 
c 

100 fL = FL + FB 
-' A7 = A7 + A3 

RHO = PHO + RR 
RHODOT = PHOnOT + POP 
PETURN 
END 

j .  ,. « « * « *:« s y- # -r- Jf» » *'•« ;t * -:! -» « ♦ K- -;'■ % r. * *■ y. * » 

ftlftFTC   OUTPTZ 
SURROUTINE   OUTPTA 

C ^ . 
C THIS   SU.".POUT It-J"   WP1TFS   TH'-   GUjfFNT   VALUES   OF 
C TH'~   POSITION   AND   VFLOCITY   Of    THE   SATFLLITF 
C ALONG   WITH   ITS   OP^lTAL    ELEMENTS 

I 

C 
COMMON/AFIT/C(600 T 
EQUIVALFMCF    (0(020)«T I) 
C(n=c(i)-Ti 
V'RITE   (6*600)   C(l )«C(128)4C(124.)(C(1?6)«C( ia7)«C(54)« 

IC(f51 )«C (62) «0(^-3) »C(nP)«C{61 ) 
C(1)=C(1)+TI 
VRITF   (6«601 )   CU ) t.C(91 >«C(10n«C(94)«C(10M tCCQ?)« 

3C(I02)C(05)« 
1C(105)«C(93)«C( 10?)«C(O6)«C(106),C(Q7),C(PP) «CCrl)« 
2 C C'S 2) . C (^ 3) « C (^ 4 ) . C (^ 6) « C ( n 7) , r ( ^ n ) , r ( ^ q ) * 

V/RITF   (6*602)   r( 1 t «r(71 )«r.(72)«r(7P) «C(7<5> «r(nr) , 
1C(74>«C(75)«C(73) 

600      FORMAT( 1H1 «4X*]0HINr>'JT   DATA«5X«7HTIMF   =    «F15.7//56X* 
1 tRHSTATlON  PARAMFTFPS/BXiOHHiTIGHT   =    4Fin.7«5X« 
78HTHETA   =    «Fl'i^« 
25X«.llHLATITUn'--   =    « Fl'S-T* ^X« 1 2HL0N3 I T'."DF   =    «F 1 ^.-'//^fX 
318HRADAR   ORSFRVATlCNS/l^X«12HFLFVATI0N   =    «El«.7«5Xi 
414HSLANT   RANGE   =    * El ^•7* 1 OXi 1 THrLFVAT I ON  PATE   =   .« 
8E1B«7/1?X« 
510HA7IV'JTH   ~    ,t"l««7»7y« lOHr.LANT   OAN5F   PAT"    =    »Fl^,7, 

105 

^4. ^     i. ■ i.,,^—^..^A-MAW^..-- . ^t    .       ^^.w. 



GGC/EE/70-7 

6SX, 1'HA21V'.)TM   PATi      =    » T 1 <■,, 7///) 
ftOl       FOPMAT    (4Xt 1 IHOUTPMT   DATA«5X*7HT1ME   =    «F 15»7//<»f/X« 

I 31 Hr.ATFLL ITF   POSITION   AND   VELOCITY/ZflXi 
?7HX(M)    •-:    »Fir».7«eiX«RHX<FP)    =    «^l'i.7»'X« 
310HVX{M/rO    =    «rrV.r-*7«r^«0^V^frtn    ;:    IF15«^/BX« 
47HY(fn    =    tFlf;i7|«-,y,flHVCFR)    ~    «Fl^»7«'iX« 
r'inHVY <»//«•.>    ?    «e"le>.7»^XtOH>/Y(Ftn    s    «'-lf5.7/nx« 
67H7(M)    -    •Flr:«7,SXtOH7{FR)    •=    •F15«7«'iX« 
7inHV/<,Vr-)    =    «'■in.7,ny,OMV7(FU)    =    «Flr5«7/nXf7HPOl)    = 
PF15»7«r?3X« 
BOHVtM/S)    •-    «rr-.?/   OX«BH^HO-.M   ■-    »Fl*i.7»4X« 
ri?iPio-r>OT-f/, \=  ,^T-:;,7« 

91Xt7HA7-M   =    «Fia#7«nx«7HrL-M   »=    »F15«7/   OX«QHRHO-C   =    « 
Dri5«7,4X« 
A1 ?HRHO-r)OT->C   --   »F1fS»7t 1X«7HAZ-C   -    iF15»"'r|ßX»7HEL-C   = 
Fi   lr;.7///) 

f.Or      FORMAT ('t X « 1 6f lORn I T AL   FLF^FNTS. 5X ♦ 7HT IMF' -•    «f 1 ~,, 7//5X« 
'   34HA   =    ♦'FlF«7i 

IfVX^^H'-rC   =   »«rl^«7tfiX«4Hl    -   «rir.»7»5x«r>HLN   -   «'-l'->,7« 
45HÄP   s    i 
2F1R,7/^X«4HE   =    »Fir.#7«5X«/>HM   -    «Fl'S.,"'« 7X«''.HrT   =    «' 
!>F.1R»7J 

RFTURN 
FN'O 

«w   v   v H. v  v   v   u.   v-  >•  v   **  y w   v, «•   v.  \* n . v ••: * * t v v * 

«   I 

^ 

r 
c 

c 

c 
c 
r 

r 
c 
c 

iFTC   COV. 
Funr?0'JT 1 Nf    UnCOV 

THlf^   RUPROUTIW"   U"C>ATFS   THF   FRROR  COVARIAMCF   vATPIX 
r.7   \)%r   OF   TM«1'   ^.TATF   TJvA'vJ'", j j I ON   MATRIX 

C0MM0M/AF1T/C(600' 
P I f c KTI ON  PP (6. ^) « PF < 6• 6) «F f 6 «6) «PA066 ( 6« 6 ) »PHI ( f. « 6 ) « 

IPA0661 (6*6) «PHfTi^««^) ,    . 
rouivALr\'Ci (r(roi)«F )« (CCP.-1,^) «o )« 

I(C(34l)«t,F »•CCC40l>»PP >«CCC003)»DT 5« 
?(C (COf: ) «DT? ) 4 (C(007) «07-3 ) « (C ( A?7 J »PH I ) 

CO,-^UT~   THF» SY.^TEV   PFSCRIPTION   MATRIX   -  F 

CALL   snv 

CnvriUTr STATF TRANSITION MATRIX - PHI  AND  PHIT 

CALL KP^n (p'.!".r5A'~>66«6«6.0iC«6) 
CALL   MPRn{F«oAP55iPAn66l«6#6t0«0»6) 
DO    11     I«1«6 
00  .10   J=l «6 

10   PHI ( I « JlsFC I . J) -''jT-t-PADÖftC 1 ♦ J) »DT?+^AP^6a ( I » J)*DT7 
1 1    PHI ( I « t )=^HI ( ' , MM ,0 
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C 
c 
c 

CALL MTRA rPHI«PHIT«6«6«0) 

UPr)ATfr FILTFP ESTIMATION COVAMIANCL. 

