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FOREWORD 

The Ce'est Computer Program uses raw Doppler data to determine satellite orbits. It p'ovides 
diagnostic information on the quality of the orbits and the data used in producing those orbits. Tire basic 
technique employed is one of weighted least squares where the data is edited and weighted within the 
program. An iterative capability exists for nonli. ear problems. Trajectories are formed by directly inte¬ 
grating the equations of motion in an inertial frame. The force equation has components due to earth, 
sun and moon gravity, solar radiation, thrust, atmospheric diag, solar and lunar tidal distortion. A 
satellite frequency offset error can be determined, and the program I as the facility for determining 
unknown receiver locations. The computer program occupies 130 octal units of memory, is structured 
as nine major overlays, and is completely written in Fortran. The program is primarily operated on a 

sixty bit CDC 6700 computer. 
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The Celest Computer Program takes raw Doppler data as input and reduces it to a precise ephcmeris 

and associated diagnostic information. This process requires 

Applying ionospheric corrections when required 
Determining proper weights to be used in the least square procedure 
Forming pass normal equations to be used in building a total normal matrix for some fit span 

Building and inverting the total normal matrix 
Computing the refined ephemeris and associated covariance information 

Tasks One and Two take place in the Preprocessor, Three and Four in the Filter, Five in the Matrix 
Solver, Six in the Propagator, and Seven in the Orbit Computation Report segment. 

One of the primary features of this program is the pass matrix concept whereby data is handled 
largely on a pass basis. Once weights have been determined and pass norma’ equations formed, a file is 
written containing this information. New data can now be merged or old data deleted from this file. Solu¬ 
tions can be obtained over varying spans using any desired data contribution in an efficient and inexpensive 
manner. The diagrams on pages 2-5 illustrate basic program flow, major files, and the pass matrix data bank 

concept. 
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PRE-PROCESSOR 

Doppler data of two basic kinds are processed by the pre-processor. Doppler frequency (Class 7) 
consists of instantaneous Doppler measurements, and integrated Doppler (Class 9) consists of range- 
difference measurements. In addition, the Class 9 data comes from various equipment types. This results 
in the program assigning both a class number and type number to each form of data. 

The major purposes of the pre-processor are as follows: 

1. Convert the raw data to frequency or range-difference measurements 

2. Perform preliminary filtering by deleting garbled data records and tagging questionable data points 

3. Compute and apply ionospheric refraction corrections when necessary 

4. Compute and apply time corrections to data point observation tintes 

5. Assign average time corrections to each station on a daily basis. Store these values on a 

retrievable file 

6. Output an unfiltered, time corrected raw data file (Data Prep File). This file is used in the 
filter module where the data is edited and weights are assigned. 

FILTER AND FORMAT DATA 

1. Obtain time spans for data processing from input. 

2. Obtain data, on a pass by pass basis, from the raw data tape. Check data type, time, and satellite 
number. Data point times a-e checked against the input time span, satellite number is checked against values 
on the satellite table and data type against values 4, 7, 8, and 9. The pass is rejected if any check fails. 

3. Depending on type, decode the data, i.e., transform from character to numeric value. 

4. Type 7 and 9 data from a navigation satellite contains time correction points. Tag these points. 
Such a point, time value = (whole part, fractional part), is tagged by setting the fractional part to minus 

(-) itself. 

I 5. Filter by data type, described below, tiren write the results to mass storage. 

Type 4 

a. Convert the data value to range difference. 

A/?,. = f [Dl - 0,., + (T, - Ti.ONçAV,] i * 1 

A/?j = 0 

ft = AUIO6 + AV,) 

iu ' ■ 11.11111111,1 . , ky,., , ■ . ,,:1 I ,.1.,:,,in 
........... 

(1) 



/),• = refraction corrected Doppler count 

T/ - header initial time + idt + Ibit + dt^ 

dtadi = 0 unless ' = multiPle of 26’in which case value is 8iven below by -tell>te- 

Navigation Satellite 

N = 400 
Ibit = .01966246018 

dtm = .373586761 
FAC = 24/55 

dt = 4.601015893 

Geodetic Satellite 

N = 324 
Ibit = .01966243567 

<i/ldd = .373586278 

FAC = 8/9 
t/r = 4.601009948 

The refraction corrected Doppler count D, is given by 

Di = Dj (not corrected) - (Refraction count - 2000)FAC 

b. Check the Doppler count for size. All 9’s imply a bad point and all 9’s in the refraction count 
imply a bad point. Check that the Doppler count is monotone in each group of 26 values. If a point is 
bad, tag it but do not throw it away. Tags are numbers identifying the character of data points. Due to 
the fact that the Doppler counter is reset at ever/ 26th point, the 26th point and every multiple ot 26 

points is tagged. 

c. If the pass ends up with less than 4 points, reject the pass. 

d. If the alert rise time does not match the first data point time to within 30 minutes, reject the 

e. If the pass has not been rejected, write the range-difference values to mass storage. 

Types 7 and 9 

a. Count the time correction points. 

b. Reject the pass if all points are time points. 

c. Tag points with zero Doppler count. 

d. Recover higher order time digit by datatype. 
Type 9-Recover the higher order time digit for time correction points by looking at the time tor 

the data point just prior to the time point. Time point values look like 9XXXX, where the 9 indicates that 
the value is a time correction value. The 9 must then be replaced by the correct higher order digit. 

Type 7-Recover the higher order time digit for data points from the rise time in the header. The 

new time value for a data point is 



tc + 1000 Integer part of 
lOOOO^i + A2 - tc + 5000 

10 000 

where A-! is the higher order time digit from the header rise time and 7C is the time value reported for the 

data point. 

e. Decode the data points and put in the decimal point. 

f. Remove the time correction points and put them in the header. 

g. Perform a monotone filter check on the data. 

h. Check the time correction points in the header for the proper gap. The gap test tolerances are 

minimum gap = 119 sec. 
maximum gap = 1500 sec. 

Any two consecutive time points must satisfy the gap test. 

If the test fails at 4 5, then point 5 is removed from the header and the test is restarted. The test con- 
inues until the remaining points pass the test or all points are removed. 

i. Reject the pass if there are less than 

31 data points (Type 7) 
4 data points (Type 9) 

j. If the pass was not rejected, write the raw data Doppler counts to mass storage. The data has not 

yet been converted to frequency or range difference values. 

Type8 

This data comes in Mode 3 and non-Mode 3 format. Mode 3 data looks just like non-Mode 3 or geo 
ceiver data but contains tíme corrections only. This data is immediately written to mass storage. 

Geoceiver Data 

a. Convert the time to seconds from (hr, min, sec, fractional sec). 

b. Check for day cross-over as this data flips to zero at cross-over. 

c. Perform a monotone filter test on the data point times. 

d. Normalize the Doppler count for test purposes. 

lipjfliwu UJIP P ■' wf wipii'üw nun 



Normalized count zyo = 
D, 

Ti - T,.x 

e. Perform a monotone filter test on the normalized counts. If D„(r) or T¡ fails the test, tag the i 

and i+l data points. 

f. Check the raw Doppler count aeainst a maximum and minimum value. TTiese values are obtained 

from the Satellite Table. If the count fails, tag the point. 

g. If the absolute value at refraction is not less than 500, tag the point. 

h. If the pass ends up with less than three points, leject it. 

i. If there is a AT,- with 2 < ï < n - 1 such that AT-,- > 361, then reject the pass. AT,- = r/+1 - T¡ 

j. If the pass has not been rejected, write it to mass storage. The data points have not yet been con¬ 

verted to range-difference values. 

6. At this point three arrays are formed 

Array TIME = 
1st time point and] 
1st data point of 
each pass {For each pass set a tag of 
blank for good and non-blank j 

for rejected. 

Array ISUB = {l,2,3,... number of passes} 

7. Sort array TIME into ascending order reordering ISUB. 

TIME 
1 to 1 

1REJ 
1 to 1 

ISUB 

8. Retrieve the good passes from mass storage in time order. 

9. Duplicate passes, consecutive passes with the same rise time and station number, are rejected. The 

first of a duplicate pair is retained. 

10. Computation of observation values is made at this time 
the exception of geoceiver data assumes ionospheric corrections 

. This work depends on data type and with 
have been made at the receiving station. 

Ionospheric Corrections and Data Formulae 

Starting with a bate fraqnancy /„ (5 MHZ) and aom. off», A (-80 pptn) th. ..,.11«. mnlOpli« 0,. 

frequency up to two frequencies/j and/2 (400 and 150 with offsets). 



/, = a/0106 + a/o AK, 

/2 = 0/01 o6 + 0.W 

V /2 ^ ^ , X = —- = — < 1 
A a 

The received frequencies, assuming only first order ionospheric effect, are 

, , fl • ai 

'7 p *7J 

, * • a' 4,-/:. -70 ^ 

Thus 

/1 . /2 . 
, ~ Wrt = h ~ „ P + ^ „ P 

and 

4, - »4, - (/. - V2)(i -|) 

Define 

Then 

«(4, - »/>,) - «(/, - x/2)(i -|) « * 0 

«<4, -*4,>-«/i(i -x2)(i -|) «*0 

‘ü 

4 = vw/,(i - X2) 

//Received) = /, (l - j 

/, = a/0106 + a/0 A Vt 

4 = A/(l - X2)a/0106 + Af(l - X2)a/0AKJI 

(3) 



Define 

Nq = M(\ - \2)tt/0 

Store Nq on the Q table and A Vs on the satellite table. We can now write 

4 = vyio6 + 
The first order ionospheric corrected Doppler frequency can now be given by 

^ dNc 
Dopp'er frequency = =/,- 4 (Received) 

The Doppler frequency (Type 7) observation value is taken to be 

(6) 

Integrating this expression gives 

or 

Type 7 (Frequency) 

a. Retrieve the Q number from the Q Table. Reject the pass if there is no number on the table. 

b Compute the frequency value for each data point. Type 7 signals are sampled at four-second 
intervals by measuring the time to count a fixed number of cycles. The data consists of 

(time of day, time to count a fixed number of cycles) 

11 



(8) 

m i ir llrfl In 1< mu ihiI4wm »4»;^^,. 

. 

Observation time * T¡ - tg. + ÿ + 

where 

r0 = rth observation time from the raw data tape 

r, = time to count the fixed number of cycles 

Atc = station dock error from the header of the raw data tape = difference between WWV and 

the station dock value. 

Observation Value fr 
JV, 

ft (9) 

where 

/, = Nq (106 + AVS) 

/, = Nq (106 + AK0) 

Nq = frequency from Q Table 

Nc - number of cycles counted 

t¡ = time to count N, 

Afj = deviation of the satellite frequency from the Q Table value. This deviation value is on 

the satellite table. 

AK0 = deviation of station frequency from WWV. This value is obtained from the raw data tape. 

Obs. Sigma = Sigma - (.2)‘ 
(0) 

1/2 
(10) 

c. Preliminary time of closest approach (TCA) is computed by 

TCA 
T„ - T\ T„ = last point in pass (ID 

2 T\ m first point in pass 

d. First order ionospheric corrections were made at the station. No corrections are performed here. 

e. Temperature, pressure, and humidity values are set to zero. 

f. Obtain station coordinates from the station table and reject the pass if no coordinates are 

available. 

g. Write the data on Tape 8, the non-time corrected data file. 

12 
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Type 9 (CC1D) 

, Retiieve the Q number from the Ö Table. Reject lhe pass if no number naval a . 

„ Type 9 eign* « ob,,ne<i by CPU„Ung . f,xed numbe, o'**»«* -„Ming ,he ». fo. » 
sampled every 20 seconds. A data pornt consrsts of 

count. Signals are i 

(time, time to count a fixed number of cycles) 

The observation value and time are given by 

Ti = fo, - Aic 

AR¡ - T l^c - Vr ' fsWi ~ 

(12) 

(13) 

fo = ith observed time 
= station time correction from the header 

A'c = number of cycles counted 

fr = Nq (106 + AKo) 

/, = Nq (106 + A^) 
N . frequency f.om » Q Table ïalue u on u,e 

- deviation of » tatellite frequency from the Q Table .me 

qilelltte taole , urfPP This value is on Ibe raw dala tape. 
aKo = deviation of the station frequency from IWf'. H»*™“ 

(14) 
The observation sigma is given by 

Sigma (AK,) = 10^(^ " 

■ , Dopple, (CCD, da,a bm been converted,. range-difference (Aft) memurements 

r”—^1«. was derived from .be relationship 

JTi-l L 
, /Tf i. obtained by sensing a change of sign in the AK, 

c. A preliminary time of c'osejUPproa h ( of ^ |econd observation. 
values. If no change of sign occurs, TCA is set ,. Il uw V.«»»■ »cj- -- w 

■ * ir,» rerpivine station. No corrections are 
d. First order ionospheric corrections have been made .. the -.cenrmg 

made here 

e. Temperature, pressure and humidity values are s 

13 
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f. Station coordinates are obtained from the station table, and the pass is rejected if none are 

available. 

g. The data is now written to Tape 8, the non-time corrected data file. 

Type 4 (ITT) 

a. Compute a sigma value by 

Sigma (A/?,) = lO^ÍT, - TiA)m 

b. Retrieve station coordinates from the station table and reject the pass if none are available. 

c. Write the data to Tape 8. 

Type 8 (Geoceive:) 

Recall that this data type comes in two modes. One mode consists of time corrections only and is 

called Mode 3 date, the other mode is called Geoceiver data. 

Mode 3 

a. Check for a duplicate pass. The check is made on (day, station number, rise time). 

b. Compute equipment delays from Mode 3 passes and print out the results. These values are 
monitored and compared with the value used by the program, located on a STAB card. The value on the 
STAB card is an average value. Thus, equipment delays are averaged, and when this average wanders from 

the card value a new value is placed on the card. The mean and RMS are computed by 

.- 

i=i 

The print line for these results is 

Station No. Day Rise time No. of delays Mean RMS 

c. Write the Mode 3 data on Tape 8. The data is (time, correction value, drift). 



Geoceiver Data 

a. Geoceiver equipment continuously counts offset Doppler and refraction cycles at 30-second 
intervals. A data point consists of 

(Time the count ended, Doppler count, refraction count) 

The ionospheric redaction corrected count is given by 

D, = Df (uncorrected) (15) 

where 

IRj = rth ionospher retraction count 

Cj = 55/6 or 9 for /= 1 or 2 respectively 

/ = 1 Navy Navigation Satellite (transmits at 150/400 MHZ) 

/ = 2 Geodetic Satellite (transmüs at 162/324 MHZ) 

The observation time, value and sigma is given by 

(16) 

+ - 7-,-,)] i * 

A/?, = 0 

Sigma (A/?,) = 10^(7-, - r,.,)*'2 

(17) 

(18) 

where 

tQj = time from the raw data tape 

Nq = 400 or 324 

/, = Mg (106 + AK,) 

AVS = deviation of the satellite frequency from the Q Table value. This value comes from the 

satellite table. 

b. A preliminary time of closest approach is obtained by sensing a change of sign in the A/?, values. 
If no change of sign is sensed, TCA is set to the time of the second data point. 

c. Station coordinates are obtained from the station table, and the pass is rejected if none are 

available. 

d. Write the data on Tape 8. the non-time corrected data Ole. 



' - , ., - ¿ . . *u if« 

1:- 

11. After all passes have been written to Tape 8, a print line is provided for each pasi.. 

Pass No.-Station No.-Yr.-Day-Rise-TCA-TC Pts.-Pts, Reject Code 

TC Pts. stands for time correction points, Pts. stands for total number of points and Reject codes are 
as follows: 

Reject Code 

0 

1 

2 

4 

5 

Meaning 

No data record 

Rise time from the alert does not match the first point time within a tolerance of 
±30 minutes. 

This pass was rejected because it was a duplicate. 

Time corrections only apoeared in the data record. 

This was a geoceiver pass which had more than the first ,nd last point fail the test: 

lfi+l - tt\ < 361 sec 

If the tolerance is violated only at the first and last points, then only those points 
are deleted. 

The pass had less than P points. 

31 Doppler (Type 7) 

P = < 4 ITT (Type 4) or CCID (Type 9) 
I 3 Geoce'ver (Type 8) 

10 The Q number was not in the Q Table. 

11 The station either did not have coordinates on the station table or did n >t have a 
STAB card in the input deck. 

,6 The monotone filter removed either all points or enough to cause the pass to fail the 
test in 6 above. 

12. At this point the Time Correction Overlay is called. 

TIME CORRECTIONS 

The ti î correction overlay has two options. Option C applies average time corrections, stored on a 
station table, to data that does not have its own time correction signals. These average corrections for each 
station were computed on a daily basis in Option B and stored on the table. 

Option C 

1. Obtain the year from Tape 8. 
2. Obtain the year from the Station Table. 

16 
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3. Compare 1 and 2. Stop if they do not imtch. 
4. Read the first pass from Tape 8. 
5. If the pass is f, Mode 3 pass '¿o to the next pass. 
6. Retrieve the time corrections from the Station Table. 
7. Correct the data point time by subtracting the table value from the data point value. 

new - Tj - f'i - c‘i(Ti - ¿2) 

where 

Tj = ith observation time in seconds 

Ci = clock error at a given epoch 

c2 = epoch of the clock error 

C3 1 clock rate error at the given epoch 

8. Write the couected time value, data value, and sigma on the time corrected observation file 

(Tape 14). 

Option B 

This option computes individual time corrections for each pass of data and averages all pass corrections 

for a given station to store on the station table. 

1. Obtain tht year and day from Tape 8. 

2. Obtain the year and day for tíme correction processing from the second input SPAN card. 

3. Obtain Spas’¡r elements for the satellite from the Spasur element cards. If the available elements 

do not have an epocr within a tolerance of the (yr, day) in One above, then the program stops. 

4 Use the Spasur elements in the Brower orbit computation routine. This routine uses elements at 

a given epoch to compute elements at any later time. The new elements are converted to position and 

velocity, giving the time correction overlay an ephemeris generation capability. 

5. Ax this point the data from certain reference stations is used to determine r, satellite clock error. 

Reference stations have very stable clocks and can therefore be used to determine the error in the 

satellite clock. 

a. Obtain the first reference station pass. 

b. Obtain the equipment delay and one-bit delay from the STAB card. 

c. Obtain the time correction points from the header of Tape 8. If there are less than four points, 

skip the pass. 

d. Transform the station coordinates from geodetic to inertial. 



e. Foi each time correction point determine its distance in seconds from the epoch of the Spasur 

elements. 

f. Use the time from (e) to determine the position of the satellite at the time-correction point time. 

g. Compute the range to the satellite at the time correction point time. 

h. Check the zenith angle and if the satellite is below the horizon do not use the time correction 

point. 

i. Compute a time transmission value. 

j. Use the time transmission value to compute the time at which the time signal left the satellite. 

Store these values in an array: 

r = satellite position = tK + 

rs = inertial station position &Xt = tK + Arc¬ 

cos <0, cos (X0 + ¿3 (/ - tve) 

cos sin (X0 + w(f - tve)) 

sirnpj 

(20) 

ttr - time transmission error - \r - r,|/c 

a = semi major axis of the reference ellipsoid 

e = eccentricity = /(2 - /) = [2 - (1/EL)]/EL 

/ = flattening 

EL = oblateness 

(¿»j = station geodetic latitude (radians) 

Xq * station geodetic longitude (radians) 

hs = station geodetic height (km) 

& = earth rotation rate 

t = tK + AtK in seconds from the beginning of the year 

tve - time of vernal equinox in seconds, for the first day of the year. The tve and Julian day num¬ 

bers are coded into the program in the form of a table. This table is updated periodically to 

insure sufficient values for tve and Spasur element requirements. 

18 
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For this routine to operate there must be a minimum of three reference station passes. There must 
be at least 40,000 seconds between each pass. All reference station passes are used collectively to compute 
ISO In the event ISO cannot be computed the program provides an input default value TS02. In addi- 
;on, the program can be commanded to use an input value TS03. For each reference station pass define 

fso 
Xr = (7V - TSO) 

K NCS v K 
(22) 

where 

TV = time the /cth signal left the satellite 

TSO = satellite clock error initialized at an input value TSOI. This value is usually zero. 

iso = standard satellite frequency from input. This value is usually .10799136 E + 09 

cycles/second. 

NCS = number of cycles counted between time signals. This value is initialized at an input value 

NCS1. NCS1 is usually .129589632 E + 11. 

NCS , 
TS°4 — |^1 

where Ar* is the observed minus computed residual fot the 4th time point and (¾] is the integer 

nearest to XK- Compute a mean and sigma by 

(23) 
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_ ^tk 
" / ■ T 

Tp = number of time points in the pass 

Sigma (p) 
L 

p (ArK - Ã7p)2 

- D 

1/2 

* = 1 ' P 

Filter the reference station passes as indicated in the diagram below. 

No 

Throw away furthest 

from the mean. Set 

AT/ç = 0 

T = T - y 
P ‘p 

Recompute mean 

and sigma. 

I ■M 

After filtering all reference station passes use ail the good points from all accepted passes in a least square 

process to determine TSO and NCS. The necessary partíais are 

= -1 

òatk _ -(½] 

3 NCS ~ fso 

The process iterates until | ATSOI < .1 E - 05 and the number of data points used remain constant 

for two iterations. Each iteration of the least square process goes back through the reference station 

filtering. After convergence a print line is produced. 

Í ' 'W 
I ■ 
1 ! "m 

13 
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A table of print is produced titled Reference Station Analysis. The table is 

Points Points Mean Sigma 
Station No. Time Available Rejected (micro sec) (micro sec) 

Mode 3 

a. Compute the clock error (CE) and drift rate (DR) from the Mode 3 data. The Mode 3 header is 

Temperature Pressure Humidity Comment 

(Temperature, Pressure) = clock offset (microsec) 

I microsec \ 

\ hour / 

Comment = a code to interpret the clock drift 

Comment code 

0 = positive drift between 0 and 99 

1 = negative drift between 0 and 99 
2 = positive drift between 100 and 199 
3 = negative drift between 100 and 199 

9 = negative drift between 400 and 499 

If the clock drift value is 67 and the comment is 3 then the actual drift is -167 microseconds/hour. 
The clock error is the clock offset plus or minus the equipment delay. The sign of the clock offset deter¬ 

mines the plus or the minus option. The actual computations are 

. ... . 
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/ 

tj = nearest half minute of the /th observation time in seconds 

= /th transmission time 
"i 

ted = equipment delay 

ISO = previously determined ISO value of satellite clock error 

S¡ = constant readout delay as furnished by Magnavox 

S, = 

0.0 for even 2 min. time mark 
2.071100 for even 2 min. time plus 30 sec 
-0.186793 for even 2 min. time plus 60 sec 
2.020318 for even 2 min. time plus 90 sec 

d. Compute individual corrections, the average correction and sigma for the pass. 

AT", = r, - rc, 

— Ar‘ 

/»i P 

Sigma (p) 

Mr 

L 

(Ar,- àTpV 

/=1 
|V„ 

1/2 

e. IflAr, - ATp I > 2.5 Sigma (p) or if I AT,! > .9 sec, delete the point and recompute ATp and 
Sigma (p). Continue this process until no more points are deleted. If after no more points are deleted 
there are less than two points remaining or Sigma (p) > .0001, delete the pass jnd put a flag in arrays 
DCB and STD. If two or more points remain and Sigma (p) < 0001, then -vrite ATp in array DCB and 
Sigma (p) in array STD. These arrays will be used later to obtain daily average time corrections for the 

Station Table. 

Types 7 and 9 (Frequency and CCID) 

For each time point determine if the satellite was above the horizon at that time. If not, delete 

the point. For all remaining points compute 

TK = *K - (hr, + hd + hd + o"« bit> 

where 

time of reception of the timing signal 

,rK 
fcth transmission time 

tsd - satellite clock delay 
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¡ed - equipment delay 

one bit = one bit delay 
Tk = time of emission of timing signal 

x = l!£. (T - TSO) 
Ncs * 

(29) 

where NCS and ISO are the previously determined values 

NCS 
47-,- r* - (TSO* ^1**1 

(30) 

<1 co* nnos sec If fewer than three points 

WO. all AT, with I AT, I >/' “7 Tis tolerance. If ag.m less than thtee point, te- 
temain u» T2 - 0200 and .etest all AT, ag^.un me,n by 
main, delete this pass from the time correction process- 

_ A7> 

a7p = 2-. rp 
T = number of timing points 

P 

Sigma ip) = 
^ - ATp)2 

_k“l (T-p - 0 

1/2 

FUter passes by the diagram below. 

Are there more than 

two points in the 

pass 

Yes Sigma (p) < SIG 
SI G = Input 

= .0001 sec. 

No 
Yes 

Throw away the 

furthest point from 

the mean. Set 

A7Y = 0 

‘p ‘P 

and recompute 

1 

mean and sigma 

Reject the pass ] G Accept the pass 

If a pass is rejected place a flag in DCB. If a pass 
is accepted write Ãfp in DCB and Sigma (p) in STD. 
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At this point all lime collections have been tktetittined and placed in Artay DCB. Each non-Mode 3 pass 
oò Tape 8 is individually time cottected based on the values in DC B. The time collected data ,s wntten 

on Tape 14. Flags in DCB indicate that the data for that pass should not be corrected yet. 

A print line is produced for each pass. 

Mode 3 

Station No. Day Time Clock Error Diift Rate 

Non-Mode 3 

Station No. Day TCA Correction Sigma 

All time corrections are now sorted by time within station and printed under Station Analysis. 

No. of Points No. of Points Time 

Station No. Time Available Rejected Correction Sigma 

7. Determine average time corrections per station. 

a Type 7 and 9 stations obtain their average corrections by averaging the average corrections per 

pass over the given stations. These values are wr o on the Station Table over any other ^es that may 
¡dready be there. Type 7 and 9 passes wrich were ilaggcd m DCB are now corrected using the 
Table value and placed on Tape 14. A print line is produced for each such pass under Average Time 

Corrections Applied to These Passes. 

Station No. Time Time Correction 

b. Type 8 passes Bagged in DCB are not written on Tape 14. 

c. Mode 3 passes have already been written on the station table. 

d Type 8 stations can have their corrections written on the station table as soon ar proper drift 
me computed and the day is ptopetly segmented. Recall that Mode 3 data Is Um« cott.ct.on data 

and segments the day of a geocciver station. Geoceiver data (Type 8) can also be used to segment the day 

and will write over Mode 3 corrections. 

Using all non-flagged geoceiver passes from DCB whose sigma from STD is less than .000075 sec 

we will compute drift rates by 
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Drift 2 

Pass 1, Pass 2, Pass 3,... Passif Passât + 0. -- 

Drift 1 Drift (') 

where the passes have been sorted to time within station. 

If anv iDrift (t‘)l > .9 E - 07, the nass is set to a Mode 9. A Mode 9 is a clock reset pass 
and can eiíherVe» Seated in the pass header or determined in the above fashion. The Mode 9 seg¬ 

ments the day with a maximum of 3 segments permitted. 

Process the passes in 
each segment independently to compute an average drift per segment. 

Average Drift^ct = < 

average of drifts computed in the segment if the number of 

drifts is greater than 1. 
Drift from the previous segment if number of drifts not 

greater than 1. 

If ,he,e .,e no p.»eS in ihn segment (. possibility in Segment I ), es.,»pótate the Prions clock e,,o, to 
the start of the day using the previous drift rate. Write this result on the stat.on table only there 

nothing already written there. 

If there are passes in the segment there are two cases to consider. 

Segment 1 

Back up the clock error of the first pass in SegmentJ to zero sec of the day 

for Segment I. The time associated with a clock error ATp in D( B is t ie Pas^ rise 
suiting clock error, average drift for Segment 1 and zero sec on the stat.on table. 

using the average drift 
time. Write the re- 

Segments 2 and 3 

If the segmentation was determined by a Mode 9 

of that pass, the rise time of that pass, and the average 

on the station table. 

defir.ed in the header of a 
drift of the segment as the 

pass, use the clock error 
values to be written 

If the segmentation was determined by [Drift (i)l > .9 

rise time of Pass (/ + 1 ), and the average drift of the segment as 

E - 07, use the clock error of Pass (/' + 1 ), 
values to be written on the station table. 

8. Print under Stored Time Corrections 

Segment Time Segment Station Time Correction Avg. Drift 



FILTER 

The basic input to the filter is an inertial perturbed trajectory and an observation file. The trajectory 
contains necessary satellite positions and their associated partial derivatives with respect to possible fit 
parameters. The observation file contains station coordinates, observation values, and estimates ol the 

standard error for each observation. 

The basic output is a Pass Matrix File consisting of pass normal equations for each satellite pass and 
an Observation File consisting of good observations and best estimates for their standard errors. 

The process of point filtering is carried out on a pass by pass basis. The basic concept is to remove 
model error by fitting the orbit to the given pass of data and using the result to compute a standard erroi 
for the data points. Residuals are then adjusted for the solution of the fit. The adjusted residuals are tested 

against a sigma tolerance. 

Adjusted Residual < Tolerance * Sigma * Sigma Multiplier 

If the adjusted residual of the observation fails the test , then the point is labeled bad for the next iteration 
through the filter. The adjusted residuals of all points are tested, even those which were labeled bad for 
the present fit. The next iteration will use the newly determined good points, the new sigma values, and 
the original reference orbit. The tolerance used above is either computed as a function c. are good points 
or taken as an input constant. The sigma for the observation is continually recomputed b> initializing it at 

a value from the preprocessor and adjusting it after each iteration through filte, hv muUip Y,nB‘he 
value with a sigma multiplier. The sigma multiplier is that number which when used wu c¡ use the RWS ot 

adjusted residuals to equal one. 

L 
Present Fit 

Adjusted Residual 

Sigma‘Sigma Multiplier 

N- number of good points + number of bias parameters used in filtering. 

The fit used at each iteration of fUtering solves for a subset (best determined parameters) of refrac¬ 
tion scaling, frequency bias, frequency drift, and the six position and vetocity parameters obtamed by re- 

solving position and velocity in the local frame at time of closest approach (TCA), Dia^a^ 5 Jh' ^ ,on 
attempts to determine which of the above parameters are well determined and carry out the soiut.onfor 
those parameters only. To do this the pass normal matrix, with the present set of good values is trans¬ 
formed to the local frame at TCA and relabeled so that the parameters appear in the above order. The first 
bias parameter is accepted as being well determined. This parameter is eliminated and the next bias parame¬ 

ter is examined as follows. 

Check the main diagonal of the second bias parame* fiom the eliminated normal matrix against the 

same term in the original normal matrix. 

„Eliminated 
^bias.bias > ^-4 

D 
° bias,bias 
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Diagram S 

If this test fails the parameter is dropped and the next bias is examined. If the test succeeds the parameter 
is eliminated and the next bias is examined using the newly eliminated matrix. 

When the position and velocity parameters are reached, the same procedure is used, but the test is 

ß Eliminated 

xi*i 
> 1(T* 

where x¡ is a position parameter and 

^Eliminated 

*1*1 

3 

y b. . 

fr XiXi 

> IO-4 

where x¡ is a velocity parameter. 
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The iteration process terminates when either the same number of points are labeled good three suc¬ 

cessive times or a maximum iteration count is reached. Should the process terminate without reaching 
maximum iteration the normal matrix formed will have the best estimate of good points and associated 

weights. This matrix is placed on the Pass Matrix File. 

POINT FILTERING PROCEDURE 

1. Read the observation file for the next (or first) good pass. 

2. Convert the station coordinates (from the Obsenation File) from geodetic to rectangular eorth 

fixed components (31). 

3. Calculate the ieims(NvN2,RQ, RrR2) used in the refraction model (37). 

4. Determine the time of closest approach (TCA) of the pass by 

a. Using the value from the Observation File. 
b. Using the value from the Observation File for an initial estimate and iterating on p*p for a 

maximum input number of iterations (34). 

5. Compute the slant range (p) at TCA (32). 

6. Check the zenith angle at TCA against the input zenith angle tolerance. Reject the pass if the 

zenith angle at TCA is greater than the tolerance (35). 

7. Count the observations before and after TCA. Check the difference against the input un¬ 

balanced pass tolerance. If the difference is le^ than the tolerance reject the pass. 

8 Interpolate for the satellite and station position, velocity, and acceleration at TCA. Interpolate 

for the satellite perturbations at TCA. Save these values and the zenith angle at TCA for later use (36). 

9. Compute the slant range or range rate at an observation time (32), (33). 

10. Check the zenith angle at the obr-rvation time against an input tolerance If the zenith angle is 

greater than the tolerance then tag the point. 

11. Compute the refraction effect on range or range rate for a good point (46), (47). 

12. Interpolate for trajectory perturbations at the observât on time (36). 

13. Form the data partíais for station, orbit, and bias parameters (48)-(61). 

14. Compute residual values (48)-(61). 

15. Compute the contribution to the condition equation (64). 

16. Form the pass normal equations (65). This matrix is given in Diagram 6. 
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Canonical Pass Matrix 

B B . B ^ B . E 
coco cdA cDkr cob cd 

Bkrkr Bkrb Ekr 

B, E. b 

e = orbital elements or coordinates-velocity at some epoch ts 

cD - drag parameter 

A = three thrust parameters 

kr = radiation pressure parameter 

b = bias parameter set consisting of three earth fixed station 

coordinates, refraction scaling, frequency bias and fre¬ 

quency drift. 

Diagram 6 

17. Pass initialization: 

Set Ap .,=0 ^navigate 

0 multiplier ^ 

Tags = as defined by Observation File 

18. Adjust the residuals, (0 - D)(., due to the navigation solution, (68) by 

ÒD, 
(0 - D)¡ adjusted * (0 - D)(. - — Apnayigate 

19. Tag (0-/1),. bad if 

1(0 - D)¡ adjusted |> Absolute Tolerance or 

1(0 -0),. adjusted I2 > Sigtoi2 X o2 X 

20. Test the number and percentage of points remaining against input tolerances. If violated 
delete the pass. 

30 



th» 1 ifi’iir' i1 
iHBBPPIPiPIliPfUfflWiriW-T.• ¡irK*rr : «it’Mi^Trwr-^rffr Wpw'“ TP^P1 'T 

Perform filter test as follows: 

' T"-T:n-,nHPf 

21 Reform the pass normal equations with the present set of good points. 

22. Transform the orbit and bias section ot the normal equations to the local TCA frame using the 

values saved at step 8 (68). 

23. Solve »he transformed equations (68). 

24. Resolve the solution in the original frame obtaining . 

If the same number of points have been tagged on this iteration as the last two or if the 
iteration count is exhausted, then we say that this is the last iteration. 1- this case print all 
necessary statistics, write the residual file as directed by input, and write the normal equations 
on the Pass Matrix File. On option, a fi'tered Observation File can also be written consisting o 

good observations and the latest estimate of their standard errors. 

If this is not the last iteration then 

a. Tag all points good except the zenith angle rejects. 

b. Set ^predicted* amultiplier ' 

c. Set Sigtol 
/ A 

= h+ — 
\ A + 

N \ N 
— * — or input constant 
50/ Nr 

where N is the total number of points in the pass less zenith angle rejects,^ is the number of 
points remaining at the last iteration, and (S/N)predicted is the predicted signal to noise value 
discussed under Out put Statistics. The sigma tolerance (Sigtol) for the First iteration is an 
input with default equal to £ + 50. The absolute tolerance is constant and also comes from in¬ 

put with default values 

5 km for class 9 data 

(£ - 06)*FS for class 7 data 

d. Go to Step 18. 