CALL MPPD <PHl«pn,PAD66«6»6«0«0«6) 
dALL MPRP rc>An66«PHlT«Pr«6«6*0«0*6) 
DsDFT(PF«6) 
DO 23 I-J «^ 
DO ?3 J=l«6 

23 PP<I«J)-Pr(1«J) 
RETURN 

•.ATI'IX Pf! 

« r v    v    •     V   /'   ^   ^!. 

«IGFTC   EOCOMt 
SUDROUT 1 N: 

C 
C 
C 
C 
C 

FOCOMP 

THir>   SunPOuT INF   WMFN   Giyu RADAR   KFATURrMFNTS 
fcOMPLITES   VALUES   FOP   POSITION   AND   VELOCITY   OF   THr' 
SATFLLITF    IW TI f-'   ROTATING   GFOCrNTRlC   FPAMF 

CQMMON/AFIT/C(600)    ' 
PF AL   LXR «LYN < L7'V « L.XDR«L VDP« L 20" « L 1 « L ? «1. 3 «'<" « L Oi\G«LOSfGr. 
EOUIVALENCF ;   ( r (05.3) «A 

1 <C(0M) «PMO )♦ (r(O61)«AP0■' 
2(C<0^P) »RHODOT) « (C()26> «PHI 
3(C(12S)«HE1GHT> «(C(131)«CX 

l»(C(101)«RX 
)«{C< 104MRXP 
>« (TCCOlO^iAE 
)« (C(0ol )«X'/F.P 
)• (C(094y«xr>MeR 
)« (r.< |37)<XSMR 

4(C(133) *€'/. 
6(C(103)«R? 
7(C(106)»P7n 
P(C(1?9)«TD0T 
9<C(093) «ZMrrR 
A(C<0o6)»7n''rFP 
B < C (1 30) » ZSfA 

DATA   CDTP/1•74^3293F-2/ 
PHIR=PHI»CDTP 
AR=A«CDTR 
ER=F»CDTR 
LONGR   =   LO^G*CDTP 
SG   ■   SIN{LONGR) 
CG  =   COSCLONGR) 
SP=SIN(PHIP) 
CPsCOfWPHIR) 
SE=SIN(FR) 
CEsCOStFP) 
SA=SIN{AP) 
CA=CO.*;(AP) 
RHOF   c   RHO/AF 
RHOD   s   RHODOT/VO 
ED=FD0T»60»0/Kr 
ä6«ADOT^60«0/»<K' 

f«<C1(0'>4)«E ) 
) * <C<'062)|FD0T      ) 
) « (C( 127) ^LO^JG) « 
)«.rC(132)«CY 
> «(C(102)4PV 

)«(C(fr^Jt^vn 
)«(C<oi6) t:^ 
)«(CCOO?)«YM'P 
) « (.G(0-^)«VP''rP 
» « (C( 1 3n)|YF.MP 

» • < C{015 J «F» « (C (*>) # VO) «cr ( 13) • V/F 
\        •' 

«w- 
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/ 

c 
c 
c 

r 
r 
r 

r 
c 
r 

ADCF    e   AH 
Hr'ir IfiMT/A« v   ..     " 
«SFFBI •rt/rc^Ti i'.o-(2«o»r-FrF)*sP»sp) 
S=SFF«< l.0rF)»*2 

COM^UTF COO^niNATFS OF STATION IN POTAT IK'G FRAME 

CX  =-  -C?FF+H) <CG«cr 
CY a  -(<-,- f" H') rCP> r.r, 

C7 »  - ( ft+H ) "f'.n 

yvp  s Y.yr-Ar 
Y^MP = CY-tAP" 
7c.'l ■«=   C7s^r 

CO' ■' UTf    vrr.TOR   I.    IN   ROTATING   FRAMF 

?00      L 1 •-:';<• TK re, A 
x      L?=CP*SE > / 

L3»CF#SA< r 
LVP s CG^C-Ll+L?) - F.^'l.3 
LYr? = r>r. ' (-L 1+1 r>) + CG^L? 
L7i;   =   GP*CF*CA4f,r>?r.r 

fcOMPUTF. VFCTOR   L-OOT    IN   ROTATING   FRAME 

C 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 

L.yrv ;: CG»*F>*SAr-AnCF + CG«SP»5F*CA*En 
1-«',''.•. rA*Ar'."'   4   c.r^rArrc .-rp 

LVOP m RG««;0*r»A«Ar>CE 4 SG**;P«5E»CA«FP 

Hfr<cAjsAr»cr - CG^SF^SAAFO 
L7r>^   t-C- 5 r.A K ACiCf- -CPSCA« SF«f n     +5P#CF -^ED 

+   CG*CP>CE.*rP 

+   SG*CP»CF*ED 

COMPUTE'-COO^OINAT^S   Or    Of'J: TT   WITH   RrSP"CT   TO   POTATIMG 
SY^TFM .- , 

'. ■■, S ■   ■■■ 

py   =   R'HOr«l.XR   -   CX 
RY   -    PHO^^i.YP   -   CV 
P7   -   RHOr*l 7P   -   C7 

co-.r,vm; vn.ociTY ^r Oi'jrcT WITH Rrs^^CT TO ROTATING 
SYSTEM' • •■ ■■«•>• 

'• . -or, 

OyO •= pHO/»LXnP + RHrsp-uLXR 
pyf) r PH?ir«LYnP + PHOn^LYR 
P7n = PHO?s-L7nP + RHOD«L7P 
CONVERT   FPOV   EARTH   UNITS   TO   MFTPRS 
XV~P    r    PyvAtr , . 
y.'^o   -   pyr '■•■ 
yy-"   =   R7-/.r a     ,.5 

CONVERT ^ROV FA^TH usnT<i TO METJFRS/SFC 

yrv":-   ~   Pxr^vo 
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YOMFR = PYn-"VO 
ZHMFP = PFHfVO 
rjFTUPKJ 
FND 

r rr 

■ 3.IHFTC FLFV.T.l 

SUBROUTINE: ELF^TI 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 

4io 

THir;   SUHROUTTNF   WH^N   GIVFN   Tt!-'    'rTJUATOr?!AL   COV.pflN'FNTS 
„   .       X,    Y«    7«    Xr>«    YD»    70 

COMPgifiS   THE   ORP.ITÄL   FLFMENTS 
° '    Ä«   «-ICC«   T»    It   ALNt   AN«   F,   M 

UN1 IT VFCTORI-P^O♦••.'- APE ur>En 

r 

COMMON yAFIT/   C(60C.) 
RE^AL f«MU«>^«KE 
FOUIVALFNCF 

i (C (103).« ? 
2(C(106)«2O- 
3(C(073)«T 
4 < C ( O ] 6 ) < *<" F 
f:i(C(077)«PnO 
6(CC0B0) «ANGAP' 
7(r(0R3),P7 
fi(C(OB6)«07  c " 
9(C(a^P> »W7 
A(C(006)«WIFKF 
R(C<031)4HP 

i f i ry-re. \ 

(Cf101)«X 
»«CC(104)»xn 
)4(C(071)»A 
)«(c(074)«r 
) - ( rir>i 5) ;i\\) 
)<L(r(07P-.) «AN^I 
)« (r(ORl )«r>X 
)«(C(0^4)»OX 
)*(ccns?)«wx 
)♦ (C(070)«r'FK> i 
)«{c (r 04 >« SOR^U >«(r. (01 

r« (c (i,^?) s Y 
)«(C(irnitYD 
)«(0(072)«FCC 
)«(C(qv5)«M 

t .>- 

)« 
)« 
)« 
)« 

) t CCf07«>»)^A'VGALN) « 
>«(C(ORf>)«^>Y'i;" 
)« (C(Onr )«0v 
)'« KCAtS^P) ,V.'Y 
)«(r(i?4)«THFrp 