STATION COORDINATE CONVERSION 

cos cos A.0N 

(A + /is)[ cos^sin\0 \-Ae 

sin^j 

(31) 
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- = earth fixed station coordinates 
s0 

hs= station geodetic height above a reference ellipsoid 

e = eccentricity of the reference ellipsoid 

= 1(2-/)/1 1/2 = 
2~ EL 

EL 

1/2 

/ = flattening 

EL = oblateness 

a = semi-major axis of the reference ellipsoid 

l(,¡ = station geodetic latitude 

X0= longitude from Greenwich meridian 

A=al(\-e2 sin2^)1/2 

range and range rate computation 

p - p(tft) = r(/e) - f) 

where 

te = (ft- (p*p)V2lc ¡R = reception time 

te to be determined by iteration starting with te - tß 

order 

where 

; = Sir = w X r, from Tropospheric Refraction Model 
r s s * 

r, = nrs=n2r, 

(32) 

(33) 
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COMPUTATION OF TIME OF CLOSEST APPROACH (TCA) 

Define 

f/+, = t. - (p*p)tJ(p*P + P*P)t¡ ^34 

In the event TCA is to be searched for, set t{ = value from the observation file and iterate until |fw - f,! < 

.05 sec or maximum iteration count is reached. 

COMPUTATION OF ZENITH ANGLE 

= tin“H[l -(fi*ù,)2]mlp\) 

us = (ABCD)* ( s2 

,*3/(1 -e^)j 

INTERPOLATION PROCEDURE 

The Lagrange interpolation formula comes from setting 

(35) 

/-1 

and finding polynomials fi, such that this expression is an identity when y is itself a polynomial. This re¬ 

sults in 

8,(/) = vUW-tjWUi) 

i/O/) * *ij 

w(r) = -(t-tj 

At) = ¿ 

i=l 

ff(0 

(t-ti) 

Letting f = Í! + s/i where h is the data storage step for equally spaced data gives 

7r(/ - fy) 

8/(0 

ff(î-/+ O 

,1*1—a),L*L— 
j*i i*1 

■m 

... 
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TROPOSPHERIC REFRACTION MODEL (HOPFIELD) 

AL 

AL 

*1 = 

*2 = 

"l = 

E = 

n = 

H - 1 = 

dry team 

wet term 

l!rj II 

Rq + 40.1 + .149T 

Â0+ 12.0 

[(.776)^-04]^ 

[(.373)*£--02]f/^2 

E - water vapor pressure 

H = humidity (percent) 
P = pressure (millibars) 

Tk = temperature (Kelvin) 

= r+273 

// = 50% (default value) 

P = 980 (default value) 

T - 15 (default value) 

Hexp(- 37.2465 + .213166 Tk - .000256908 Tk) 

index of refraction 

nT\ + nTi 

if ris in 

if ri* not in [Ä0,Ä(] 

(37) 

(38) 

Let ûs be the unit normal to the ellipsoid at the station. 



us = (ABCD)* ( I2 

^3/(1 -e2)J 

k = ||r,0l|sin z„ =Ä0 sin zv 

cosz,, = ÛjP 

The refraction model is 

r fs AR (range rate) 
C 

AR (range) 

AÄ(/„) - AÆÎi,,^) (range difference) 

AR 
/rsatcllit 

(n-1 
r*dr satellite 

1) 
r... (r*r-k2)112 
station 

^satellite r*dr 
AR = kk I (n - l) 

(r*r-k2)V2 
station 

Computation of kk in Earch Fixed and Inertial Frames 

Earth Fixed 

*0 '0 ' v V 
kk = -(r;0PXr;0P) 

P = (p/lpl) 
Iplp-plpl 

Ipl Ipl 

À „ Á ml?. = À . (p'pft 
ipi ipi ipi ipi 
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(CD)rs = 1 0 ) X (CD)rs 
\(jO/ 

Since (CD) is orthogonal it preserves orthogonal frames. i.e., 

(CD)' 

0 - J 0 
¿5 0 0 
0 0 0 

(CD)rs = (CD)* 

'0\ 
0 X I CD)rs 

l\£>/ 
fo\ 

=(cf>r o x(cmc/)vs 
\cj/ 

/°\ 
= (CD)* ( 0 X rs 

\¿j/ 

Thus 

rj * u X rs 

where 

¿0 = (CD)*1 0 

Continuing with the computation of kk gives 

kk = - 
(p*p)f> P\ ,[£ 

|p| + rs \\P\ ~ IP> /J 
(P*^) 

4P.(-^ 
[p ipi 

) {p (p*p.‘V 

(p*p) -) 

(fi\) 

= ,.[i22Li> .(A- 
s [ Ip I \lpl IP' 

Rr 
= - — COS zv[(l -PP*)P - wX pjUj 

IPI 
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Computation of AR and AR 

R¡ (r*r-Rhn r< (r*r-R¡ 

'l in (r'r-k2) 

-J 
,m/2 

r*dr 

Ri [(rV-ifcVífc2-/?,2)]" 
r*dr 

/=0 

Letting /?o = '•station 

(r*r - k^Y”12 
U 

ff 

< 0" r _ k2y _m/2+’ (/t2 - R2)n~ir*dr 

-ÍjC)!r^<‘2-RHr 
and Wí = rsatell¡te we can compute range and range rate corrections by 

fR‘ (n - 1 )r*dr _y _ y —L_ (\r*r-k2^1^2 - RhA~‘ 

Rn (r*r-k2)m ¿í (^-«,2)4 U 2/+1^ Ä0 

R= fR‘ (v - . y _m-y —i4') (r*r-k2)Hl2(k2 -R2)4'1 

(r*r-k2)212 h (^-Ä,2)4 U 

(46) 

Ri 

where / n is an input quantity usually taken as £ + 06 so that the bias solution will be in parts per mülion 



ail 
dx 

p*(ABCD)* 

r0 

Hi 
diu 

= Vr 

Hi - 
34 '4 

(/ - TCA) 
(K) 

HU-H-(,-TCA)2 
34 24o 

Ij^ = ( Range rale) Frequency 

The vacuum received frequency using a transmitted frequency offs is given by 

p\eK)' 

(51) 

(52) 

(53) 

(54) 

1 + 

4 =4 P*r(te) 
I +• 

where pUR) = r(te)- rs(tR ) 

(p*p)l/2 
te ~tR~ = emitted time 

tR = received time 

Computing p from the expression for p and taking into account the change in le as a function of tR gives 

pV(/f) 

P*rt(tR) P*>ite) 
-;- r(tc)-— rs(tR) 

1 + 
P*r{te) 

1 + 

p*p 

P*r(te) (~p*rUc) P*rsUR)^ 

c \ c cl 

1 + 
P*rUe) 

(,.¾ 

[r_ 

fs 
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Thus if p is computed to first order in l/c,/R//s will be given to second order in 1/c. 

P '= r(te) - ) - P*lc{Kte) - rfa))ifte) 

Adding in the frequency and refraction bias terms gives 

{, 

'00 

+ ( 1 - — ]4(f - TCA) + (1+^ )AfR 
/00 ' c 

(55) 

The above formula is accurate to second order in 1 Ic, whereas the corresponding formula for class 9 data is 

accurate to all orders in 1/c. 

dl). 
>7 ^\p ÍÊ *** - =-— 7-: U-PP* 
\ c Upl 

p*)^Pt(l,2,3) + p*^(4,5,6)| 1,5,6)j 

where J/( 1,2,3) is the position part of the perturbation matrix and ^/(4,5,6) is the velocity part. 

9o7 4 

c 
s0 

IpI 
(/ -ppm) + p*(CD)* 

0 - ¿5 0 
¿5 0 0 
0 0 0 

(CD) (A BCD)* 

0D1 

òc, 
= A4 

R 

w, 4 

b Joo 

1 _ 
^1h 4" ^ c 

d^l =A(, -TCA) 

9/b J00 ' c 

D9 is the formula used for all range difference data types, i.e. 

Type 4 = ITT 
5 = SGLS 
8 = Geoceiver 
9 = CC1D 

A similar formula is used for Type zero (range data) 

4),0 = ^ + -'epoch* 

(56) 

(57) 

(58) 

(59) 

(60) 

(61) 

ff 
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Residual values for all of the above data types can now be computed by differing the observed value (from 
Pre-l*rocessor) f.om the computed value given above. 

FORMATION OF CONDITION EQUATIONS 

P = (b orbit parameters (elements or coordinates), 1 drag parameter if drag is to be improved, 
3 thrust parameters if thrust is to be improved, 1 radiation parameter if radiation is to be 
improved, refraction, frequency, frequency drift) 

lillliil 
^ 11 " i"'"r ' 

N = Number of data points in the pass 

ap=(ovo2,... o ) 

IV = Weight Matrix ~ 

0 

(64) 

FORMATION OF PASS NORMAL EQUATIONS 

pass (65) 

Each time pass normal equations are formed only the untagged points are used. The 0 in the above equa¬ 
tion represents the observed data values from the Pre-Processor and the D represents the associated com¬ 
puted values. 
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SOLUTION OF PASS NORMAL EQUATIONS 

The pass normal equations arc given by 

^O^orbit, orbit ^O^ortit, model 

^(Anodel, orbit ^^O^model, model 

^^O^bias, orbit ^O^bias, model 

Transformit g the (orbit,bias) sections to the TCA epoch gives 

ß00(TCA) = ^-,*(TrA)ß00(r0)r1(TCA) 

00ift(TCA) ^-'’(TCA^g 

Bh,hWU =ßM^0> 

F0(TCA) =t|/‘1*(TCA)¿0(í0) 

^(TCA) =HhU0) 

^^O^orbit, bias ^()\>rbit 

^^O^model, bias ^^O^model 

^^oHrias, bias ^O^bias 

Defining 

R = [p(TCA),p(TCA), p*p(TCA)] 

R = 
R 0' 

0 R 

we can transform the normal equations to the local R frame at TCA obtaining 

(66) 

(67) 

r* 

R*B,JTe\)R R*Boh(TC\) 

'bb' 

(KH''"""' " "O/)1 

ß.n(TCA)ß Bhh(TC\) 
L W) 

AN 

Ab 

R*Eq(TCN) 

¿¿(TCA) 

(68) 

where AN represents parameter corrections in the R frame. The actual process for carrying out the solution 

in this frame is described below under Singular Solution of Pass Normal Equations. 

Singular Solution of Pass Normal Equations 

This solution will determine which parameters are well-determined and solve for those parameters. 

Generally these parameters come out to be position and velocity resolved in the radial and along track 

directions. 

.. 1 ,ir ... , , ...tklll.. ,....A.....„.t-Liitoukiya 
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The pass normal equations are 

flAp = E 

or 

Bbb Bb0 

B0b B00 

^Pb\- 

APoJ 

RAd = JF is equivalent to R'RAp =R*Er where Ä isa triangular matrix with the property that R "R - b- 
w?cn now »”W - 6. Z** R 'Uiangu!», *-• m « «dy de,e,mined. The soluuon 
R-l£ , (he predicted variance Vpred. - Variance - f •ip - Variance - /¾, and lire covariance main* 
¡f \ =: (K*K)-1 =r-\r-\*. The algorithm for this work follows: 

S(. = Bu for biases (if any) 

S- £ »a 

Arrange the equations as follows: 

S. = Y' Bu for ^ca components 

S. = 0 for the variance 

dpriBjj, , m) = ^ B¡+t-\jBk+t-lJi 

/=1 

Kpred = «(«P + 1 • "P + • dpriB\ sp+\Bhnp+l < "p) 



'HÉ! 

I 
■|lv 

T'-'TMrp 

. 

■WUMHII«» ... 

Reduction of Ä to /? 

e = 10‘4 

NS = Np = # of parameters to solve for 

- do i ~1, np 

t = Bii - dpr. (B\r Bu,i - 1 ) 

if (1 - S*e) -, 0,+ 

0 ns = ns - 1 

do / = /, np + 1 

[ B,r° 
Go To End of Loop 

+ f=i/VT 

r do /' = / + 1, /ip + 1 

'-B¡/ = (B¡rdpr.(B[¡,Biri-\))*t 

Bu * t 

End loop 

Determine R~l 

j- do / = 1, np 

do / = /, np 

I Ll- Bji = (Sji - dpr(Bii, Bi/ j - /)) 

Determine Ap/, op, 

p- do /= 1,np 

àPi^dprlB^B^^np-i* 1) 

L op. = \/dpr(Bir Bu, np - i+ 1 ) 
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SigTol = Number used for the sigma test in filtering out points. 

Filtered Noise = RMS of residuals after modeling error is removed. This value is scaled to 
1 MHZ for Doppler data. Fuller description given under Station Analysis 

Report in Combiner - Solver Section. 

Sigma Multiplier = Total multiplicative adjustment to the sigma value read from the Observa¬ 

tion File 

Variance = Sum of squares of weighted residuals, where the sum is over all good points 
and the weights are taken as the reciprocal of the data point sigma. 

S/N = Signal to Noise 

Variance 

ndf 

1/2 

ndf = Number of good points plus number of bias parameters 
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The function of this section is to produce an arc normal equation using the pass normal equations 
formed in Filter, solve the equation and produce associated diagnostic information. The primary input for 

this task isa perturbed trajectory from Integrator and a pass matrix file from Filter. 

The main task in forming the arc normal matrix is that of expanding pass matrices from Filter to in¬ 

clude parameters not already present and updating the pass matrices to reflect solution at an epoch not 
presently referenced. Diagram 6 shows what an input pass matrix looks like. This matrix comes from 

Filter designed to improve orbital elements at the epoch ts. 

B. 
W dD 

w*® be, be, 
E_= r—(0-D) pass 0(. 

(69) 

If we desire to improve elements at epoch rj(l) we must transport the normal matrix to ^(1) using the map 

r1 (/,(1 ))7-(1,(1)). 

m= 
bx(t) 

be(t.) 
m 

àx(t) 
be(t) 

(70) 

The matrix from Filter may not include certain necessary parameters. This can sometimes be cor¬ 
rected by using the fact that the required parameters have matrix contributions which arc functionally 
related to the available matrix elements. After referencing the matrices to the proper epoch and including 
the necessary parameters, the bias parameter portion of the pass matrix is eliminated and saved. Matrices 
are added together paying attention to station coordinate entries for different stations. When the addition 
terminates, the station portions of the resulting matrix are eliminated and saved. This resulting arc matrix 
of dynamic parameters only is inverted to obtain the dynamic solution. All other solutions are obtained by 

back substitution. 

DIAGNOSTIC PROCEDURES 

Navigation 

One of the primary quality checks for an ephemeris is the navigation solution. This solution gives 
that station movement which minimizes the residuals of an individual pass while keeping the orbit fixed. 
Since in general the station coordinates are well-known, any “improvement” may be attributed to 
ephemeris error. To use this procedure we will have to generate a set of pass normal equations for the 
ephemeris we desire to check. In the case of the basic reference trajectory the associated pass matrices are 
already properly referenced. It remains only to use the station-bias section of the matrix to carry out the 
navigation. If an improvement has been obtained for the initial conditions of the reference trajectory, then 
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ecio r n . ,hPaSS '" .T'5 n’USl i adjUSted (UP l° f,rSt °rder) S° thcy Wl11 be referenced the new tra¬ 
il y' • l rrî CaSe the st?,l0n b“s ^t10" of the matrix is then rotated so it will reflect a solution in 

lie special TCA system {p, p, In this system ¿ is a unit vecior alon^the toroccnUic satel|ite , 

t.on vector at Ume of closest approach, p is the associated velocity, and pxp completes the right handed 
orthonorma! system \ Diagram 7). 

The solution is generally carried out in the p and p directions only. The resulting solution vector is 

/A Radial 

'ty’Nav. = IA Tangential ] 
\A Bias 

r’defincdby ^ °btaÍned fr°m the Parameter covariance matrix. The signal-to-noise of a parameter 

S/N(p) = Ap/(op+oorbit) 

where aorbitis a" inPut estimate of orbit error. 

P 

Diagram 7 
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Cross-Pass-Filtering 

Tliis is a process for filtering out passes on the basis of navigation solutions. After obtaining a naviga¬ 
tion solution for each pass the individual I AR I and |A71 values corresponding to passes used in the recent arc 
solution (if no arc solution, use all values) are tested against absolute tolerances. If a value fails its test then 
the pass is tagged. Straight lines are then fit »o the passes tested but not failing. The dispersions about 
these lines are determined. Each navigation residual, including those for passes which did not enter into 
the previous arc solution, is then tested against the proper sigma: 

\AR - straight line valuel < F sigma R 

I AT - straight line valuel < F sigma T 

If either test fails the pass is tagged. Those passes tagged during cross-pass filter are subtracted out of the 
arc matrix prior to station elimination. Passes not tagged but previously tagged are addea m to the arc 
matrix prior to station elimination. Station elimination and a new arc solution can now be performed. This 
procedure can iterate to a maximum iteration number or until the same passes at' tagged on two successive 
iterations. The last solution obtained in cross-pass filtering is the solution for the given cycle, where cycle 
number refers to the number of times a new reference trajectory has been integrated. 

Covariance Check 

This process is used only in Short-Arc Mode. In this mode orbit improvement is carried out on a 
revolution by revolution basis. “Revolution” is defined by inputting a value for satellite period and time of 
first revolution. A span of fit encompassing the revolution is chosen in such a way as to minimize the 
covariance over the revolution itself. The procedure for choosing the span is for Short-Arc-Selector to 
assign a nominal span and let Covariance Check determine the optimal span by looking at certain extensions 
of the nominal. Diagram 15 illustrates the concept. The nominal fit span depicted would be that chosen by 
Short-Arc-Selector. In Diagram 15 the nominal fit is one fourth revolution on each side of the revolution of 
interest. Covariance-Check determines the covariance matrix for the nominal span and several other spans 
as shown. The covariance matrix is propagated to the start and end times of drag segments within the 
revolution of interest, and the positional covariance is averaged over these points. The quantity obtained is 
checked against an input tolerance and if successful that span is chosen. If no span passes the test then the 
one with the minimum average positional covariance is chosen. Covariance-Check is performed only on the 
first cycle. On any succeeding cycle the originai choice of fit span is respected. 

Signal To Noise 

As part of the diagnostic information computed for a given solution we have: 

Old Signal to Noise. This quantity is a measure of the current raw residuals. 

Bias Reduced Signal to Noise. This quantity is the above measure of residuals when the bias solution 
has been applied. 

Predicted Signal to Noise. This quantity is the above measure of residuals with the bias and orbit 
solution applied. This is the criterion for program convergence, i.e., criterion for continuing program 
flow. 



Expected Percent Change in Variance. Tills quantity is the criterion for recycling the program^Re- 
cydfrig means reintegrating a trajectory. Variance is the quantity be.ng mmumzed by the program, 

and a sufficiently small change terminates recycling. > 

(71) 

DETAILED DESCRIPTION 

Perturbation Equations 

The satellite equation of motion can be expressed in the form 

X = GjOr) + CDmx, X) + Ux, i)A(t) t krR(x) 

= G(x, X, CD, A, kr) 

where G is the acceleration due to earth, sun, and moon gravity plus lunar and solar tidal bulge accéléra- 

which converts A to the inertial sy ,te n. 

The drag acceleration is adjusted with a drag coefficient Q>. The description of ^ 
acquire during a fixed period constitutes the drag profile for that period. In a similar fashion a thru* pro¬ 
file will be required to describe A. The proper time to use the radiation pressure parameter, kr »deter 
mined by a test during integration. The test is one of deciding if the satellite is in sunlight or shadow. The 

non-zero value of kr is used during sunlight. 

From (71) it can be seen that the solution will depend on the drag profile, thrust profile, radiation 

pressure value, and six orbit parameter values. The six orbit parameters can be either state components or 

an equivalent set of osculating elements. In Celest the osculating elements are 

a where a = semi-major axis 

e sin (or) e * eccentricity 
e cos (cj) / = inclination 
,• to = argument of perigee 
g + o, 8 « mean anomaly 
çi ÇI = right ascention 

(72) 

The inert«! eyrtem mny be the n,e.n eq».o, ,nd equinox .yrtem of 1950.0 o, .he meen equ.to, and 

equinox system of zero sec of the day of epoch ts. 

For simplicity we will write ^) for either the initial state vector components or osculating element 

values. Again for simplicity we write * rather than (x. x). Using this notation we can express the fact that 

the solution of (71) depends on its initial condition set by 

(73) 
x * x(f,e(f,), CDx ... Otmcd’^1“ " aNT’ 

1, 
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“ ! 1 • 
ts Î6=NCD 'f 

The parameter CD takes on the values CDj during time period (f(-, f,- + 1]. When t = f, initialize CD = CD^ 

The time period (t¡, ^+1] will be referred to as the domain of C-,,. CDj * 0 outside its domain. 

ts = trajectory start time 

tp = trajectory end time 

Drag Profile (Example NCD = 6) 

The time period (tf, t£‘] will be referred to as the domain of A1. 

The thiust parameters A¡ have the values (4', 4'2,4'3) during domain of 4' and zero outside the domain. 

Thrust Profile (Example AT = 2) 

Diagram 8. 
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. ,. r,,. > r,,) and (75) will be referred to as the perturbed or reference trajectory for the 

parameter set p. The solutions of (71 ), (74), and (75) are labeled x(i), M, and *p(t), respectively. x(t) = 
(x^x^tXXyO),is the state vector values at tune r. 

3x^0' 

is the matrix of partíais representing changes in the state vector at time t with respect to unit changes in 

the element values at epoch ts. 

V') 

3x(.(r) 

. 3P - 

is the column matrix of partíais representing changes in the state vector at time ' with respect to unit 
changes in the model parameter p. The independent time parameter t is assumed to be m a domain [/,, tE] 

and the initial conditions for (71),(74), and (75) are 

p0 = (values for e(t,l drag profile, thrust profile and radiation value) 

3x(/,) 
\ --- reducing to/if e(/,) = .x(fs) 

* 3e(/,) 

W'<) = ° 
(76) 

*kr(0 =0 

We have referred to the set (74) and (75) as perturbation equations since their solutions *p(f) are 3x(f)/3p 

and therefore give perturbations about the reference trajectory x(t, p). 

Rather than integrate (75) directly for each CD or A‘ in the drag and thrust profile. we wdl introduce 

canonical drag and thrust parameters, CD and 4, whcise perturbation solutions will be to obtm the 
perturbation Llutions of CD-and A1’. The canonical drag and thrust are introduced by adding CdD and LA 
to (71). The parameter domain for both CD and A is taken to be the entire trajectory and the parameter 

values are initialized to zero. 
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As an example we will examine drag. The perturbation solution for the canonical parameter CD is 

related to the solutions for Cd¡ by 

(77) 
tCo = *CDl + *CC2 + - + ^cd 

[o if f is not in (f,-, fl+i ] 

we know that is the solution to (75) having ^(f,) = 0. However, ^ is the solution to the 

equation 

where ^(i,) * 0. 

equation 

We recognize this equation as (74). 

Since we have six independent solutions of (74), it follows that during the interval (i,,^ ] the 

solutions *cDi and *C/) will differ by a linear combination of the six solutions *e,. - ^ ( <*)- 

Looking at the drag perturbation equation outside the region (/,, f/+j ] shows * 0 an^ ^Q),15 
itself a solution to (74). Again it must be a linear combination of our six solutions ^ = (Vq. - 

We will adopt this procedure with thrust as well and refer to the solutions x(f), W), (f) 

and as the canonical perturbed trajectory. 

Diagram 9 illustrates the difference between ^ and >PcD- 

We can now describe in some detail the relation between the reference perturbed trajectory and the 

canonical perturbed trajectory. 

As 

this can 
with eac..-- 
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Definition. Let ¿1 be a parameter from the dynamic parameter set {fj, e2,... Q),. - QjncD’'4' 
... Ant, kr} and denote its associated canonical parameter by p. 

domain (t¡, f(+I ] P = CD¡ 

p = A‘ domainif^’, ] 

p = domain (fj1*, t^] 

domain (4*\ tj.-*] 

P = Cb 

P*A 

P’efr') 

p = & 

(78) 

p-kr 

If p is a drag or thrust parameter 

J'p(t) = 0 if /< ts(p) 

Since the difference of two solutions of (75) is a linear combination of the basic solutions of (74) we have 

\l>p(t) - J/~(r) = <p(t)a if ts(p)<t<tE(p) and a in Rb 

Evaluating at t = tAj>) gives 

^p(fs(P))- ^pUs(p)) = Mts(p))a 

or 

and 

a = -\p~\ts(p))\¡J~(ts(p)) 

^n(0 = <M'> - 

When t > tE(p) we wish a solution of (74) with >pp(tE(p)) as the value at tE(p). 

'¡'pit) = '¡'Ofa for a in Ä6 

Evaluating at f = tE(p) gives 

lKi£<p))a = tpitpiP)) 

= ^(f£-(p)) - UtEipWHtjpMpitsip)) 

a = '¡''HtEiPMpitE^) - '¡'^it'ipMpitfr)) 

'¡'pit) - MOW^itEipMzitEip)) - \¡>~l(t¿p))\¡>?(t¿p))] 
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'ft: 

We can summarize these results in 

'0 

4>Jt) =^j t~(t) - 4>(t)^'Hts(p))^(ts(p)) ts(p) < t < tE(p) 

f£-(p) < f 

If p is an orbit parameter 6,(1,(1)) then *p is a solution of (74). As such it isa linear combination of the six 

basic solutions \¡i - [\[/q, •• 1 >a* epoch t,. 

iD(t) * '/'(Oa a in Ä6 

Using »/'epoch rePresent 861 ^ so'111*011831 some epoch gives 

^,(1)(0 = * ^t)a 

where \¡/ is assumed to have epoch t, and a is six by six 

Evaluating at/ = ^ gives 

ax(f,(i)) 
V)(,8°))= de(tX\)) =Ht^))a 

a = ^-10,(0)^0,(1)) 

where T is given by 

if e js the set of six osculating orbital elements 
3e(r) 

T(t) 
if e is the state vector 

Summarizing gives 

^,(1)0) = MW10,0))^0,0)) 

Rather than use the expression for *,(1) in this form we will restate it in a form similar to that of a model 
* «• 

(81) 

parameter p. 

Recognizing that for an orbit parameter the domain will be 0,(1), tE] we need only consider the 

where t is in the domain. Again we have two solutions of (75) and they differ by a linear combination case 

of basic solutions for (74). 

With p * ¢,0,(0) and P = ^0,) we have 

«MO " ^) * W)“ “in r6 
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Evaluating at r,(l) gives 

W))-W>))*^d))a 

Unlike the model parameters 

Summarizing gives an alternate form of (81), 

V'> •*?(')- «,)[*■'(-,(i ))*?(-,< i » - (,,( i ))*f (,,( i ))] 

■ *,-<-> - - (''l(<,0))[7'(f,(l))|column(] 

For p any dynamic parameter define 

^I - p = orbit set 

p = model set 

TD(ts(p)) p in orbit set 

p not in orbit set 
1 < ts(p) 

yo= < 4>p(t)-mxpus(p)) 

J0XxpUe(p))-xp«s(p))) 

< t < tE(p) 

t > tE(p) 

Optimization Problem 

We are given a nonlinear dynamic process described by (71). We linearize this process about a 
reference trajectory obtained from (71) and obtain the linear process described by (74) and (75). Lineariz¬ 
ing our observations about the reference trajectory gives observation residuals depending linearly on the 
linear process above. 

Letting 0 denote observations and D the associated computed values on the reference trajectory gives 

(85) 

ÒD 
0-/) =-Ap +y 

dp 

where v is noise 
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Assuming 

1. No correlation exists between the true state Ap of the process and the measurement noise v. 

2. The covariance of the true state Cp is known and nonsingular. 

3. The covariance of the measurement noise Cv is known and nonsingular. 

The Gauss-Markoff theorem states that the linear minimum variance unbiased estimate of Ap is ob¬ 

tained by minimizing the quadratic form 

H=(o-D- ^ c;1 (°-ß^ + Ap*Cr'^ 
(86) 

If we further assume that the measurement noise is uncorrelated between passes then Cv will be block 

diagonal and 

Tire solution to this problem via Gauss Markoff is 

\-l 

wc:Mo-D) 
(87) 

Equation (87) is referred to as the normal equation, and the contribution from each pass is referred to as 

the pass normal equation. The ingredi-nts of the pass normal equation are 

ZD* , do 
^pass ~ fy, v dp 

9D* 
>ss dp £„„= — c;1 (o-D) (88) 

where Cv is a diagonal matrix of variances determined in Filter 

r„2 

n~j 

(89) 

At this point (BDass, must be computed, and for east of computation we will let Cv * /. The 

terms (0 - D) and òoh bias can be computed from (48) -(61). For p a dynamic parameter 

9£ _ 9DI 9x1 

dp U,P0, 3pl(f,po) 

The first term, 3D/3x, can be computed by (48) -(61) and the second term, 3x/3p, is *p of (84). 
*»» 

59 

Méhumü .iuâüim . . 

>4j| 

I, 
■ !! 



The formulae in (84) express 4>D as a function of the canonical perturbed trajectory. Thus, 
. ... ' . . «..a ___..1 . ««rali K a n f" 11 r»/•» ♦ M /r r Q i'a nit f ÒDlòp is a function of dD/dp . Using this result the pass normal equation will be a function of a canonical 

pass normal equation It was this canonical equation that was produced in Filter by (65) It 
remains then as a task of this section to carry out the expansion process which will present the needed nor¬ 

mal equation as a function of the canonical one. 

Expansion of Pass Matrices 

Let p and q be dynamic parameters with associated canonical parametersp and q . 

Using (84) wc have five cases to consider in calculating BpqU)- 

(1) r is in the domain of both p and ¢/. 

(2) t is in the domain of p and past the domain ofq. 

(3) t is past the domain of p and in the domain ofq. 

(4) ( is past the domains of both p and q 

(5) / is before the domain of p or ¢/. 

Case (l ) 

Wt 3D, 3D* 3D| 

dp bq dp dq 
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Using (84) gives 

an* 3D, 

~pqx’' irpN’' 

ou ojl) òDf ÒD* 

- 4«) 77 77 »T 37 «'W' 

3D* 3D, 

■x;«,ù>))*’W 77 *,-W 

sd‘ so, 

x^'.WW’W 77 77 M»x,«,»> 

3D* 3D, 3D,* 3D, 

ß (/)=^ IF X0(i,(<7)) 
pr ’ dp 3(/ 3p 3e q * 

3D* 3D, 

-x;«,W) 77 7~ 

3D* 3D, 

3f iF V'.'«» 

where e = e(r ( 1)) is the set of six orbital elements with epoch ff(l) and è = ¢(^), the six orbital elements 
at epoch ts of the canonical perturbed trajectory. RecaU from (82) that t(t) is the matrix (*~,... *-) = 

(3x(f)/3ej, ••• dx(t)/de6). 

We can express these results by 

ßp<j(,)=flp<r(i)'ßp'~(0x4(i*(fl)) 

-x;(fs(p)%,~(o 

+ XpU^^-iÒXçOslQ)) 

If we assume that all of the data points within a pass fall in the same case, of cases (1 ) thru (5), then 

we can sum Bpt/(t) over the individual points giving 

% - »pï - VV'/«)) - X¡(ts(p))B7q~ 

+ xJ(fI(p))^e~x(?(íI(fl)) (9' 

where 

3D* 3D 

BPÍ ~ dp dq 

61 

.àiii.iiiii.i-.l lilti: -ilii Lki I LiJ.ii ..il 

: 1 , , M||| , i ,.1 j ;.. illil ll , • Il ¡I 

yÉliyiüÉkiijÉÉáilU^^ . ..... 



Case (2) 

_ < »0, _ ax* < a_f 

3p 3i? 9p 9jc 9-V 

3D* az), 
= [*~M-iM')xp('/p))f -¡7 ^(01)(,(^))-^(^))] 

aD* dD. 
= ^-(0 ¡7 77 'WOlXgOffa)) - x,(/j(<?))] 

3D* 3D, 
-x*p(t,(p))4>\t) — — \K0(x,0£(«))-x,(^))1 

3D* 3D, 

“i? iF lx,(^))-x,(^))l 

3D* 3D, 
-x*('s(p)) [)(,(^))-)(,(^))] 

Tltese results can be expressed by 

flp,(0 = |ßpe~(0 - x*p(ts(p))B~~] [x,(^)) - x,0}te))l 

Again summing over individual data points gives 

Bpq = IV - XpU,(p))B7e~) lX,(^(fl)) - Xq(ts(Q))} 

Cas<‘ (3) 

By symmetry we have Bpq = Bqp and 

Bpq = IV - x*(r,GO)V] lxf(f£'(p)) - xp{t,{p))\ 

Using fl = B* we rewrite the above as 
o p, Pq 

Bpq s lXp(%(P)) - Xp(if(p))] * [ V - VXfli^))] 

Case ^ 

^ = 3£* ^ Üfí 3£ 
3p dq dp 3x 3x dq 

3D* 3D 
= Ixp((£(p)) - Xpi^))] V(0 — — W0(x,(^)) - x,(^))] 

= [xp(f£(p)) - Xp(ís(p))] * V" 1^,(^)) - x,(z,(«))] 
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Summing over data points gives 

Bpq = IXA(P)) - X,(',<P)>1 V W«» - X,(^»] 
(93) 

Case (5) 
bD] bDl 

bp 9jc bx bq 

In this case f comes before the domain of one of the parameters p or q. As the trajectory is unaffected at 

time t due to a change in the parameter with domain later than t, we have 

Summing over the data points gives 

Bnn = 0 pq 

Let p be a dynamic parameter and ¢/ be a bias parameter. Again we have several cases. 

(1) r is in the domain of p. 

(2) t is past the domain of p. 

(3) r is before the domain of p. 

Case(l) 

Bpq^ * bp bq bp bx bq 

bDt bDi 

bn bn bD* bD. 

b3 



For a bias parameter q we will define its associated canonical parameter by q = q. Using this definition and 
summing over the data points gives 

Bpq = Bpq ■ (95) 

Case (2) 

dD* dDt dx* 0Dt 
B (t) = —- — = — — — 

pq dp dq dp dx dq 

dD* dD, 
= ÍX„(íf(p))-Xp(r,(p))] ^*(0 — — 

* (Xp(^(p)) - Xp(ts(p)))\~{t) 

Summing over the data points gives 

Bpq = ixp(f£.(p)) - Xp(ts(p))] *B7~ (96) 

Case (3) 

dD, 

%(,)= ^ 
dD, 

dq 

^ ^ 

dp dx dq 

In this case the trajectory is unaffected at time t due to a change in the value of p. dx/dp will be zero and 
summing over the data point; gives 

Bpq=0 (97) 

Let p and q be bias parameters. In this event p and q remain fixed giving 

B =B— 
pq pq (98) 

We turn now to the righthand side of the normal equation (87). Again we consider E where p is 
either a dynamic or bias parameter. For p a bias parameter Ep will remain fixed, and when p is a dynamic 
parameter we have three cases. Without going into the details-as they are quite similar to the previous 
work we will give the resulting formulae. 

For p a dynamic parameter we have 

Case ( 1 ) : Data contained in the domain of p 

Ep*Ep-X*pUs(p))E~ (99) 



Case (2): Data past the domain of p 

£p = [xp(tE(p))-XpUs(p))\*E7 

Case (3): Data before the domain of p 

£„ = 0 

For p a bias parameter we have 

EP=EP 

(100) 

(101) 

(102) 

Formulae (90) thru ( 102) define the expansion function, Exp, going from parameter space to canoni¬ 

cal parameter space. Exp can be given by an « by n + * matrix which operates on the canonical normal 
matrix to bring it to the desired normal matrix. The number n + * is the dimension of the parameter set for 

a given problem, e.g. 

Definition of Exp 

Exp = 
ExP7,e 

ExPq,e 

ExnP 
EXPIP 

(103) 

where e is the orbit set and p,q model or bias parameters. 

ExpZe = r\tt(\))T(ts{\)) 

0 
- XpUs(p)) 

Xp('f(p)) - Xp('s(P)) 

if data before domain p 
if data in domain p 
if data past domain p 

ExPqe =0 

1 q=p and data in domain p 

0 if or data not in domain p 

Bias parameters are also covered by this formula if we define the domain of a bias parameter to be the 
duration of its pass and recall that the trajectory does not depend on bias parameters, i.e. i//bUs - 

&t/dbiiS = 0. Defining xbias as «T1 *bias implies xbias = 0 as well. 