)«AF 

)  4 

)♦ 
)♦ 
\% 
)♦ 

DATA CRTD/P57#?O57ri0/ 

TRANSFER X«Y«7*XD.YP«70« 
INERT I AL FR A'/IF 

ST s SIN(THEGR)       A 

CT = COS(THFGR) 

PROM .ROTATING FRAME TO 

Y«^T 
Y«CT 
- YD*ST - 
+ YD*CT + 

tfIF.KE*Y,I 
VIF<F*XI 

XI = X*CT - 
YI = X«ST + 
XDI = XD*CT 
YDI = XD*ST 
X = XI 
Y = YI 
XD s= XDI 
YD = YDI 

COMPUTE   THE   SF^II-MAJOP   AX I ?      -      A 

RO      ■   SOPT(X«X   +   Y»Y   +   7*7) 
V5;o=xp^xr>+Yn*YP+7n*7n 
SORMU=S0RT(WU) 
APP'C=(?«/-?0 >-<VSQ/MU) 
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'■> ,' 

/ 
c 
c 
c 

c 
c 
r 

C 
c 
r 

c 

f 

r 
c 

A- 1 »'O/APFr 

COMPUVF  TH---   rn-Pinn   . ' 

K     - ■  4 .. ^ 

o • A* <i•p-r^c) 
HP   r   AF«(O-l»n» 

COMPUTf THF ECCFNTpICITY  -  FCC 
t 

Do^r/; -r-ur < 11,/RO5-APEC) 
Qn=SOPt(vtO ) 
n» (x; xn-) v ;iv->.(.7"/n ^ /SOP.MU 

Ei>;«n/r.QPT { A ) 
FCC*: ^OPT < "^ » . ? t^r-c •' ■*; ? l| 

OOMPüTF  THF  FCCRNTRIC ANOMALY    -    F 

FSATAN'?(F«;JIFC) 

COWUTF   THt     WFAN   ANOMALY      -      M 

•M=F-rr.- 

COVPUTF   TU;-:   FPOCH   TIMr'      -     T 

V 

• c 
r 
r 

< 
r 

c 
r 

T = M »?OPt (A f v-n>/{ r/:r;'>rj;:vr ) 

COMOUTF   TH-    CÖ^PONFNT«;   O^   P 

Ays (on »x-r>»x r> j /SOPMU 

AY=IOn»Y-D«YD)/SOPMU 
A?=(on»z-n«zo«4/SQpvu 
PxsAx/rcc 
PY-AY/^Cr 
P7=A7/»rCC 

.COMPUTF   T»-rr*'CO^^OMFNT?   OF   0 

SPSA»(i•-rcc«rcc) 
Hrr}0-rn 
Mo=SRRV!U'»n/RO 
nxr- (Hr> K x-H - xn > /r;or>"ij 
FW-(Kn*Y-HVVO)/SOPMU 

oor i ,o/(Fcr»soRT( r,p) > 
ox=nx»oo 
OY=nY»QO 
0i7"r','' ■ on 

COV-MT'   Tnr  ro"->o,,r'.\,Tri' O" vr 

i 
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C , 

c 
c 
c 

/'•. 

i 

/ 

HY« C Z*XD-X<jZn»/SORMU 
H7= (X* Yn-Y^Xnv/^OP'/.lJ 
Cp^Os: f.OPT ( f"c5 > 

WYsHY/SR«; 
W7 = HZ/P!-lr 

>                   <«/   - 
1 . 

I                                                        I 

I 
4 

e 
* 

1 

1 

\ 

■ 

•> 

1 
1 ■ 

/ 

/ 

COvn*UT^   Tlir.   Ar^ir/-,     -      1«   ALW»   APy 

I=A^C0S(V;7). 
ALN-ATAN7C-.X.- 'Y) 
AP-ATAKP(P7«0Z) 
ANf;isi*CRTn 
I F < /-NG I.I T . O ♦ Q > A'I" I r /.i.T-1 + 36f>• 0 
ANG AL Mr; At K'- CPTH 
I r (A^GALr.'.i.T .n.o) /sr. ?»LNeAMGAl r r+360«0 
AN6iAP«AP*CR7n 
IF(ANGA.P.LT • O.O) Al IGA^^ANGA^H 360• 0' 
ODO=OX-"OX-l OY-!fOY.!-0"'!!07     ; 
ODP=0X-«PX + OY •.'r,V+!^-:fP7 
RrTölVN 
END C 

. 

« » »-r s 9 -r >: ^ « * »•): Ü « R * w V •< .v v.. 

C 
C 
c 
c 
c 
c 
C 

inFTC FLFML? 

su^PoyTiMF 

\ 

PLFMTJ» 

THIS   SVjnoOlJT IN»-   WhfTN   GIVFK   THF   FOUATORIAL   COMPONFNTS 
^X»    Y«   7«   XD«   YD«    70 

COMPUTES   THE   ORBITAL   FLFMPNTf,      ■ 
A«   FGC«   T«'I«   ALN»   AN,   f 

UNJT   VFr.TOPeV-U.V4'',7 /.PF   USED 
M 

\ 

COMMON/AF1T/C «600) 
REAL I«Mü«MVKE, 
EOUIVALFNGF 
1(C(103)«7 
?(C(106)«7D 
3(C(073)«T 
A(C(016)«»<F 
5(C(077)«UDV 
6{C(080)«ANGAP 
7(C(083)«U7 
8(C(086)* V7 
9(C(08O)*W7 . 
ACCCOOo)«'.'.'^«^: 
B(C(031>«HP 

(C(101)«X 
)« (Ci10A>iXb 
»« (C(071),A 
)«(C(074)»F  i 
)»(C(oi?)»mj 
) ♦(C(078)« ANG1 
>«(rcoBi> «ux 
) ,(C(08^)«VX 

•^ » (.C(037) «Wk 
)« (G{070) «Pr7^ 
) «(C(OOA) «SORMU)« 

(C(10^)«Y )i 
(CC10S»«YD )« 
(C(07?),^cr t« 

(C(070)*ljn"j ), 
(0(079)IANGALNV* 
(C(dppi«uy )« 
cc(oe3)»VY )« 
(C(OPP)«'.'.'Y )« 
Cr:WJ?4)«THFGR )« 

( C ( 01 o > « ÄF ) « 

DATA GRTn/r.-;7.?'Or»7no/ 
i • 

^ '. .' 