Using Exp we can now state (90) thru ( 102) in 

B = Exp* BExp and E = Exp*E 

where (B, Ë) is the canonical normal matrix (ß~~. E~). 

(104) 
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œmnrara1 ..... 

Parameter Name Parameter Label Number 

Orbit 

Drag 

Thrust 

Radiation 

Polar Motion 

Station 

Frequency 

Frequency Drift 

Refraction 

*1.e6 

c°i '"Cdncd 
/¾1 ...^r 

kr 

Aq, Ap, At, At 

S1 ' s2‘ S3 

't, 

6 

NCD 

3NT 

1 

4 

3 

1 

1 

1 

n + k = 6 + NCD + 3NT + 11 

,j = 6 orbit + 1 Drag (NCD #0) + 3 Thrust (/VT# 0) 

+ 1 Radiation + 3 Station + 1 Frequency + 

1 Frequency Drift + 1 Refraction 

= maximum of 17 

Diagram 11 

Diagrams (12) and (13) shows £xp and B for the pass indicated below 

Radiation Update 

If the least square Fit interval is *) ant* ^ ^ fj then it is necessary to update the normal 
matrix to reflect solving for kr rather than 1er. The parameter kr has epoch ftl )(^(/0)) = Q) while kr has 
epoch t¿,4>£r{ts) = 0). 

Although (104) covers this situation the actual procedure employed is slightly different The method 
used is equivalent to (104) but is employed after all other expansion has taken place 
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can do this by calculating all terms in the kr column by 

Bkr = Exp* BExpkr 
(105) 

Below U lhe expanded pa» matrix of (104), for .he example in Diagram ( 12), where ft has no. yel 

been updated to kr 

“e.tn. B‘r' B' 

ßExp.= 
pass 

\e B'CD\ B'cD2 BeCD3 Be’Al e-k~r e’b 

• bCdyCdx 

BeD-iCD2 

B, cDvcd 
3’ 

BA',Al 

Bkr,kr 

where e i,orbit,C0i drag,4> .!««,& ^ b b“’ 

We desire to change the kr column of this matrix into £1,.,, the kr column in (105). 

Using Diagrams 12 and 13 we have 

-BcD.?Xkr(4l)) + ßCD.rr 

-BA.7XkM?)y> + BA.kr 

-Bkr,7*kr^Bkr.kr 

BExp, kr 
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We can now apply Exp* giving 

ExptBExpkr 

- r*(f¡1,)^1*(f¡1,)e2re~x*r‘í!1,) + 

- (XCDf(t2) - XcDi (ft + (XCDl (í2> - *C0l <f, 

^t7)B~e~Xkys})) - XCo^H.S'r-BCoTe^r^ + BCD.kf 

- Ba~X^ 

Xky^Be.e^r{t^] ' + Bkr.kr 

Diagram 14 

Using the above and the observation 

M'i") 

e,x(fj ) 

'e,e~ vs ' 

allows us to express the result as a function of the expanded terms 

-BCD2/-l^r(^ + BCD2,kr 

- Ba + BA1 ,k~r 

Bk~r,k~r 

+ j/;7(r<1))r-1*(41Xer-,(fi1))^*7(4l)) 

Exp* B Exp kr 
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An examination of this expression shows that the first two terms of the inner bracket are similar to other 
terms in the column. The third and fourth terms of the inner bracket are obtained by multiplying the orbit 
result on the left by - [T”1 (^)^(^)] *. This leads to the following algorithm for updating the radia¬ 

tion parameter: 

After expanding the pass matiix for all except the radiation parameter, multiply the orbit columns on 
the right by - r-l*) and add the result to the radiation column. Next multiply the resulting 
orbit radiation terms by - o" the left and add the result to the radiation term. This 
of course corrects the radiation column and we must similarly correct the radiation row. 

Definition 

Upkr*l+[Q, s ,0] 

'kr.kr 

Using Upkr the algorithm for radiation update is 

(106) 

(107) 

Bias and Station Elimination 

After expanding the pass matrix, including polar motion expansion and radiation update, the bias 

parameters are formally eliminated. 

where b represents bias parameters and 0 represents all others. 

^00^0 + ^Ob^b ~ E0 

+ Bbb^pb ~ 

^PbaBbí^b-Bbo^Po> 

öOoM) + B0bBhb^‘b ■ BbO^Po) = £0 

(«00 ' B0bBbhBb0^0 = £0 ' B0bBbhl'b 
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Definition 

eliminated) = 

B^g (bias eliminated) = EQ - B^B^ 

After bias elimination, all pass matrices are added together to form an arc matrix. Care is taken to augment 
the arc matrix when summing in station coordinates from different stations. After the arc matrix is formed, 

a station elimination is performed for all station coordinates, leaving only dynamic parameters and polar 

motion parameters in the final arc matrix. 

A Priori Data 

A Priori data, C"1 of (87), is accommodated by the program in the form of an observation of each 

parameter equal to itsPinitial value, with standard error of sigma parameter (op). 

This results in the value I/o2 being added to the diagonal term of the normal equation. In the case of 
bias parameters, the weight l/o^ is added prior to bias elimination. In the case of station parameters, l/op 
is added after the arc matrix has been formed but prior to station elimination. All other weights can be 

added after station elimination. This results in the arc normal matrix 

BARC ~ WStation E,iniinated)+ s 

£’ARC = £ARC(Station Eliminated) + S(PQ - P) 

where P0 represents initial values, P present values, and S is the wei^it matrix 

H °' 

(108) 

(109) 

Navigation and Bias Solutions 

There are three forms of navigation solution and two bias solutions. The first form of navigation 
solution took place in the Filter and consisted in navigating the orbit while holding the station coordinates 
fixed. This process was used to extract orbit error from the residuals and permit editing of the data. Form 
Two Navigation is used in the solution area of the program and consists of navigating the observing station 
while holding the orbit fixed. As the station coordinates are known to be correct, this process provides 
diagnostic information on the quality of the present oibit. After an orbit improvement is carried out, a 
linear estimate of the Form Two Navigation solution is determined for the improved orbit. This linear 

estimate is the Form Three Navigation solution. 

The navigation diagnostics are used to edit passes from the final orbit solution. This process is 

described later under Cross-Pass Filtering. 
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Form One Navigation 

This process was described in the Filter section. 

Form Two Navigation 

The bias section of the pass matrix is 

3D* 3D 
B = — — 

** bes des 

where s represents s ation,/represents frequency and refraction, and es represents earth fixed station 

coordinates. 

Let p and p be the range and range-rate vectors, in earth fixed coordinates, evaluated at TCA. Define 

the rotation transformation by 

R = Ip(TCA), ¿(TCA), p(TCA) X ¿(TCA)] 0*0) 

A ^ 

If e is a vector with components e, in the earth fixed system and r¡ in the p = {p, p, Pxp) system then 

erZRari 
i 

where is the rotation transformation above. 

We wish to find iifs = Bss in the p system. 

„ 3D* 3D 

where r, = (fjiyj) components given in the p system. 

„ 3D^ 3D K 

ss 3r, des des drs 

•R*W 

B, bb 
Bft Bff 

The bias section of the pass matrix can now be expressed in the p system by 



Wb now add additional a priori observations of each parameter where the observation is its initial 

value with standard error ar¡. This is done by adding the weight matrix Wb to /% 

1 

W. 
(112) 

where 1/a^ is a diagonal matrix with one terni for each bias parameter. 

Redefining B^b by flj, + Wb the navigation equations become 

(113) 

In the event two parameter navigation solutions are desired (usual case), the sigma for the out of plane 
component r3 is chosen as a small value. The parameter covariance matrix for this solut.on is given by 

iC-1 

After each navigation solution the statistics, Ar,-, ari and (S/N),- = Ar,/[on- + <?orbit] are printed out. 

The value 0% is the value from the diagonal of [ß* ] -1, not the a priori, and oorbit is an input value. 

Form Three Navigation 

This form of navigation takes place after the orbit solution from (108). 

= ^ARC^ARC 

where Ap0 = Ap (mbit, drag, thrust, radiation, and polar motion). 

We wish to apply Ap0 and carry out the Form Two Navigation on the new orbii. 

Setting ApbiaJ to zero, so the corresponding bias solution will not be applied, we calculate the pass 

(114) 

normal equation for the new orbit from Ap0 = (^o)- 
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We obtain a linear estimate of this equation by expanding about p0 and retaining only first partíais. 

Since we are interested in the bias section of this equation for the purpose of navigation, we can write 

(115) 
= ~ \o^O^O 

for the bias equation relative to the improved orbit. 

Using ( 115) we can now carry out a Form Two Navigation obtaining diagnostic statistics on the new 
orbit. Included in these statistics are the values for frequency and . efraction bias parameters from the 
navigation solution. When the program converges on a final orbit the last values for these parameters are 

printed under the title Bias Solution (Navigated). 

A second form of bias solution, available as diagnostic statistics, is the one which was surpressed by 

setting Aíslas to zero. This solution is the one corresponding to the orbit solution Ap0’ H's obtained by 
back-substituting Ap0 into the bias elimination equations 

(116) 

This bias solution can also be obtained at program convergence under the title Bias Solution (From Orbit 
Solution). For either type of bias solution straight line fits are carried out for the frequency bias solution 

yielding an average frequency bias and a standard denvation. 

Define 

= v4 + 0(TCA) 

A/ = frequency bias solution (117) 

Let 

* (A/-A/ 

N 

Reject those A/(. for which 

(A/ - ^/predicted ). >2.5 Sigma 
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Take the M accepted passes and compute an average frequency bias 

AT, Average ¡[f 

, M 

i-l 

Compute >1 a’'. ' B by 

f; (TCA)f - £ (TCA), 
/-1 

N L 
1=1 

ft«, \ 
/-1 

N 

\ L (TCA),.A^ 
N J \i-l / 

F = /V ¿ (TCA)2 . 

'/V 

E <TC*>. 
N L 
/=1 

W * Number of passes 

Print /1, B, Sigma, A/Avcrat(e , N and M 

(118) 

(119) 

Cross-Pass Filtering 

1 Perform a navigation solution for each pass in the span of the orbit fit. Include all passes, even 

those not used in the orbit fit. Use a Form Two Nav.gat.on to initialize this process and continue with 
Form Three Results are Ar. the radial solution, Ar2 the tangential solution, and when desired Ar3 the 
out of plane solution. Covariance is also obtained frL [^. The Ar,. values, their standard errors and 

RWS are printed. 

vîll/2 

RWS Ar(. = El 

n2 
riJ 

A test is made to determine if we should iterate again in the Cross-Pass Filter. Cross-Pass Filtering is stopped 

if the same passes are tagged on successive iterations or a maximum iteration number is reached. 

2. Perform an absolute tolerance test on all navigation values. 

i At, i < r, iatjI <r2 
3. Fit first order polynomials (pvp2) to a'1 value paMAr,, Ar2) which succeeded in passing the 

above absolute test, and were used in the previous solution. 



4. Define sigma radial and sigma tangential by 

V L 
_pass 

(¿/•.(pass)-p(.(pass))3 

N( pass) 

1/2 

where jV(pass) is the number of passes in the polynomial fits and is evaluated at TCA of the pass. 

5. Use arj and or2 in a sigma test on all navigation solutions. 

lA/^pass) -(pass)I < Far, 

Any pass successfully passing both sigma tests k labeled good. 

6. Any pa& now labeled good but labeled bad on the previous orbit solution is added to the solution. 
This is done by adding its bias eliminated normal equation to the previous arc equation, prior to station 
elimination. Passes now labeled bad but previously labeled good are similarly subtracted from the solution. 
A new solution is determined and we return to Number One. 

Covariance Test (Short-Arc Mode) 

The Short Arc Selector section discusses a selection process used in detennining various data spans, 
each of which cover the same satellite revolution. These data spans take the form of a nominal span and 
various extensions of the nominal. Covariance Test is a procedure for carrying out an orbit determination 
over each span and selecting one of the results as the best orbit lit for the revolution of interest. 

The Covariance Test procedure is described by referring to the example in Diagram 15. In this 
example the nominal short-arc span is from i3 to r6, the number of drag extensions, Q, on each side of the 
nominal is two, and the epoch for our work is ij. 

Procedure: Initially we process passes between t^ and f6 using t{ as epoch. We include thru CD^ 
as drag parameters weighting Cpl and out of the solution using a priori sigma values close to zero. 
Denoting the sum of pass matrices in the nominal span by and the sum in each drag segment by Bç^ 
we form the following covariance matrices. 

ÄNom ’ (ßNom + BcD^ ' ’ *ßNom + Ä0)6 + * 

+ÄC/>2 + ßc07r1 and 

(^Nom + ßQ>6 + BCdi + BcDl + ÄQ), ) 
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SD - Drag point end times determined by Short-Arc drag selection process. 

D = Long-Arc refeience trajectory drag end point times. 

Is—Nominal Fit Span—►! 

I Optional Fit Span #1 

I Optional Fit Span #2 

I Optional Fit Span #3 ' 

I Optional Fit Span #4 I 

f1 = epoch of fit 

f2, f3, f4, f5, fg, f? and f8 are drag parameter end points. 

Diagram 15 

We propagate* each covariance matrix to the drag start and end times which occur in the revolution 
of interest. In the example this would be points /4 and f5. 



Letting ß"1^) be the propagated covariance we form the average positional covariance 

" 5 3 1/2 

This value is compared with the input covariance tolerance. We go through this procedure for each of the 
covariance matrices listed, starting with and continuing along the list. If at some point the covariance 
tolerance is met then the process is terminated and that span, with associated covariance matrix, is used to 
procuce the orbit solution (short-arc solution) for the revolution. If the tolerance is not met then the short- 
arc solution is performed with the span of minimum average positional covariance. 

Quality Point Index 

A quality factor is comnuted for each short-arc and output as a potential diagnostic statistic. This 

factor is a sum of points computed as follows: 

a. Count one point for each pass in the span. 

b. Count one point for each pass with elevation at TCA greater than 35 degrees. 

c. Count one point for each mid latitude pass. A pass is a mid latitude pass if the pass latitude X 

satisfies 

-m°<X<m° 

where m° is an input quantity. 

d. Count -1 /2 point for each pass that occurs in a given neighborhood of another pass. A pass with 

TCA(1 ) occurs in the neighborhood of a pass with TCA(2) 'f 

|TCA(1) - TCA(2)| < Input Neighborhood Tolerance 

Convergence Tests 

Each pass has an error function //pass associated with it. 

Wpa* = £(0i,s ' D^I°J 

Using this error function we define the quantity signal to noise for a pass. 

~Ni - No. bias parameters]!/2 

(121) 
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Using signal to noise from each pass we define the arc signal to noise by 

1/2 

S/N = 

N 

This value of signal to noise i 

£ 'wV E Ni 
/-1 / '“l 

is output after an orbit improvement and labeled Old Sigiw.1 To Noise. 

(122) 

(S/N)(.( adjusted) = 
N,(SI^-(EbB-b^b\ 

1/2 

N 

(123) 

S/N (adjusted) = 
/=1 

*D-1( 

N 

L", 
1=1 

1/2 

(124) 

N 
Vj A^.(S/N)? (adjusted) 

/=1 

N 

L", 
/=i 

1/2 

Both of these quantities are output after an orbit solution and labeled (S/N), (adjusted) and Bias Reduced 
Signal-To-Noise respectively. In addition if any station coordinates are solved for, the same procedure is 

used to compute Station and Bias Reduced Signal-To-Noise. 

After an orbit solution the improvements, A/V are used to compute a linear approximation to the 
station and bias reduced signal to noise of the new orbit. This approximation is labeled Predated Signal To 

Noise and computed by 

S/N (Predicted) = 
Station and Bias ReducedV 

Signal to Noise / 

¿ Arc 

N 

Ln‘ 
1*1 

1/2 

(125) 

When the difference between the station and bias reduced signal to noise of the present orbit and the 

predicted value for the next orbit differ by a sufficiently small amount, we do not recycle, i.e., do not 
integrate a new orbit. This is equivalent to having the change in variance (sum of squares of weighted 
residuals) be sufficiently small. Since variance is the quantity being minimized by our process, this will 
insure that re-integrating the trajectory, for the purpose of recycling, will not further reduce the variance. 
We make the recycling test by computing the percentage change in variance and testing against an input 

tolerance. 
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Change in Variance = 

Percent Change in Variance : 
(10°)C^O 

(126) 

Bias and Station 
Reduced Signal To Noise/ 

If the recycling test fails we check against an input value for maximum cycle number. The cycle number 
starts out at an input value and is incremented each time the integration routine is entered. The program 
will continue its KFLOW after leaving the Combiner Solver area only if the percentage change in variance 
tolerance as well as the predicted signal to noise tolerance are satisfied. The recycling process is said to be 
converged if both tolerances are satisfied. 

Derivation of Signal To Noise Computations 

Using the definition for signal-to-noise of a pass and surpressing the weights for convenience gives 

Af(S/N)? = Variance for Pass(i') = 

for the variance of an orbit with parameter values p. 

Hpex(P) = (0-D(p)y(0-D(p)) 

We wish to compute //pas(p + Ap) which we will do using the appioximation 

dD 
D(p+ Ap)? D(p) + r~ àp 

dp 

//£AP) = (0-ö(P + ^))*(0-D(p+Ap))^^0-«p)- ^ Ap) (o-D(p)- ^ Apj 

= (0- D(p))*(0 - D(p)) -(0- D(p))* ^ Ap-Ap* — 
op op 

(0-D(p)) 

4. a * 90 90 A + Ap — r" A? 
op dp 

= //pa»-2(0--ö</>» 
dD * ÒD * 

'"dD* dD 

+ (APo'^> 

aP0 

dD* dD 

dD_ ?D 

dPo 9Í 

JPb dPo 
— — 
dph òpb 

/^0 
Wb 
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-^Q-EXbBb0)ApQ-E’hB-blbEb 

= HpäJE) + ^oßpa« (bias elin,inated)Ap0 

- O'ia* eliminated) - /¾^ 

Summing over all passes yields 

H(p + Ap) £ Hip) + ApIbarcAp0 - 2Ap*QEARC - ^ E* B^Eh 
passes 

In this expression ApQ contains any possible station solutions. Using a similar argument on the 2nd and 3rd 

terms with respect to station elimination yields 

Hip + Ap) S Hip) + Ap*QBARCAp0 - /;s ßss ' Z-. F‘bBbbEb 
stations passes 
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however 

Barc^Po ~ B-arc 

giving 

mp*úp)smp)- tfafa- £ £;irM‘i;rärfagc 
passes stations 

This formula states that the variance for an orbit with parameter values p + Ap can be estimated by the 
variance at p together with a bias, station and orbit reduction due to Ap. 

New Variance = Old Variance - Bias Reduction - Station Reduction - Orbit Reduction 

The approximation for //(p + Ap) given above leads in a natural way to the recycling and convergence 
criteria of the previous section. 

Parameter Covariance Matrix 

The arc normal matrix is obtained by formally eliminating the bias parameters from the expanded 
pass matrices and summing. An equivalent procedure would be to sum (direct sum) the pass matrices first 
and eliminate bias parameters last. 

Let this later matrix be represented by 

where Ap0 represents all non-bias parameters and Apfc represents all bias parameters. 

The parameter covariance matrix will now be given by e(ApAp*) where e is the expectation function 
and 

Formally eliminating Apft gives 

<*00 ' *0fc*wî*ft0^0 = (/'o ' *0ft*/>* V’ 

«Aic^O^Axc 

or 



tiApçàpl) * «(^âIc^Aic^Aic^Aic^ 

* ^ÂIc^Arc^Aic^Aïc 

EAicEKk ~ (£0 “ ~ EbBbbBb^ 

* ^ ' VÄO " B0bBbbEbE0 

+ BObBbbEbEbBbbBbO 

Using our assumpt.on that the data is uncorrelated and surpressing the weights for convenience yields 

e((0-i)X0-örW- 

Using F = 30*/3p (0 - D) and the bUinearity of e gives 

* ÒD* OH ÜÍL* — o*1 
^Aic^Axe)= 3p0 ' dp0 dpb 

, ÒD* ÒD y? __i 3Ö 9£ i 
’ Vm aPfc 9p0 06 66 aPfc aPfc w ' 60 

= 000 ‘ B0bBbbBb0 ‘ B0bBbbBb0 

+ B{SbBbbBbbEbbBb(\ 

^00-fl06^X 

= Ä Arc 

Substituting this result in the above formula for eCAp0Ap0) gives 

Arc 

The above «gomem. «Ü1 hold if «0 - DX0 - O)*) » ■ block diagonal 7““e 
represents a single pass. In addition, the inclusion of station parametets does not alter the remit. 

Pass Tags 

Within Celes, a system of pass tags is n. d in order to save information ;dnmtb.dpm.wndp.emrre 

this information for later use. The tags are stored in arrays on the Short-Arc-Seleclo. File. LAT AG te 

long-arc tag array and HAGS represents the short-arc arrays. 
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There are four basic paths involving tag processing. 

Path 1. (Long-Arc Mode) In this path passes are read from the Pass Matrix File and checked against 
input to determine if any passes have been tagged using the pass or station delete option. Those tagged 
are so indicated and a prototype, NBB, of array LATAG is set up. After cross pass filtering is completed 
NBB is adjusted to include tage for all passes which were cross-pass filtered from the solution. At this time 
LATAG is written as a copy of NBB. This ir formation can now be saved by cataloging the Short-Arc- 
Selector File. 

Path 2. (Incomplete Short-Arc-Selector File attached) In this path LATAG has been set and Short- 
Arc-Selector writes all remaining information with the exception of the ITAGS array. The solution area of 
Celest initializes ITAGS for each short arc at the subset of LATAG contained in the short-arc span. If the 
drag extension option is on, then the short-arc is set at the largest span possible under that drag extension 
option. After Covariance Check selects a given span for the short-arc ITAGS is adjusted to that span. The 
final ITAGS array is then written on the Short-Arc-Selector File. This information may also be saved by 
cataloging the Short-Arc-Selector File. 

Path 3. (Complete Short-Arc-Selector File attached) In this path LATAG and ITAGS are both set. 
In addition all other information on the Short-Arc-Selector File is present, and solutions are produced for 
each short arc as directed by this file. This situation can occur either by attaching a Short-Arc-Selector 

File made in a previous Celest run or one made in post analysis at the graphics console. 

Path 4. (No Short-Arc-Selector File attached) In this path the LATAG array is written by checking 
input as in Path 1. At this point the procedure in Path 2 is followed. 

Station Analysis Report 

Station analysis cards can be punched on option and contain diagnostic information useful to the 
satellite tracking stations. The card values are as follows: 

1. STA - Station number extracted from the header message of the raw data. 

2. Time (hr, min) - Time of the first data point. 

3. TCA (sec) - Time of closest approach of the satellite obtained from the satellite orbit by searching 
for the point in time where the range (p) and range rate (p) vectors are perpendicular to each other. 

Station 



A
-à

rv
“.

:#
 

...... 1 .. 

4. FREQ (MC) - The Q number from the raw data header message is used to determine a base fre¬ 

quency. The frequency given is this base frequency rounded to the nearest MHz. 

5. EL (Deg) - The satellite elevation at TCA computed from the satellite orbit. 

6. PTS : Good - Total number of points left after passing through the Celest point filtering process. 

a. Points are filtered out in the Celest pre-processor if information is missing, values are too large, or 

the data fails a monotone test (see Pre-Processor Reject Codes). 

b. Points are filtered out in the Celest filter by removing orbit error from the residuals and testing 

against 2.0 sigma. 

7 Fill. Noise (cps/MHz or M) - Filtered noise is the standard deviation on the data after modeling 
error has been removed. In the case of Doppler this value is given in units of cps/MHz. In the cases of 

ITT, CCID or Geoceiver the value is given in units of meters. 

Before modeling error removed 

After modeling error removed 

Filtered Noise = RMS of residuals after modeling error is removed. This value is scaled to 1 MHZ for 

Doppler data. 
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As a result of the point filtering process each data point is assigned a star,dard deviation (o¡). The precise 
formula for calculating filtered noise is 

Filtered Noise = 

J“1 

where IV = number of good points + number of bias parameters used in filtering. 

8. ELT. (M) - This is the along-track navigation error determined from the refined orbit. Holding 
the orbit fixed, the station is allowed to move in the along track (p) and slant range (p) directions, in 
order to best fit the data from the pass. Since this movement is from a known position the result is 
tabulated as along track (ELT) and slant range (ELR) errors. The values represent a measurement of 
how well the final refined orbit fits the data of a given pass. (See diagram for #3) 

9. ELR. (M) - Slant range error 

10. DLT. F. (PPM)*1' - Delta frequency is the value of the frequency bias determined in the above 
navigation solution. Assuming that the satellite frequency has a constant bias during a given pass, then 
this number represents that bias in parts per million (ppm). 

11. ACT - Action taken in the course of point filtering. Action label described below. 

A - No TCA 
B - Rejected in filter because to many points were filtered out. 
D - Rejected on TCA zenith angle test. 
E - Pass not balanced; i.e., the difference between the number of points on one side of TCA 

and the number of points on the other is greater than the balanced pass tolerance. 

Passes are rejected for reasons other than the above, in the pre-processor. These reasons are listed in 
Pre-Processor under Reject Codes, but no indication is given on the Station Analysis Cards. 

(1) A nominal value of oscillator frequency offset (in ppm) is associated with each satellite. On the 
basis of the Doppler data from a given pass, a correction, DLT. F. is calculated. The corrected absolute 
offset, in ppm, for the pass is the algebraic sum of the nominal offset and DLT. F. 

Absolute offset = Nominal offset + DLT. F. 
= AVj + DLT. F. 

The nominal offset is always negative. For example, if the nominal offset for a satellite is -80 ppm, a 
DLT. F. of + .04 would indicate an absolute offset of -80 + .04 = - 79.96 ppm. 

Orbit Computation Report 

The Orbit Computation Report is a restatement of all pertinent orbital information and confidence 
statistics in letter form. The only computation in this section is that giving mean orbital elements. This 

computation is carried out using the Brouwer method as described in Brouwer and Clemence (Ref. 2). 
The algorithm for this work is described in Appendix C. 
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PROPAGATOR 

The propagator has two main functions: 

1. Propagate the orbit improvements, Ap0, over the reference trajectory adding the results to the 
reference values. 

jrf(new) = xt( ref) + Ax, (127) 

where x,(ref) is the reference trajectory value and Ax, is the propagated orbit improvement at time t. The 
value xf(new) is output in either inertia! or earth fixed form. 

2. Propagate the covariance for ApQ, , so that it may be output at desired times in either inertial 
or earth fixed form. If C, is the inert:"' no.;*;™ -ovariance at time r, then the earth fixed position 
covariance is given by 

C,(E.F.) = [ABCD]C,[ABCD] * 

On option a local frame covariance can also be obtained by 

(128) 

C,(R) = RC,(E. F. )R * (129) 

where 

R = [f, r, rxr]_1 S [r, r, rxr] * (130) 
if 

circular 
orbit 

r = earth fixed satellite position 
f = earth fixed satellite velocity 

COMPUTATION OF IMPROVED ORBIT 

Recall from (84) that 

' 0 p not orbit, Tp(ts(p)) p orbit t < ts(p) 

^P(0= *< 'Pp(t) - WOXpUsW t,(p)<t<tE(p) 

, HO[XpOeip)) - Xp(t»)] t>tE(p) 



® UB* 
I 

'' :1 

i'Ätt 

I 

Using X define x by 

- XPUS(P)) XpO) X, 
t < ts(p) 

t^pXtCt^p) 031) 

. Xp(i£-(p)) - Xp(f,(p)) * > tE(J}) 

when p is not an orbit parameter and 

)(,(0 * tT10,(0)7,(^(0) 

when p = e an orbit parameter. For each parameter p let ßp be its characteristic function which is zero out¬ 

side its domain and one on its domain. 

Define \J¡ by 

ÿp(O*0p(O*flr(O 

For a family of parameters p = (p,,... P„) we wiU use the convention that 

ïp^V-Â.) 
Xp =(^i.-XPfl) 

Using these definitions it is clear that 

dxt _ /Aeo 
Axf = Ap0 = [>K0x,(0.1«f)xm(0+ ^(01 

3P 

(132) 

(133) 

where the orbital elements in Ap0 are AeQ and the model parameters are Am0. Expanding (133) gives 

Axf * tK0lx,(0. xm(01 tJ')Amo 

[x,(0. Xff.iO] 

Ax, » (¢,(0- ¢,(01 
Amr 

Ax, = ¢(0 



COVARIANCE COMPUTATION 

The inertial covariance for x,(new) is computed by e(Ax,Ax*) where e is the expectation function. 

/ /x(OAp0\ 
\ 

e(Axf Ax*) = e(^(f)[ ^ ' )(^0x*(f). ^)^(0] 

XirWApgAp^x'iO x(tM^P0Amo) 

or 

e(Ax,Ax*) = ¢(0 

e(Am0Ap*)x*(0 e(Am0Am0) 

xtO^x’O) X(0 

$'(t) 

Kiel Arc ' mm 

* (0 (135) 

algorithm for computations 

x(0 is a Step function which changes value as the time parameter crosses a model parameter 
boundary. At each time point t, x(0 is a 6 X g matrix with 7 equal to the dimension of the dynamic 

parameter set p. 

p = (e, ^-(ep-vq, ,...C0 >A',..^vr,*r) 
'1 ' UNCD 

where e represents orbital, elements, m represents model parameters and 

dimension (p) = 6 + NCD + 3 NT + 1 

For the purpose of describing this algorithm we will identify with its imbedding in the 6 X <7 dimen¬ 

sional space of x » i e- 

*mi-(0,0,...0, ¢,,,,,0,...,0] 

m¡ column 

1. Initialize (¢, x) at (¢(/,(1)), x(/,(l))- 

2. ¢ changes at each time line, but x is a step function which changes only at drag and thrust 
boundaries. When a drag or thrust domain is entered xm is adjusted by adding -Xm(*,("0)t0 its present 

value. 

3. When a drag or thrust domain is exited, xm is adjusted by adding t0 its present value. 

If both a drag and thrust domain are entered or exited then adjustments must be made for both parameters. 
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ci:!; 

. . ,, „„QI,..tinn et er» is ereater than the drag or thrust segmentation intervals then adjust- 
^ must Jmsae *he„ sue, , fornam is sKippef 0«,. 

The earth fixef portion, velocity v«tor, auf earth fixed position covamne. are 

í&í! 

. 

iT. The'S p^itio» velocity v«,or. and covarus.nce are output a, intemdsmir Both m and AT.,, 

input values. 

An additional output of positional standard errors in the radial, tangential, and out-of-plane directions 

can be obtained for diagnostic purposes. 
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SHORTARC-SELECTOR 

The Short-Arc-Selector input is 

A = Average drag length 
TO = Start time of first revolution 

TS(NSA)= Seconds before start of revolution to begin the nominal short-arc. 
TE(NSA)= Seconds after end of revolution to end the nominal short-arc. 

P= Period of the satellite 
Q = Number of drag extensions 

D(LA.)= Long-arc drag decomposition times. 

The revolution start times are given by 

/.(RevX/) = 7b + (/- l)P (136) 

The revolution end times are given by 

r£(RevXO = /J(RevX/+l) 

The nominal short-arc start and end times are given by 

ri(NSA) = fi(Rev)-TS(NSA) 

f£(NSA) = rf(Rev) + TE(NSA) 

During the orbit integration process for a given long-arc span, [fj, f£], a specific drag profile is used. 
The procedure for doing orbit fits over subii.tervals (short «.res) of [/j, r£] requires the drag profile of a 
subinterval to include any long-arc drag enu point which falls within its boundaries. 

DRAG SELECTION 

Define 

{TvTr Tv Ta} = {^(NSA) - QA, f/NSA), f£(NSA), r£(NSA) + QA] 

where 

7,-/,(1) and V/flO) 

In Diagram 17, Tj =/j 7’31=/7 and 7'4 */9 
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f, = 41' f2 

Revolution 

Nominal Short-Arc 

A = 1/2 Revolution 

Q = 2 
TS(NSA) =TE(NS¿) = 1/2 Revolution 

Span 0 = all passes in the Nominal Short-Arc 

Span 1 = Span 0 plus all passes in (t2, f3] 

Span 2 * Span 1 plus all passes in (f7, fa] 

Span 3 = Span 2 plus all passes in (f,, f2] 

Span 4 - Span 3 plus all passes in lt8, f9] 

Diagram 17 

Initialize the short-arc t'.us profile points D(S.A.) by 

D(S.a.)= {Tv t2 Ty r4} U {D(L.A.)n 

Order D(S.A.) = {5,,^21 - V so that s< <sf for 1 <i Partition iSi’ 5i+l 1 as follows: 

Ai+\ ~ 

15,-+1 " 5/1 ^/>1+1 

«/+1 = M/+1+ 

where [ ] is the greatest integer function. 

If a,+i = 0 the resulting partition for (sy, sl+i ] is {s(, si+1}. 

If a.+1 ^ 0 form the resulting partition for [iy,s,+1 ] by 

P¡ =Vy, S, + 

q-\ 
Set D(S.A.) = U Py 

i“l 

. “i+l 
.Jy + 2 

di,hl 

.a/+l . 

i ---1 Sy t" (oiy+i • I) 

i+l 

.aM 
i s/+l 

The resulting drag profiles for all short arcs are stored on the Short-Arc-Selector File. 

(139) 

(HO) 

(141) 



The canonical perturbed trajectory is a solution to this set of equations with CD and A set to zero. 

At this point we will discuss the numerical integra.ion technique used in solving (71),(74), and (75). 

Lety(x) be anJV + 1 time-continuously differentiable function. Let jc,, ...^+, beW+ 1 points 
with conesponding values >»(*,). Let p^x) be a polynomial of degree Af such that p^(Jtf) * y(x¡)i * 1, 2, 
...N+ 1. Let>^x) * Pff(x) + £(x) where E is the error function. We wish to determine E. 

Definition 

e(x)»(* -XjX*-x2) ...(x-xNn) 

The function tr vanishes at , jr2 ... jr^+j and the JV + 1 derivative ir^^1 (jr) = (7V+ 1)! 

Definition 

F{x) * y(x) - pf^x) - ktr(x) 

For any jc # or,,... xN^ choose k such that F[x) * 0. This can be done since jr » 0 at exactly 
X1 * •••%♦! • Since F* 0 at + 2 points, fW+l = 0 at one point, i.e., F,v+1(e) « 0. Since pjy+1 * 0 
identically we have 

F!!)1 -C-*(^l)!-0 

*-<)+1/(Ar+l)! 

l&)-M-PN(x)-yfiy nix) 
/(AT+l)! 
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Since F{x) * 0 we have 

M)!^ 

e is a function of x and x is arbitrary so 

Xx) = P/vW + ^+1(e)/ <*) 
/(ATM)! 