^ 
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C TRANSFFR   X«Y«7«xn.YD«ZP«    FROM   ROTATING   FRA^E    TO 
C INFRTIAL   FRAMr 
C 

CT = COStTH^GR) 
* cr   -    RINCTHFCR) 

XT = X-CT - Y»ST 
YI = yrp.j   + Y5CT 
XOI = xn*CT - Yn».riT - WIFKF»YI 
YOI - xn>ST + Yo^rT + wiFKr«xi 
X   =    XI 
Y    ^    YI 
xo =  xr>i 
YD =  Yni 

10 RO      =    rOPT(X-X   +   Y-Y   +   7*7) 
SCf?VU=5;OPT(.VUJ 
IX   =   Y«7D-7»Yn 
MY =  ?*xr»-x»7n 
H7   = x: :YP-Y-:rXD 
P   =   HX»HX+HY*Hv+H7«HZ 
P^OR s    9>O^J{^} 
V'X   = HX/PROR 
i.'Y   = HY/PSOR 
V'7   = HZ/P50R 
UX   = X/PO 
UY   = Y/RO 
U7   = 7/RO 
VX   = WV«U7-W7«UY 
VY   = V*7*UX-WX»I '7 
V7   = V'X-HV-V/V^'JX 
PD =   (Xfxn+YKyp+7"7f;)/^O 
FSV   =   RD»PSOR 
FCV   =    CP/RO)-1.0 

C 
C COV^UTF   THF   FCCFNTRICITY      -      FCC 
C 

FCC   =    SGPT(r.SVy»?fFC   »*2I 
C 
C CO'tPUTF   THE   SEMI-MAJOR   AXIS      -      A 
C 

A   =   P/{1#0-ECC«J?» 
o =  A*11«o-rco 
Ha   =    AF*(0-I.0) 

C 
C COV^UT^    TH-    DFPIOO 
C 

I P   Pr ^ - 6 • PP. 31 R^/t « ^QRT { A ' ' l/r'.U > /KE 
AX   -   UX«FCV-VX*ESV 
AY   =   UY»FCV-VY6ESV 
A7   =   U7«FCV-VZ*FSV 
«V7   =    SCRTM •0-V/7»»2) 
AXN   =    C-AX^V/Y+AYr^'X)/FMZ 
AYS'   -    { (-W7»<AX»WX+AY«VYJ )/<'-«-Z)+A7»SV'7 
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c 
C CCMP'JTFT   THF   RCCrNTPIC   ANOMALY      -      r 
C 

FS«?   = ( CPOC-<QRT ( 1 .^-rCC*    ? ) ) rr TA') /" 
FCF   =    (FCV+FCCr:?>/(UOiFCV) 
F   =   ÄTAN?(FSF«FC'r) 

. C 
C      COMDUTF THF MFA.M ANOMALY  ■%' '•' 
C 

f^ = F-FSF 
C .   . 
C      COMMUTE TH~ F^OCH TlVF  -  T 
C 

TaM^«iORT<Af-*3)/,(*,OE?vu*i<Fi ) 
C 
C      COMF^UTF THF ANGLFS  -  I i . ALNi A^ 
C 

leARCOS(WZ) 
ALN« AT AN? (V/X * -«/Y ) , 
AP = ATANZCAYNfAXN) 
ANGl = I*CP7r! 
1F (ANG1 »LT« O . O ) ANG I =AMG I +3ftO . f> 
ANGALN^ALN^CPTn 
IF (ANCALN.LT ,0. O ) ANGALN=ANGAL.N+360 . 0 
Ars!GAP = AP*CPTn 
IF(ANGAP.L7,0.0)ANGAPsAN5AP+360»0 

, UOU   =   UX*UX+UY»IJY+UZ*U7 
UOV   =   UX*VX+UY-SVYH UZ*VZ 
PETUPN 
END 

«»«« »y-r s-rr r. r rr r x » a < ■::«;: r ***< z? -r. * 

*IR^TC   STAT» 
SUBROUTINE   STAT 

C 
C      THIS SUBROUTINE WHEN GIVEN- THF LATITUDE AND 
C     LONGITUDE OF A STATION COV.n^TFS THE ELEMENTS 
C  '   OF COOPDINATr TRANSFORMATION »/iATRIX 
C 

COMMON/AEIT/C<600) 
REAL   LAT«LONG«LATR«LÖNGR 
EQUIVALENCE (r'fl26)«LAT ) * (C ( 1 P7 ) «LON'G      )« 

1(C(0A7>«CLT13 >«(C(041)«CLTn )«(C(O^*)«GLT1? )« 
2(C(0AB)«CLT?3 ) i(C{OAp)tCLTP\ ) • fCCO^e?) «O-TJ»? )« 
3(0(049) »GLT33    > « ( C (04 3) «CLT31    ) » (C ( O'-r ) « CLT.''?    )« 

DÄ7A   CnTR/l«74e::3?03E-2/ 
LATR=LAT«CnTP 
LONGR=LONG«CDTR 
SLONG=SIN(LONGR) 
CLONG=rOS(l ONGP) 
SLAT=SIN(LATP) 
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CLAT-CO?(LATP) 
CLT 1 t =-F.LAT »CLOSG 
CLTPl«-SLA7«SLONG 
CLT?.!=rLÄT 
CLTlJ?sSLONG 
CLT??=-CLCMG 
CLT3P=0.0 
r I T 1 ^ r- rL / T v C LON r, 
CLT?^ = ^.L,'lT+•SLO^.'G 
CLT33=SLAT 

^J   y. >!. 5  V, .-  .^,  v   « 
^   ..   ^   *■ »s r- »««««■«« 

S 1BF 

C 
c 
c 
c 
c 
c 
c 

TC   KF.AS« 
SU; JROUT I nr MEAS 

C 
c 
c 

THIS   SUBROUTINT    WHEN   GIVEN   THE   POSITION   A\'D 
AK'O   VELOCITY   COMPUTES   RANGF«PANGr   RATE« AZ 1 MtJTH« 
AND   FLFVATION.    17   ALSO   COMPUTES   THE   rLFr-TNTG 
OP   THF   MFA^URF'^ENT   MATRIX«   '''.   THF   VARIABLES   CO'^UTED 
IN   VFAS   ARE   USrO    IN   SURROUTINE   KAI ."AN 

COWr ON/AF IT/C {600 > 
RF AL   L AT «LONG « L /• T» « LONGR » M (^ « 6 
FOUIVALFNCF 

1 (0(003)(7 
2(C(096)»70 
3(C(130)« 7S 
4 (C (01 3) «WE 
5 ( C Cl4 3)•7VG 
6(C(l?7)tL0NG 
7(C(0A7)*rLT13 
P(C(048)«CLT23 
9((\(0/lo)«rLT3T 

(C(0Ol),X 
(C(09A)«Xn 
(C(137)*XS 
(C(Oc56) «^HO 
(C(141)«XVS 
(CCP4l»|M 
(C(04 1 )«CLT11 
CCI04?)|CL7?1 
(0(043)»CLT31 
(0(0^^)»AC 

(C(092)«Y ) 
(0(0^5)lYO ) 
(C(J 38)« YS ) 
(C(0*~7)»RHOOOT) 
(C(142)»YV5; ) 
(C(1?6)»LAT ) 
(C(044)«CLT1? ) 
Cr.(045)«CLT2? ) 
(C{C'''6)«CLT-2 ) 
(C(0^9)«r-C ) 

295779/ DATA   C0TR*CRTD/1 •74S3293E-2»f>7. 
LATR=LAT«CDTR 
LONGPrtLONGrCOTR 
SL ONGeSIN(L ONGP) 
CLONGsCOS(LONGR) 
SLAT=«UNCLATR) 
CLAT = COS(l.ATR) 
XR=:X+XS 
YP-Y+YS 
79-7+7?. 
XVS-CLTl1*X9+CL T2)»YR+CLT31*7R 
YV^sCLT) .?'*XP + rL~2?«YP + CLT3?«7r5 
7VC=CLT1 T'XR + CLTP^-^YR + CLT-.T-'Z^ 

CALCULATF    RANGF,    RANGE   RATE»    AZIMUTH,    AVO   FLFVATICN» 
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RH0«50PT{PH02) 
RHODOT  e   (yr^xr> +  vnrvn +  7i?*7n)/pno 
ARsATAN? (-Y V, 4 XV-,» 

T'MX 

f-'( 1 »?) =Y''/i.'t,0 
M( 1 «'O-yf /r-MO 

CHsATAN? ( 7V. . ".'"■PT ( PI 
AC«AR«Cf?Tn 
F:c»FR»rRTO 

c 
c COVPLCP    THP  MR/rur-r" 
c N.^ 

V'(?«r')   -   (Yn)/'."!i'!  -   PHoncT-yYP/'rinp 
M ( ?«3) = ZO/^HO-RHO'rCT : X- /Pi !"■•'• 
M<?«4)=M(1 «1 ) 
MCP^j-Mt 1 ,?) 
M(?«6)=M(1 «?.) 
Tl«:1.0/(RH02-7.VS*ZV5:) 
M(3« n=Ti^ (-yvr^-.L riMr.-vve?. ^.i AT>ri or:r,) 
MC?«?) =T1 *( +>,V'~-rr.l ONfi-YVr-« c-L/.Tr p.LCKr,) 
M ( 3 ♦ 3 ) -T 1« ( Y Vr>' CL AT ) 
T?=SOPT(T]) 
M(4*n =T?« < Cl. AT*CI OUG-ZV.' XR/RHO^) 
M (4 «^) sT?«( Cl AT^RLC'-JG-ZV^^ YP/PH" ? ) 
M (4 «3 ) r-.T?* ( SLAT-ZVS«ZR/RHO!') 
RPTTURN 
FN'O 

« « * «-«-;'» « r- -v " r « r r » » * « » x y « » v x « r * > 

HBFTC   TRAJ» 
SUBROUTINT   TPAJI 

C 
C THr<>   SUBROUTINE   WHFN   GIVFN    INITIAL   V^LU!"«;   POP   THF 
C POSITION   AK'H   VELOCITY   iNTPCPATPc   TH-?   NON-LlNFAP 
C STATE   EQUATION'.   THE   INTEGRATION   OCCURS   BETWfTEN 
C MEASUREMENTS 
C 

COMMON/AFIT/r(600) 
DOUBLE   PRECIS ION  '/ 
DIMENSION-  D(6«?)«W(6«5)«Y(6) «Yn( A) »x/CA) 
EOUlVALPNCr     (C<003)»H     )«(C(Oni)fX     )« 
1(C(091)«Y      )«(C(Un«VD    ) 
DATA M/6/ 

DO 10 I = 1« M 
in  W(l«n«r>«LF{Y( in 

CALL n^PT 
DO 1 I = 1 4 6 
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1   r>( i «f-o=Yr^ i ) 

FNTPV   T-AJ 

IF  (K.K' .0)   ir  (K-n)  so^'-.n«!^ 
XP=>;C 

00  4f3   I -1 ♦" 
/! r. W ( I « f5) = V.' ( I « 1 ) 
r>0 Kl=4-K 

DO   70    1-1 »M .i 
DO   60   j-K 1 « ^ 

60       0( ? ij)r r.< 14 j.t i » 

wc i • n =v'< i * n+.^PO«•.•• (i»? > 
70       Y( l ) = r;;rL(v;( I «l) ) 

CALL   Df-^T 
bo: 2 i = i • 6 

P   D(I« 5)*YD(1) 
DO   BO    1=1«M 
V'( 1 ♦3)=H*n< I «^ ) 
V. ( I % 1 )=V. ( I « 1 ) + .5D0*<W( I «3)-W( I «?) ) 

GO Y(I»=SNGL{W(I«1)) 
CALL Dr-;RT 
DO   3   I"l»6 

3 D( I «n)r-YD( ! ) 
DO   90    1 = 1« M 

98   -03-4(9«B) 
V.'( I «1 )--'.'( I «1 )+••'( I «4 )-»5D0«W( 1 «3) 

90        V< 1 )=SNol. (V'{ I i 1 ) ) 
y=xc+ri 
CALL nrPT 
DO   4    I = 1«6 

4 D(1»n)-YD( I ) 
DO 100 1 = 1» M 
W(l «1 )=V«< r*n-W( I •4) + « 16ß66ß666ftft<S6Äft67*<W( I «?)+?.DO» 

I (V/(I »3)+V/< I «4 ) ) +H*n< I »fi) ) 
irr'    Y( i i-rsT-L ("(i« n > 

K=Kxl 
Kl=!< 
CALL   Df PT 
DO   P   I - 1 «6 

f.   D( I «K)=YD( 1 ) 
RETL«N 

110      DC   130   1=1«M 
w (i«?) s v; (i«n 
DO   i?n   J=l«A 

i?o    0( i »j)=r.{ i«j+n 
W{ I «^) ='./(! t?) + ,/i\e>rzCfyf:>e:6Ci6*>66e>A~'D~l*H* (?:«.*D( I « A)-50,* 

1D CI«0)+37,«D <1« ?)-9«*D(I« J >1 
1 (I »?)--r-.-r,( i«i >) 

1'"        Y(n-'-V   L. {' 
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140 

x=xr+H 
CALL HFRT 
DO 6 I = 1 » 6 

> n( i «n) i-vnc i ) 
DO MO 1=1« M 
W( 1 ♦! >=W( I ,?) + .416f-6f.666r,cr,f-.r>667D-l "H-: 
1D( I «fl >-5,*r>( I »0) +n( I «D ) 
l » .T M r> ( i«r) i 
Yd) =SNGL(V'{ I « ! ) ) 
CALL PrRV 
DO V I = ] , 6 

' D(I»«^sYDfi) 
RETURN 

(</#"D< I »5' + 19. 