Divided Differences 

For the function y(x) construct 

y[x0] =y(x0) 

y[xx]-y\x0] y(x{)-Ax0) 
..Tw V. 1 = —--- * - 

J'lVr-x*] 

y(x,,...xj ->>[xo’ 

xk-xo 

(142) 

Backward Differences 

For the function y(x) construct 

Vy(xk)~AxO-y(xk-0 

W(x*)*V[Vr"1><x*)l 

V1 defined by y(x^) = v'yfx^) - V M-’f/r-i) 

Note that the backward differences and the divided differences are connected by 

vy(xk)-= Axk)-yixk-i)my\xk) my^k-i>xk\ W~xk-0 

*y[xk_i,*jt]A if h = xk -xk.x 

Vry(xk)*r\ ffyUb., •••x*.ixk] 

VyiXk+r) mr'.tfy[xk,- Xk+r-lxk+r] 

.., 'hi ,,,, j:i iji iiiii liliiiiim yiiiLiii ¡i iju -iai. Jl ii;¿- n.Ljil }|||| l'ltiütirlnlií fa -IÍIl-í-I 
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From Divided Differences we have 

... 

x-x„ 

y(x) =^(ar0) + y[x0> ^r](^ - Ar0) 

X-X, 

»^0)-^)+ -jr0Xx-Xj) 

Continuing gives 

Xx) =><x0) + V[x1x0](x -x^ + ^tx^^oHx -x0Xx -Xj) 

+ ...+y[xNXy.y ... X0](x -X0) ... (x -X^.j) + E(x) 

where 

E(x) = y [XyvXyy., ... X0X j (x - XQ) ... (x - Xyy) 

(144) 

Letting pyyfx) = ><x) - E(x) defines pN as a polynomial of degree N. It is clear that pN(Xj) * ^x,) f = 0,1, 
... jV- l, M It follows from the discussion on polynomial approximation that 

E(x)*yN+l(é)/ tíx) 
y /{N + 1)! 

LetthejV+ ! pointsx0,x1(... Xyy bex„+1,xn, ...xn+|_^. This gives, using (144) 

>ix) ■= yixnH) + >- [xn, xn+11 (x - xn+1 ) + >- (x^.jx^x^, ] (x - xB.,, Xx - x„ ) + ... 

+ Tl^n+j^v. ](x -x^+j)... (x "Xn+2_^) + Fix) 

F(x) =/^(6) / (X -X„+I)... (X-xnH_N) 
/(N+ 1)! 

For equally spaceo points x( - x,., = h and using the variable s defined by x = x„ + sh we have 

Axn + sh) =y(xn^) + V^(x„+1Xî - 0 + V2^xn+1) (s- l)i 

+ ... + V^xB+1) (±lM°+»-V + £(J) (145) 

96 

1 

abU 
uiiLii1 f.iui:'iiim1 úii. ;.i,: . .H.iiL.iithitii. , .¿¿I, „i.j ¿i-.i-itLi:,.i:, i. ;, .....i i.u luí, 

w 



INTEGRATION TECHNIQUE 

Writ1? the equations of motion (71 ) as 

X = V 

j> - G(t,x, v) x0 and yn = Ã„ given 

Let (x, v) = X and rewrite the above as 

(146) 

X=GU,x) T0 given 

Applying the same technique to equations (74) and (75) permits the entire set to be expressed by 

X = G(t, X) given 

Solving ( 148) is equivalent to solving 

(144) 

A solution to(144) isa function X with the property that /(A ) - -V. In particular we wish to find 
the solution values at time points W ... V ... where/,+1 *+/» and/. isaconstant integration step. 
All other values of X can then be determined by interpolation. 

At this pohit we will assume (hat *(/) has been determined for / = and we wish ti 

determine X(f„+l ). 

Let (7 = v in ( 145) and expand ( 145) to degree A/ + 1 assuming // > A'. Substituting ( 145) into ( 144) 

gives 

0 L 

(s-l)y...(s + A'-2)(s>/V- 1) 

(yv+1)! 
V'v+,G’„+I Us 

(150) = /(*X'„+|)' 3(*u„+i)) 

fixed point for J. It is known that by tr.aNing an appropriate estimate of TU,,+, ) and applying 1 succes¬ 
sively we can converge to the correct valu, of T|i„+, ). The convergence will depend on // being sutticiently 

small. 

An estimate o' T(/„+, ) yields an estimate of T(/,I+, )s G’(/„ + |, T(/„+| )) Wc will estimate .VI/, 
directly and use this estimate in ( 15G). This gives an estimate of A'|/„+, ) The velccit> value can now be 
recomputed using G. This procedure can be iterated until convergence is reached, which is usually in one 

iteration. We express this technique in 



Xit„^ )-x(t„)+*J'° [4+1 + (î -1 )v^n+1 +(-^ v2xn+l 

(s-l)*...(s + JV-l) „+l k 1 

+ 1)! V "+1J 
(151) 

Note that each b.ickward difference will be an estimate as is an estimate. When is recom¬ 
puted, i.iing Gt die backward differences must be corrected as a result of the recomputation. 

At this point we rewrite (151) as 

,V+l 

7] ak^x (152) 

k«0 

where 

fl0 = 1 

1/2 

Í 

1 (j - 1 )s ... (î + fc - 2) 

k\ 
ds k>0 

Equation (152) implies that 

N+l 

*»o 

(153) 

Recalling the definition of V -1 

JV+1 
(154) 

km0 

NH 

XnH = hrlXnH + h £ - hX^x + hTlX„ + h 2_, akvk-%H 
*=1 

A+l 

*-l 

V+l 

^7-^+/1(1 + ^)^1 +/< ^ *kVk lXn+l 
k*2 

N 

■■ hV-lX„ + haQXH+x + A a*+i 

k-l 
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XnH-h^ xn^h 

Op = ï + ÖJ = 1/2 

a'k ~ai+l k>0 

If the backward differences the first sum *''** ™ known, then an estimate of Jfn+1 can be 
computed from (155). As (155) was just used to compute Xn we do have values for V Xn.Y and V Xn. 
Since we have discarded the error term E from (150) we are assuring that X can be represented by a 
polynomial. It is clear from the discussion on backward differences that for a polynomial p ot degree N 1, 

yAf+lp is a constant and h gher differences are zero. Using this fact and the relationship 

(156) 
V^„+1 + VM = VM*„+1 

We can work backwards from Vv+1 Xn+y - V^v+1ATn, computing V'^+i • 

K ° 

□ 

□ 
• • 

• • 

• • 

VN*n □ 

VN+lXn □ 

Use ( 156) and VX = 0 for i > /V + 1 to fill the boxes. This procedure is referred to as extrapolating the 

difference table forward. 

The integration procedure discussed earlier, just prior to formula (151 ), can now be restated as 

Extrapolate the difference table forward from time line n ton + i. This gives a first estimate for 

each of the backward differences VkXn+\ and the first sum V ^Xn. 

2. Use (155) to compute an estimate of A"n+1. 

3. Use the present estimate of *„n in G to compute a new estimate of j„+1. Compute the differ¬ 
ence between the new T„+i and the old Xn+\. Difference = New ^M+j - Old . A t is i erence o 

each term in ihe backwa d difference table at time line n + 1. Do not adjust any first sums. 
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4. Check to see if more iterations are desired. If no, go to Step Number One for the next time line. 
If yes, go to Step Number Two. Convergence would occur when Jn+1 new differs from X„n old by less 
than a tolerance. In the program however, an input iteration number is used to decide how many iterations 

to use. 

Although the previous discussion covers the numerical iteration technique it does not cover the 
explicit form oí the equations used in Celest. Since X = (*) where x is position and j = x velocity, we can 
decompose the equations into position and velocity components. 

N 

Xn+lsWlyn + h'l]a^líy H+l 057) 

/t=0 
N 

yn+l =W-'ÿn+h]2a'kVkÿn+l 
k=0 

Equal on (1 57) gives the solution as a function of backward differences of velocity and acceleration. 
We desire formulae using accelerations only. We use the second equation of ( 157) in the first to obtain this 
result. Since N is arbitrary we will replace /V by °° and truncate our final expressions. Equation ( 157) 

becomes 

(158) 

* = 0 

>Vn aM~lÿn+hJ^akVkÿn+i 
*=o 

Substituting the second equation in the first gives 

OO OG «*» w 

*„+l = /12 V2^.! + h2 £ a'kVk-{yn + h2 £ a'kSlk + V*+V„+i 
*=0 A*0 k-o e=u 

= (i2V-2^_, + 2/12 a'kVk-Vx„ + ¿ £ a'/k-t^ M + l 
k = 0 k=08=0 

xntl = fi2lV~2xn_, + Vlij + 2/r2 ¿ akVk-'ïn+h2 ¿ ^ V¡k-eV*Vl since a'0 = 1/2 
k = i *=0 8=0 

- k 

x„+1 */t2V'2x„ + 2/>2 £ 4(V*-‘x„+i - V*¿n+1) + /r2 ^ 2]a8J*-«V^+l 
*-l *=0 8=0 
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XnH=h 

00 < 
^-2xn + h\2*\ +«’«^M+i + U2 Ü - 2AZ 2] ^VkiM+1 

¿«2 *■! 

+ *2£ Evlt-s^+l 
fi*0 

00 ^ ” v 

c, + = h2T2'x„ + *2(?//j + aó*o>*n+l + IZ a*+l^«+i " a*7**»+l 
*-l fc'l 

+ X- Zj 
jt«l 8=0 

^n+1 
= h2T2x„ + *2(2d', + ÛQ^n+i + 2h2 (a'ki t -afc)V*x„+1 

k=l 

^2Êtv- 8v^n+i 
*=1 8=0 

^+1 = h2V~2*n + + fl()a()^n+l + I] 2(a*+l - a*)+Ea8fl*-t 
8*0 

n+1 

8*0 

ft *-l 

^¡t+l - H + y1 aeafc-e = “ 2^+1 + ^o0* + Z] ae+lfl*-8+l = ^+2 _ 2ak+i + ak+l 
- 8*1 

k * 
+ y atak-t+2 = ^^+2 " a*+l + Zj aifl*-«+2 

8-2 

■^n+l 

k 

l 
8-2 

*+2 

= y a8ak-8+2 as 2aoak+2 = ^+2 
8-0 

3q = 1 +tf, = 1/2 

00 *+2 

LE‘ 
k=l 8=0 

= h2S/-2Xn + ^2(2j', + aóao^n+l + Zi Z! aBa*+2-fi^JC«+l 



b 

! 

2] asflk*2~t = 21 flRÛ2_Î * fl°fl2 + a‘fll + 02 
8*0 

* 2aQa2 + a\a\ 

— B)B) 
2fl2 + 

Alto 2a'} + a'0a'0 * 2a2 + ‘/4- Therefore 

* + 2 

•*»+1 = h2V~2Xn + 2] 2j a^k*2'i^ 
(159) 

*=0 8=0 

Since we are assuming that i is a polynomial of degree Ar+1, x will be a polynomial of degree N. 
This implies that the fcth oackward difference of acceleratior will be zero for k greater than N. Equation 

(159) becomes 

N * + 2 

*n+l ■“ h2V'2 *n + 2] 2: a^k*2-t^kxn*\ 
* = 0 8=0 

(160) 

Equation (158) can now be expressed as 

N 

I 
k = 0 

xn+l ~ h2V 2'*n + ^ 2_j Ck^ xn*l 

(161) 

N 

*n+l * WXxn + Ä 2] a'kVk*”+l 
k~0 
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wtr^itnwi 

g I ‘ + ds jt>o Í 
fl0 = 1 

1 
fll = ~ 

A recurrence relation can be developed for giving 

V"1 ak~¡ . 
k>0 ««■ -1,777 «o *1 

¡mi 

Formula (161) is the form of the integration equations used in Celest. 

h. c 

Dérivation of Recurrence Relations 

! 

/•(*0 + h) = f(x0) + hDf(x0) + ^ D2f(x0) +•■•+% Dnf(x0) + • • 

where b »s the derivative. This formula can be expressed as 

/X*o - *) - Ko) œ -(^)/(^0) + ^ ^o)+ • • '+ (->)" + 

or 

(W))" 

2! 

-V/(x0) 
(M))2 (hD)" 

•*0 

or 

(‘-VV = 

(hDY 
1 “ (hD) + ^2j + 

» (hDf + Hy.L_L +. 

implying that 





f0 y* y (<c - ï + o / 

•'A 1 '0 i=l 

1 f*« /* + (*-/+D-2\ 

L ; J \ (*-«+o / 
i=i ° 

dî 

<Ksq) 
i k-t+\ 

i=l 

This implies that 

or 

fl(s0) + ÿ- 1 «<V 
k A;+l / L-* i 

or 

a(i0) _L ^o) 
k ~ \ k >■ \ ) i + 1 *■* 

/=1 

or 

¢(¾) / s0 + * " 1 \ v _i_ «(*o) 
it \ A + 1 /2-1/+1^ 

/=1 

when s0 = 1 we have 

a(l) 
it = ak 

/=1 
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INTEGRATION PROCEDURE 

»! 

Given a difference table at time line n 

r*X(n-\), TlX(n-\), V°if(«), V1^«). 

proceed as follows: 

1. Extrapolate the difference table from time line n to n + 1. 

V'Á’ín) 3 TlX(n -1) + V0^") 

V2Ãf(n) = y2X(n -1)+ y'X(n) 

VNX(n + 1) = VNX(n) 

VkX(n + 1) = VkX(n) + V* + ,Áf(n+l) k = AM,...0 

2. Use (161) to compute X(n + 1) and X(n + 1). 

3. Use (148) to compute *(« + !) and determine the difference between the computed and 

extrapolated values, 

Difference * ^1«+ 1)(computed) - X(n + l)(extrapolated) 

4. Add the difference computed in step 3 to each of the backward differences at time line n + 1. 

Do not alter the first and second sums. 

5. Check to see if the number of iterations is equal to the input control. If no, go to Step 2; if 

yes, go to Step 6. 

6. Enter smoothing process if indicated. 

7. Begin processing next time line. 

To begin the integration procedure a complete difference table is required at time line zero. This 

table is obtained by the starting procedure. 

STARTING PROCEDURE 

1. Compute m using (148) and set V**(0) to zero. Compute the first and second sums using 

(161). 

¿(0) 
7-^(-1)=^-^(0) 

V-2JR-1) - ^ 
h2 
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2. Extrapolate the difference table forward to Une one. 

3. Use (161) to compute 2f(l) and 1). 

4. Use (148) to compute Jf(l) and determine the difference between the computed and extrapolated 

acceleration. 

5. Correct the difference table by adding the difference computed in Step Four to the first backward 

difference of time line one. 

6. Begin processing the next time line. When Step Five is being executed on the pth(p<A/) time 

line, conect the first p backward differences. 

7. After processing time line N, the backward-difference table at line N is extrapolated backward to 

Une zero holding the Mh difference constant. 

8. Once the difference table at Une zero is corrected, the first and second sums at Une -1 are re¬ 

computed using (161). This completes one cycle of the starting procedure. 

The program exits the starting procedure when the maximum absolute difference between successive 

position and velocity values of the JV time lines satisfies separate input tolerances. 

SMOOTHING PROCEDURE 

The above diagram shows the effect on the trajectory due to a thrust A1 " (A1 ,Alu ,A'x ) which starts 
. i 17 3 

at t* and ends at . 

When the thrust begins, the trajectory undergoes a perturbation from the path it would have followed 
had the thrust not occurred. The first order effect of this perturbation is given by can be 

computed from the canonical thrust and (84). 

4>At(t) = ^(0 - 

where 

107 

iMk'iUi1 tauiü i, ..j lili -«JilMii.M..'.. il. 

mi 

, 

M 
• 'Hi 

III 
"I 4! 1 f 1'1 

nil n 
didÉKíNÉÉÉNttl 





H 

«¿gi 
_■ _ 

.•ítSf-««* ■ 

. .* 

- 

Formulae (162) and (164) give a new difference table at time line/. It is this table that enters Step One of 

the integration procedure following smoothing. When tf is reached in the integration procedure, the 

smoothing process is entered with -A' replacing V. 
I 

The same smoothing procedure is used for drag end points. When leaving a drag segment with value 
CD and entering one with value CD.+ ], there is a parameter value change of (CDj+ j - CD{). Replacing/!' 

by (cD CD ) gives the smoothing procedure for drag discontinuities. 

BACKWARD INTEGRATION 

The primary purpose of integrating in the backward direction is to provide values to be used in the 

eight-point interpolation routine. 

The backward integration process is initialized by changing the initial conditions (df, AT) to (X, -A') and 
changing the drag value CD to -CD. In addition cõ,the angular velocity of t’.e earth, must be set to -u, and 
time increments must be subtracted from the initial time when reading the inertial-earth fixed rotation 
values and sun-moon ephemeris from the sun-moon file. Although these changes are sufficient to carry out 
the backward integration of position, we desire to have the associated partial derivatives referenced to the 

proper initial element or state vector values not values associated with (2f, -X). 

Using the new variables (Af,-JÕ we desire partial derivatives 

W,-X) qx 
0(*(0),*(0)) ae0 

where e = e(X,X) is the coordinate to element transformation and 

e, * a eA ~ i 

e2 = e sin (w) e5 = / + w 

«3 = e cos (w) e6 = SI 

For each (X,X) there is an associated (X,-X). Associated to (X,X) we have e(X,X) = (e,.... e6). 
Associated to (X,-X) we have e(X,-X) = (e¡,... e¿). We wish to find e * e(e'), the functional relation¬ 
ship between e and e. Since the orbit associated to (A'.-A’) is geometrically the same but moving in the 
opposite direction to that of (X,X) the ascending node will be 180° from that of (Af, AO- This implies that 

a 

e 

180 -w 

i' = 180 - i 

1' = 360 - / 

Í2' * 180 + n 
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We can now outline the integration procedure as follows: 

1. Retain the initial condition’ (A’, Jf) 

2. Determine dual conditions (X,-X) 

3. Determine associated dual elements e1 

4. Enter (X,-X) and ¿' into the partial derivative routine and determine 

d(X, -X) 
de' 

In the coordinate mode this is 

"l 

-1 

5. Compute 

-1 
de 

6. Use 

d(X-X)\ 
3e 

as initial conditions for backward integration. 

7. Integrate backwards At time lines and save (Af, dXlde)(t¡) for each line. 

8. Write the Perturbed Trajectory File for the backward lines by writing the Atth line fust and pro¬ 

ceeding to the fust line. 

9. Enter tire forward integration procedure by using 

3(AU)| 
*o.*o. de 

as initial conditions. 