SIRFTC   DFRT 
C 
C 
C 

c 
c 
c 

SU3R0UT1NR:   DFPT   PROVIDF! 
INTCGRATIOM   ROllTINI"   FOR 
SU^ROUTlNF   DFRT 
COMMOrs'/AF I T/C (600 5 
RFAL   MU«J2*J3 
EOUIVALKNCE 

1 (c (oor3) «7 
? (0(006) «V7 
3 (C (01 4 > ♦ VIF? 
4(0( 1 13) «70 
5(C ( 116) ♦V7r> 
6(C(018)♦J3 

R=cor->T(Xv'X + Y 

1   TH! 
THF 

< C(091 ) , X 
)« (r. (oo.t > < vx 
) « (C < 019) ,MU 
) « (C( 111> »VD 
) « ( Ci< 1 1 4 ) « VXD 
) * (0(010)« Af-: 
)♦(C(097)«R 

Y+Z"-7 ) 

■   DFRlVATIVF   LIST   FO'?   TK 
T«AJf- CTDC?Y   GI-NF-RAT I ON. 

) «(0(092) ,Y 
> «(C(005)«VY 
»»(0(013)« W I f- 
)«(C( n?) «vn 
)«(C(115)«VYD 
) « ( r(0 1 7 ) « J? 
) « (C(09P.) «V 

VsSORT (VX»VX+VVWVY+VZ«V7:) 

COr/.PUTF   TH.r:   HARMONIC   TFRMS» 

AaMU/(R**3?) 
AX=A«X 
AY=A-5!-Y 
A7=A*7 
B = 7/P 
BBaB»B 
H= (J2*(Ae««2) )/{RK-»??) 
F»{J3*{A4*»3))/( R*«3) 
HA= i .?«H-X( i •ft-«.ft*nn)+.?»e5«p"« (^.o-^.o^nm-p- 
HB= 1 , S*H« ( 7; • 0-^ • 0*BR ) +2 • 5«F* (6• 0-7# 0*Pi3 ) *B 
HAsMA+l#0 
HRsHB+l.0 
XD = VX 
Yn = VY 
ZD = V7 
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c 
C 

c 
c 
( 
c 
c 

COMPUT'-"   THF   FOUAJIONS   OF   MOTIOrv'. 

VXO=-AX»IIA+?«O! wii «vv+xft'A'ir:? 
VYDa-AY '•■ K'.-2 «0 5; ;<.' I r- r VX+Y r W 1 F? 
V7D=~A7>;-HP 
RFTU??N 
FND 

••    *•    V,   »*    •-•   J*   V    »J*   *•    V    V    V,   «'   V.   ••    M    W    V    •'    W   »f.   "',*«*     M  •»   Ä  V   V.  I*. Tt v *.  >. .. .   ,-» vt A  ^ <■  " ^r •>»■ ■>* v. *   »r w ITTP v   K  .N  «.  A ■Jf ** -AT ** 

ipric  K/LM. 
c.(.l   POUTlr-'F   KALIAN 

THIS SUHPOUTlNr. WHFN GIVEN A MFASU.?EMFWT UPDATES 
THF FPf-Or: COVAPIAMC MATRIX AND COMPUTcTS THF LATFST 

:   I 

C 
c 
c 

c 
c 
c 

OPT IT". ■T 1 r- n mATf-    FPPO>'?S 

COMMOV/AF I T/F ( r-oo) 
PF AL   K { 6 « 4 ) • KT { 4 «f. > «M {4 ♦ 6 ) »MT (6 ♦ 4 ) 
D I MFN.e; I OK'   F (6 « M « r>H t (6 « 6> 4 PP C6« 6 ) «PF (6« 6 ) »R(4 ) «7{ A > , 

3X(6) «nXF.f;T(6) ♦ 
1 PADftft ( S «5) «PHI T (6 .6 ) «PAn64 (6»4) »PAn4'^ ( A . 4 ) »A ( 1 0 ) « 
RPAn44 I { 4 «4 ) « PAHftf.T (6«6) *PAD661 < 6 «6) 

(C(27n»K 
«(C(201)»F 
« ( C(341)«PF 
« (C(296)« 7 
♦ (CtO-M «PHOC 
<(C(0^1)»RHOM 

FCUIVALFNC.F 
1 (C(00^5 «FT 
2<C(^01)«PP 
3(C(266)«P 
4(C(?ni>IHXFST 
F(C(<''FF ) »AC 
6(r(0F3)»AM 
7(C<06n »A7D0T) 
KA'-'FL I ST/NAMF^ /" » "T «^F «pn, 7 , A «K« 1 Fp 

OATA COTR/l »74rj;32^3F-?/ 

UPHATF MFA55URF^FNT ••■'ATRIX - M 

CALL MFAS 

CO'-'.f'UT^   F1LTFR   GAIN   "ATRlX   -   K 

C Al L   r/TRA    ( M « MT, A . r-.»0 ) 
Cn.L   N'PPO    (PF »VT«r:AD64«6«6»0«0«A ) 
CALL   »"PfF    (Mt^AOö") «PAn44»4(6 40«0«4) 
DO    12    l-UA 

1 r   PAFA^i ( I « I ) -PAP'.^t ( I « 1 )+R( I ) 
KK= 1 
DO   200    1=1«4 
DO   200   J=l«I 
Arno^PADAA (J, 1) 

20^   Kl'-KK+l 
CALL    FP,'V    (A«4«l .OF-05« 1FR) 
KK= 1 

) « (C(24n«M 
)«(C(301)*PH1 
)*(C(23n)«D 
)»(C<0Ol)»X 
) « ICAO^l) iPHOOC 
) i (C(0"2)«PHODri 
) ♦ (C(0'-4 )»r'w 
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DO   201     in. ,'4 
OO   P0\   J-\« I 

,    VW'. 1 ( J» I )r.', (k'K) 
PAO''.^ 1 ( I ♦ J) =PAn/i4 i ( J» i > 

20i   K:K=KI?+I 

C/^LL   VDRP   (PArsr.-u «^AnA'« 1 #*f«6|/«»0i0«A) 
c 
C UPOATF   FILTFP   PR^-ICTION   COV^IA^Cr   'VI'VIX 
c 

CALL   >"^Pn    (,<4M,r'Ar66»6«4«0«0»r;) 
DO    1^    I"1 »f 

1 3   rAD6C( I »J)--PAnf,6( I « J) 
1 /4   PAOÖfj ( I « M - 1 »O+PAI •f-6( I « I ) 

CALL   MT^A   (PAOeCiPADeeT^^l^iO) 
C ALL   MPPH   (P AP66 «r ^ . «^ADfto l«6«6<C«0«ft) 
CALL   MPPD   (PAn661»r^D66T«PP«6«6«C«0t6> 
CALL   f'tPA   (K»KT»6«A«0) 
DO    1A0    l£:l«6 
DO   MO   J=l ,^ 

1 /i 0   PAD64 ( I « J) =K C I » J) *P (J) 
CALL   mPRp   (PAD64«<T|PAn66«6«A40«0«6) 
DO   15   I-l«6 
DO    lr3   J^l»^ 

i r. PP (;«j) -PPC i« J> +PAn66 (14 J) 
C 
C     CALCU-ATe: Of'T I'-"JV FSTIWA7F OF   F^^OPS IN STATES 
c 

2(1) = RHOM-RHOC 
7(?) = RHOr^-Pi-OO'' 
IF< AC.LT,0,0)r.O TO ICO 
GO TO 300 

100  AC = AC + 360.0 
300  IF(C(001 l.CT.l.OK'.O TO TO 

ACB = AC 
AMP. .- AM 

50   AC/» = AC 
AMA = AM 

C 
C CHFCK FOR INCRFASING OR DFCPFASlN^ AZIMUTH 
C 

IF(A2nOT) IB, 17,17. 
17   IF(AMA«-AMß)204lO« 10 
20 AM« = AMA 4- 360, r> 
10  ACAP H ACA - ACP 

IF(ÄCAP«LT.-350,0>ACA = ACA+3604O 
GO TO 30 

10   IF(AMA-AMfc^)21 4?1«?2 
22   AMA = AMA - 360.0 
21 IF(ACA-ACB)10430«^O 
40   ACA = AC/.-360.0 / 
30   Z{3) = AMA-ACA ' i 

■r 
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i 

7C7)    =    7( ->) »COTR 
AC-AC A 
A»-'   =    A"A 
7(A)    =   FM-FC 
7(A)   -   7tA}*cn~r} 
v/QlTi (:>«•■'••''/») 

r 
C 

no  v   1=1»r 
1 A   y (! i   y( 1 ) rt y   n' c i i 

r?FTU ■.-,■ 

i*   >    >*-   •*   -V ^ "/ 5r ': -j' ?' •!- -u y -ii -*j 5J ^ -^ '-' 

5 11. 

C 
r 

C 
c 

c 
c 
c 

TC  sr>M, 
wfourmr $"". 

POSITION   ANH   VrLOr. 1TV   ro*'"UTf S   THF"   «iYRTFM 
nrc.T= I^Tio-• MATRIX TO (••   usro  IN «".U^POUTIN^ UPCOV 

COMVON/AFIT/r(600) 

,:"0,JlVALr'NCf 

1 (C(r>i^) , JT 
?(C(0O3)«7 
?• (C (rMM »F43 
« CCC?17)«F?? 

6<c<nir)•Ar 

{ r i 01o)4 vu 
)«(C(091)«X 
) « {CA~0'i ) tcA\ 
). (C(?o:-) «"M 
)* CC<?0A)»F61 
;«ictppp.) «r/i". 
). (r (öl/-) «'/IF:? 

Y+7*7) 

C0MPUTc    TU"   MAPVON'IC   TFPM«;« 

A=«U/CP««3) 
AX=A.»X 
AYsA«Y 
A7=/-- 7 
n-7/^ 

Mr c J?5(AF*5-? ))/ir'*rp) 
D- ( J^ ( Ar~* ? ) )/(P""'i ) 
P =(J?? C AF« s3))/Cov»3) 

Fr {J34'(AFSr3))/(R«#A) 
C-   =    l^.O^-Frv 
GX    =    CX 
c Y  -   r ? y 
CY-     -   SX/cn-rs^) 
GYP   t    GY/{f-s»3) 

)•<C(017)iJ2 
)♦(C(0o?>«Y 
) « tCA?\0)*cAP 
) « <C(.?1 1 )t

rü^ 
)«cc<?i?»ir6? 
>«(C(;'P3) «r54 
}«(C(013)«V/IF 
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HA^l.^«M*(i.n-^.n: 

[:■ 

^ 

c 
c 
c 

HA=HA+i»0 41 
HpsHfHl »C 

■:-f 7, r.v ;..-_;-.,,-j 

:-; F ■■ (r', -^ - c i i, o/? • o >: rn+ 

COMMUTE :T'-Tr nrr.CPiP r.ATP ix 

. v t'-1 *« XM V'l*"? 

1 

F4.1=A*( (3.r>?( (Y/Qi «r?)-l,n) "HA- 

Fi»3sA)f«( CUtK/VtP* ^0) >*HA-HA7) 

F51--AY-v( (3,0*X/(R^«?) »«HA-HAX)      .. 
Ff5?=A->( (7.0^( (v/r?) »f?)-! ,0); HA-y- nrvi+'/irp 
F53 = AY"( (3.0>7/(r-?J »2) )*-HA-HAZ) 
F54«-2»0*-WIE 
HBXsX«n« ( 30• r.■'' P-^ »O) +<5XR»(7»0.* 
I IBY= Y»0 - ( ?0 . 0 " " '"-^ • O ) -» r.Y:^ J ( 7 • o^- 

(BP"--?) ) 
F6 J = AZ*< (3« 0«X/( R*1 * 2 ) ) « HR-MPX) 

F 6?=A7«- ( ( 7. 0 - Y/ { R« r ?) ) »M^-l PY ) 
F63sA«(C3»0*«n-1«nitHP-Z^H^Z) 
PEtü^N 
END 

;n— ä • o i 
-r--- 4 • r. j 
Ml •c--?,^ 
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CV' (\ 0. IV c. (v. c. 0 »V 
f >D vT c »c c c c «f »C 

•■ <J •C < < •c; <; •c < <; < r ■c <.• 4 «1 <J ■c •^ < 
.. , D D O n r O n n n 

< c Q <•,' < c « < v.' J c r. P! r r r. c r r 

, r r O r c ^. t- O \- 
r 1 ... V.' r •y I' <: a 
O L (K c- »-- <r r L" tc 

. W Cv V, s? 1. <: r C 0 

- - ■• 
,_, C •-« r: V r. cv %-■ 0 0 

c c v0 0: h C r r < 
b ir 0 ir c c h- 1 I; (>. 
c t^ Cv. r-, c •c ir c r 0 
• 1' 1 I 1 1 1 1 1 i 1 

r-a 

II •■ •-' c t r. t: C: c < r-i 

c . »-< L c O 1 <: r. »-- *D 
■   vC m ■C *r f- r~ c. 1- •c C- 

a •-« •-^ r-« •- ^ r-1 •-« 
; • > •-• , 

c « P V' c c r I c t~ 
1 c: vr in IT »- \G h Cv O 
t 0 r B tf .- ^ r. vC c: 
• 

^f* -* CT- c (V vT h <» L' •-« 
'-• c •w f ir. c -T t C c 
■< f; « « L" IP U •« Pj cv. •■ < 

L' , l 1 | 1 1 1 1 1 | 
ir 
c. •-I •-« •-« •-' •-< • -< •-« ■•* •~* 
• - l! L" U'l c t. in CJ ■0 L-, 

• -• •" If! •-t ir if •• a1 c •-» C 
G • C C h c Ü. —• <i •—» ■>• 

* L O h c r- 11 r c: \- c. (\. 
1 C *- «0 CVJ »-« c •-■ c < < Cv! 

• II 0 <t tt (v: r CV. CC ir PI 
•-   .«- *-• 0 0; h h c vC L' ir IT. 

e. 

11 h 
C C • < (V ■c a 1 <J ir cv. »-• 
• < u V; c 0 ta <i Cv (V n 0 C 

t- ß c «Vi C: c c c r e C: r. 0., 
11 • • II vT r r. c vr •1 ■C « u 
c tv. c 0 n 0 ^ r, c r. O c: c 
C: c II z h- r- vf »p 1 ir <I r cv 
ft 

c 
• 

r.. 
c 0 C c c c C c 0 

» ■ 0 c r Cv c. »-• if in 1: IT: 
c •--• •■ t Cj O r, N •-« c c I »-i 

• II c • r) CT •c r. c c ^ C^ W 
c n c Cv. IT 0 1 Cv c d «0 fv L". 
c r. • •-• C « evi « vC c 0 •-H r. ■C 
c G c II r^ - ^- »-• •-< .- *~* CJ rv CI 

1 • 11 «.; r c c: c v£ G tv. h a n 
II f< r L 0 tv IT c ^ « C: c n h 
r O ft r. C (V 0 < xT r CO t •-< C>l 
ß II » C Cv' c< K Cv. CV CV r, r n 

c • c c ~ (V. D •c tf C r< Cv n 
• • c • n r-, r r, n n ^ C <f y 

IT W-» • f- •~ c ■c c « <; « <» < v 
c: 11 Rj « r- e 0 C C: c c c c c 
• r. n n • ••     «--4 •-• ••-• •-« •-< •■-* •"' «-« ♦-» 

C C- f. »- 0 or BC cc C 00 c: c:> c cr 
•                N G r. D <v r- h ^ r* r- s r h r 
c         r 9 Z H c. - c 0 c c c c c 0 

< (V: • »-< RJ C> . c- c c c G> c 0 G 
n O c C. t. c' c Vf: xO »c vT «0 NO \0 

• D • ♦ >C a-. tr CC CD oc C 00 ec CT 
1              v^ C 0 c U   < <x C <1 <J <s ^ « ^ 

ir r      — (•< r«.   • n c »r  • 0 r, n P» r, r; D r. r. n 
{:                 11    • 1:.   *- 1* c ii> — ^ O «0 vO <> 0 «0 vO vO vO 

< 5      r :• c c :?   11 D > - c z. ~ c +  Cvl CVJ C«.' CV) <v CVI N a: CJ 
1  <     y < n y ^r — Z <   H   z < II ^ 00 00 00 00 0D a 00 00 as     u. 
< y     1  7. i  1 ',■ .- • ■ Z   —  Ü. y a ii • n r; r r. f"; n n ri n      0 
c  »'      t   f L; i' r c •• t   r  * r :   »'• c O 0 O c c c c 0      it: 
t D Z) D D D D 3 D       M 

122 



GGC/EE/70-7 

Appendix E 

Additional figures for Groups I and II arc- presented 

in this appendix.  Figures 58-74 are from Group I results, 

and Figures 75-98 are from Group II results. 

/ 

/ 
/ 
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_•-. .-fr>-4- 
CM 

i 
1 

eng 

:   '0.00 50.00   I    i   It 
f r TIME 

—. —J—L-_i: i 

Fig.  57    Satellite 3826    Station 348    Pass ^2 

o - X Error 
A - Y Error 
x - Z Erjror 

diag P(O)=(10? 10? 10?  10} 10} 101) 

Fig..   58    Satellite 3826    Station 348    Pass *2 
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• 

^l^l-h.J- .i:.:.^ 
O   -   P(l.l) 
A - F(2,2) 
x - P(3,3) 
0 - PO.l) 

mmmmMEMMMM^i 
Fig.  59    Satellite 3826    Station 348    Pass #2 

iiil 

Fig.  60    Satellite 3826    Sration 348    Pass i{2 
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CM 

CMI; o 

:.    ■ (O 

CG 

cc 
ICCr). 

UJto 

il 
o - X Error 
A - Y Error 
x - Z Error 

■l    i 

!  din^: P(0)a(lO? 10? 10? 10?  10?  103) 

I \:±:. 
,.LJ:,J:.:J 

.! —J... 

I    i 

.       .    ....    .. I     i I     1 

i    ! 
i    U/_,'  ) 

■ ! 

ipo.Oo 

_JL: 

-1 . ! 
J.J 

H 
:.i:... 

i ,J . „ 

IJ50.P0 i 2p0.p0 
'■~T.;'r 

FiR. 62     Satellite 3Ö26    Station 3^8    Pass #2 

! 250.DD 

L 

o - X Error 
A - Y Error 
x - Z Error 

diaß P(O)«(l0? 10? 10? 10? 10? 103) 

Tim (SECOND?) 

Fig. 63  Satellite 3826 Station 3^'; Pass $2 
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/ 

miPMMmxmmMm 
o - P(l,l) 
A - P(2.2) 
x - P(3f3) 
0 - PO.l) 

diug r(o)-.(io? 10? 10? io? io? ic3) 

TjIt^-|(SECpNp:5)^:;:^ in 

111! 
liiii 
1 f 
TTi 
iii! 

■:-. IT 
II 

-il 

Iff: 

Fi^. 64 Satellite 3826 Station 348 Pass #2 

^iillltlliaiilllililutiid^lliiiiiliBi 

^ 

Fig. 65 Satellite 3826 Station 348 Pass #2 

■3* 
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1 
r j 

i 

i ■ 

i 

-r-n 

o - X Error 
A - Y Error 
x - Z Error 

dir.?, P(0)^(10? 10? 10? 10? 10? 102) 

i   I 

i 
^ .. 

at     :f"| Wr | ;■■;; !:p : i:'h' ;-;: - i-rr; 

i" li'rT V ■' T'\' -"V n ; "t:'"'i~j"i 
pi"           / I               ■       1 \    ' i i      i 
Ujt^    /I      j      i>-:.N  —^i,  j .  :, -:!     y •      Vi":   M

: 

■to   /   I     ! r4c   j LC7 > v '''v- r^'-'     ••--—><   ,-'- — 

^    \Tw i   L^-^l • 1 -- i   tvp^i^ --rl— •  -i - - - 

^—n    • l/t l.i ..i .     t        I  .!■ I:   . i-i        I 

OrQ0; 
J_ 

!.     i 
BO.on 160.00 i    i  2'IC.00.!    !. 3?0.p0 

j- -1- 

!      I 

 ll. j; , 

■i. 

I" 
I_. 

:•- 

riipö.po 
:• j ■:■} ,....:■ 

Fit-,.  67     Satellite 382A    Station 3A8    Pass #1 

WMmmzmEmmm 
o - X Error 
A " V Eiriror 
x - Z Error 

\3 •• n3 i/\3 i A2  * A2 IAA' ding P(O)=(10f lOf lOf lOf  lOf 10") 

L.._.aj.:. 

60.00   i     ;   160.00 i   ;i  2*10.00 
ITIMe  (SECONDS) :.I L..a 

Pip,.   68    Satellite 3824    Station 348    Pass #1 
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o - X Error 
A - Y Error 
x - Z Error 
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