Ill 
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Appendix A 

POLAR MOTION 

POLAR MOTION SOLUTION 

Letting rs denote the earth fixed station vector and ABCD the inertial to earth fixed coordinate 

transformation of Appendix R gives 

(ABCD)\q 

(BCD)*A\ 
*0 

J0 

1 -0)3 Cl>2 

w3 1 -^1 

-0J2 W1 1 

Wj = Afl cjj = 

0J3 = ¿3 (Ar + rÀr) 
(A-l) 

t = time in sec from the beginning of the year. 

dr. 

dco< 

dr. 

du)- 

In. 
dc*j3 

dr, In. [Il - I'! 
dÀt da>3 dÁr 80)3 
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dàt dcjj 

Letting n = (At?, Ap, A/, if) be the polar motion parameter set gives 

0Dt bDt drs 

dp drs dp drs 

-*3 ojs2 wi*2 

J3 0 

-:2 *1 

■¿ÕS, -tÕÍJj 

0 0 

- (BCfí)*A*A *3 

-S-> Sl 

-S3 wSj <2tS2 

0 -¿3 s J -¿3/Si 
0 0 

dD, drs 

dr} drs 
-s2 s, 

—Sj (jüSj Cü/Sj 

O -¿3s, -¿3 rs j 

0 O 

dD, drs 

drs drs 
AQ 

dD, 

drr 
AQ 

dD* dD- dD* dD, 

0 '0 

* Q*{t)A*{t)Bss(t)A(l)Q{t) 

Evaluating/Iß at TCA of the pass and summing over all data gives 

Bpp = QrrCA)A(TCA)3ss,i(TCA)Q(TCA) 

= Q*BssQ 

Following this procedure the formula for adjusting an expanded pass matrix to include polar motion 

parameters is 

Bpp = Q*BSSQ BoP ~ BosQ 

Bbp = BbsQ BAP = basq 

BcDP = BcdsQ Ekrp ~ Bkr,sQ 

Bp * Q'B, 
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where p is the polar motion parameter set, b is the bias set, is the drag set,,4 is the thrust set, o is th’ 

orbit set and kr is radiation pressure. 

Before polar motion expansion the pass matrix appears as 

Boo ^ocp B0a Bokr 

After polar motion expansion the matrix appears as 

^ocp B0a B okr B0p 

B. cpP 

B Ap 
B krp 

PP 

'hp 

POLAR MOTION PREDICTION 

This is a discussion of the procedure used to obtain initial values for the polar motion parameter 

setp B (Aq, bp, At, At). 

(Aq, Ap): These values are routinely solved for in two-day navigation satellite orbit reductions. Using the 
most recent 200 days of (Aq, Ap) values obtained from the above solutions, a least square fit is carried out 

fitting the following function to the values. 

/(/) * i4 + B cos(w/) + c sin (w/) . 

= JjL where420 = Chandlerian period 
420 

The results of carrying out separate f cs for Aq and Ap are used to predict new values for the next seven 

days. 

(At): UTC-UTl values are obtained from the Naval Observatory on a weekly basis. When two values are 

in hand a straight line is determined. 



IP OB 

' . 

IW> 

7th day following Obs. 2 

7th day following Obs. 3 

Three observed values (one value per week from the Naval Observatory) are needed to initiate this 
process. The output predicted values (At^ are those along the railroad track. One value per day is 
output for seven days. After seven days a new prediction is made incorporating a new observation from 

the Naval Observatory. 

At the end of each year a straight line is fit to the Naval Observatory weekly values for that year. We 
denote this value by Af2(0- The function At2 is evaluated at the beginning of each day of the next year 

and these values are placed on the Sun-Moon File. 

Definitions 

Afj = predicted values of UTC-UT1 using three observations from the Naval Observatory. 

Ar2 = predicted values obtained by fitting a straight line to the weekly UTC-UT1 Naval 
Observatory 'dues of the preceding year. 

At = A^ - Af2 

■Hie value At is input to the Celest Program. As the program permits only one At input value, this value will 
adjust the straight line value At2 to give Atl for the epoch day. The resulting Af, value will then drift 
by the straight line slope of At2 on the Sun-Moon File. The value At is initialized to zero. 
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Appendix B 
COORDINATE SYSTEMS 

BASIC INERTIAL SYSTEM (*, Y, Z) 

The reference date of the basic inertial system is taken to be either 1950.0 or zero sec of the day of 

the trajectory epoch. 

X is the unit vector pointing tc «vard the mean vernal equinox of the reference date. 

Z is the unit vector pointing along the mean earth’s spin axis of the reference date and positive in 
the northern hemisphere. 

Y is the unit vector completing a right-handed, geocentric, orthogonal system with X and Z. 

MEAN OF DATE SYSTEM (J\ Y',Z') 

This system differs from the basic inertial system only in that the reference date can be any time. 
The transformation transforming from the Basic Inertia! System to the Mean of Date System is denoted 
by the symbol 

TRUE OF DATE SYSTEM (JT, Y",Z") 

This is a geocentric system where 

X" is along the true vernal equinox at a given time. 

Z" is along the true earth spin axis at a given time. 

^''completes a right-handed system. 

The transformation going from the Mean of Date System to the True of Date System is denoted by the 
symbol “C.” 

EARTH FIXED SYSTEM (£', F\ G'' 

Thi« is a geocentric system where 

E' is in the true equatorial plane in the direction of the Greenwich meridian. 

G' is along the true earth spin axis positive in the northern hemisphere. 

F' completes a right-handed orthonoimal system. 

The transformation going from the True of Date System to the Earth Fixed System is denoted by the 
symbol “B.” 
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(X', Y'.Z') ~ Mean of Date System 

(X.Y.Z) ~ Basic Inertial System 

Relation between Basic Inertial System and Mean of Date S. 

Diagram B-l 
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Z" 

True Vernal Equinox 

of Dete 

Relation between Mean of Date System and True of Date System 

Diagram B-2 

120 

. . 



X 

(True Vernal 
Equinox of 

Z". G ' 

S0 (station) 

= geodetic latitude of station 

Xq = longitude of station 

GHA = Greenwich Hour Angle 

date) 
(Greenwich Meridian) 

..... 

Relation between True of Date System and Earth Fixed System 

Diagram B-3 
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Appendix C 

CCXJRDINATE TRANSFORMATIONS 

OSCULATING TO MEAN ORBITAL ELEMENTS 

The Brouwer method is used to relate mean and osculating elements. This is expressed by 

*0 = B(em) 

where eQ is the osculating set and em is the mean set. Writing this expression as 

«m = *m + e0 -B(em) = B(em) (C1) 

we can observe that the problem of obtaining mean elements, given a set of osculating elements, is equiva¬ 
lent to finding a fixed point for B. Due to the structure of B this can be done by making an initial estimate 
of em as e0. defining subsequent estimates by em(i +1)- B(em{:)) and iterating to convergence. The 
Celest Program uses one set of elements as osculating and reports anotlw set as mean. Listing the osculating 
and mean sets below, we will let ß stand for the transformation between the two sets. 

Osculating 

ej * o 

e2 = e sin (w) 

= e cos (co) 

64 = i 

r* - / + to 

e6 = Í2 

Mean 

a 

e 

i 

l 

<jj 

n 

Taking account of ß we can rewrite C-l as 

e ■ e + e0 - ß~1Bß(e) 

where B is understood to operate on the mean element set. 

(C-2) 

When convergence occurs the values (3(e) are reported as the Brouwer mean elements. Convergence occurs 

whe-.. 

108(Aei)2 + 1016(Ae^ + be\) + 10,4(Ae5 + Ae^ + Ae¿) < 1 
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The magnitude of ft is constant during Keplerian motion and gives the Kepler area constant. 

Using the polar form of an ellipse gives 

\r\ --P = “0 - e cos(£)) 
(1 + e cos 1/)) 

(C4) 

where p is the semi-latus rectum, I ft I/p, / is the true anomaly, e the eccentricity and E the eccentric 

anomaly. From (C-4) 

rl 
|r| * aeÈún(E) ecos(E) = * “ ~ (C-5) 

implying 

|rl . . kl 
e cos (£) * 1-and e sin (£) = -: 

Ü aE 
(C-6) 

From Keplers equation the mean anomaly / can be computed. 

/ - e sin (£) 

Since 

(C-7) 

. 1/2 
I = mean motion = 

we can use C-4, C-7 and C-8 to get 

(C-8) 

123 

MÍ . -..... •ii iiiiâiiffcÉt- 





TOlandÄm onhonon,.- W»» * «* ^K'P"' m'>"0'’ ^ 

CO.M-Í» 

TO, permits the mgtmtent of perigee to be computed by 

. / sin (u)\ 
“ ‘,,n' 1,5¾) 

The rate of change of w and is given by 

3C2j0(Jiy/2ae2(l-5cos2(0) 

(C-14) 

(C-15) 

(C-16) 

2fl2(l -e2)2 
•j r „ k the coefficient of the second harmonic 

where «, is the semi-major axis of the reference eU.psord and C2,0 

in the earth’s oblateness expression. 

TO anomalistic period »ring B,o»«e, mean elements is given by 

,,5,112/ 3 rin2(l)jJ)\ 

'’d“2"^) V 4,2(1-02^ I 

The anomalistic period using osculating element, i, gi™» by 

(C-17) 

,,3,1/2 / 3 ^2 1^(2 »i"2,1) 

(7) V 2a2l0ilfl(l “e2))l3 1 

(C-18) 

,.-, p _p to either of the above 

^r,fr«rr.rgrh*:;ÄU ; '^d^ . 
, ,1,1/2 ( 3C2.oa2(4-Ssin2(i))_\ 

PA a 2" J \4 fl2(i - e2)1/2(l + « cos ' 

(C-19) 

125 

ininiiMifiiiiim h iii tMiiiimi i r iiiii ..• n/am ¡1 
....-........-.....^..... ............ ... H 



OSCULATING ORBITAL ELEMENTS TO INERTIAL CARTESIAN 

Kepler’s equation can be written as 

8 + cj = £ + co - e sin (if + w - a>) 

This is done because 8 + w is one of our osci'lating elements. Let 

m = 8 + ce and a = £ + cj 

This gives 

a - e sin (a - w) = m 

or 

û - e sin (a) cos (co) + e cos (a) sin (O - m = 0 

The last expression is solved for a using Newton’s method. 

Having obtained a we have 

e sin (a) = e sin (£ + w) 

ecos (a) = e cos (£ + w) 

giving 

e sin (£) = e cos (u>) sin (a) - e sin (cj) cos (a) 

e cos (£) = e cos (cj) cos (a) + e sin (cj) sin (a) 

Recalling (C4) we have 

|r| “ o(l - e cos(£)) 

* P * a(l-g2) 
1 + e cos (/) 1 + e cos (/) 

giving 

cos (/) = “j (cos (£) - e) 

sin (/) = (1 - e2)1/2 sin(£) 

The double angle formulae for sin and cos give 

(C-20) 

(C-21) 

(C-22) 
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sin (a> + /) K sin (w) eos (/) + eos (w) sin (f) 

eos (ce + /) = eos (cj) eos {f) - sin (co) sin (f) 

Using (C-22) gives 

sin(oj +/) * p [sin (w)(cos(ff)-*) + eos(wXl-e2)1/2 *«(£■)] 
K k 

cos(w + /) = — [cos(to)(eos(£) -e) - sin(cjXI -e2)1/2 sin (£■)] 

The satellite position r can now be computed from 

r = [ 0 

where |r| is obtained from (C4) and .Aíj, and X3 are given below. 

eos (Í2) -sin (fi) 0 

sin (íi) cos (Í2) 0 

0 0 1 

10 0 

0 cos (/) -sin (/) 

_0 sin (/) cos (/) 

cos (w + /) -sin (w + /) 0 

sin (a> + /) cos (tu + /) 0 

0 0 1J 

The velocity r is given by 

r = \r\KlK2K3[ 0 + 1 

\oJ \o, 
where (using C-10) 

irl *• 
^jpi)l/2 

~W 
e sin (£) 

(C-23) 

(C-24) 

(C-25) 
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and differentiating (C4) and using (C-22) give 

[Ml-e2)]1/2 

kl2 

EARTH FIXED CARTESIAN TO INERTIAL CARTESIAN 

Let X, y, z represent components in the XYZ system of Diagram B 1. This is the Basic Inertial 

System. The earth fixed representation of (X, Y,Z) in the E,F,G system of time t is 

(C-26) 

The U transformation accounts for the general precession of the earth’s spin axis. The difference between 

the mean equator and equinox of time t and the mean equator and equinox of a reference date (for the 

Basic Inertial System) is due to this general precession. 

Letting D = D, represent the transformation from the Basic Inertial System of time T0 to the Basic 

Inertial System of time t, we decompose the computation as follows: 

1. Compute DT +-p where T0 + T is the nearest day less thaï, or equal to t. 

2. Compute day. 

3. Compute D, by interpolation of the above two results. + 7^ + 7+1 day. 

We now describe how to compute DT +r. Let 
o 

7(ref) = 

7 = 

£o = 

“0 = 

e = 

mean equinox of the reference date 

mean equinox of Tq + T 

right ascension of the ascending node of the mean equator of date (Tq + if) on the 

mean equator of the reference Mate. 

right ascension of the node measured in the mean equator of date from the mean 

equinox of date. 

inclination of the mean equator of date to the mean equator of reference. 

be a description of the values in Diagram B-l. 
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T o 0 Ifcos^o sin^o ^ 

0 cosO sin OII-sin cos^0 0 

£ -sine cosfilL 0 

~du dxl dx{ 

d2X d22 d23 

r3l d32 d33j 

F,om 0« apto—ry Supplemen, ,o Ih, Ephmerl, 

2 = a0 - 90° .0 

* 90° .0 - £0 , 

So - (2304.250- 4 396- T^T * 0.302" TJ * 0.018' T 

2 . l0 4 0.791-Ta 
». (2004.682--0.853-r0)T-0.426-r>-0.042 r> 

"O'0”""'“™' 
in tropical centimes, ’"■easured from ï0. 

Expuxlingd» 4, - T.,I», s.nés in Z,0,4¾ ,.pUc,8 «84-06y ^ I.. »- 

sentation, we have 

j = J - 1(29696 + 26 r0)r2 + 13 T3] 10 

dl2 = -1(2234941 + 1355 r0)r+676 T2 - 221 T3] 10 

du 3 -((971690-414 r0)r-207 T2-96 T3] 10 

d21 * -dl2 „ 
d22 * l-[(24975 + 30r0)r2 + »5r3110 

d2i * -1(10858 + 2 To)7,2!10'8 

d31 * -d13 

dn = <*23 

^5=-1-1(4221-42-0)^110-8 

1950.0. 

KTQ(1) - 50) 365 + An + ?<X2) + -077 ~ U 

T0 * 36524.2196 
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. ' H .1*'^ 

Celest accepts two Basic Inertial System epoch times. One choice is 1950.0, the other is zero hours of the 
day ol the trajectory epoch time. The input is in calendar days and the .077 references to 1950.0. 

The value of T is computed from the same formula as TQ and differenced with 70. 

The C transformation contains the nutation terms and transforms coordinates from the mean 
equator and equinox system of time / (Basic Ine.tial System of túne t) to the true equator and equinox 
ot time /. This transformation accounts for the nutation in longitcie and obliquity. Let 

H = nutation in longitude measured from the true vernal equinox to the mean vernal equinox of 
time r, measured in the ecliptic plane. 

£ = mean obliquity 

£ = true obliquity 

0£ = nutation in obliquity 

be as described in Diagram B-2. 

We can now compute 

(C-27) 

where 

n 
c = 

0 0 ' 

0 cos E -sin £ 

.0 sin £ cos £. 

cos (6^) -sin (5^) Ol 

sin (5^) cos (61/1) 0' 

0 L 0 

10 0 

0 cos £ sin Ê 

1J lO -sin £ cos £_ 

'12 Lt3 Ci 1 

c2i cn £33 

Lc31 c32 C33_ 

terms, we have 6£’ exl,anding<l, in a Power series about (66£) = (0,0) and retaining second degree 

11 - i - 
(H)2 

C’l2 = 

13 

-5(// cos £ 

-5i// sin £ 
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C2i * 6^(cos e - 6e sin £) 

C2} * -6e - sin £ cos £ 

Cj! = ôi//(sin Ë + 6e cos £) 

sin E cos £ 

C32 * 6£ - sin £ cos £ sin £ cos £ 

The B transformation goes from the inertial true equator and equinox system to the instantaneous 
earth Pxed system (E\F',G'). Letting A be the longitude of the Greenwich Meridian from the true 
vemcl equinox «t time t gives 

(C-28) 

where A ' //q + A//(i) + ¿5(f - A/2) 

Hq * Mean Greenwich hour angle at zero hours January one of the epoch year. Epoch in this 
case refers to the epoch of the trajectory integration. HQ is cither obtained from input or 
computed from the input Julian dctc d of midnight of the start of the epoch year. 

H0 = 1.74799048989 + (1.7202791487893 fc-02)D 

+ (5.06424735759 E - 15)D2 (mod 2n) 

D = d - 2436935.0 

A//(r) * Equation of the equinox - difference between true and mean sidereal time. These 
daily values are stored on the Sun -Moon File at ¢/1 UTC . 

w = Earth's mean sidereal rotation rale determined by the time lapse between successive 
transits of the mean equinox. Tl.is value is usually set on input to 
.7292115855 E -04 radians/sec. 

t = time in sec from the beginning of the epoch year. 

A/2 = Approximate (UTC-UTI) value. A more complete description is given under Polar 
Motion in Appendix A. 
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Mean solar day ^ 

Mean sidereal day t 

t 

.7272205218 

727220S218 £ - 04 + recession rate of equinox 

recession rate - .1991063831 £-06 

Thetransformation corrects for polar motion by going from the instantaneous earth fixed system 

(£' F’G'lto the reference ellipsoid system (£\F,G). The displacements from the CIO pole of the 

instanl’aneous axis of rotation are given as Ap and At/ in radians. The Ap val le is measured from the 

pole in the direction of Greenwich while At/ is measured perpendicular to this direction, positively 

towards the west In addition to the polar motion values the A transformation incorporates part of the 

seasonal correction (UTC-UT1). The (UTC-UT1) value A/1 was decomposed (Appendix A) as 

Ar, = Aii + A/. Rather than incorporate Af, into the ß transformation the program wUl use A/2 

in B and place A/ in the A transformation. A drift value At is also placed in the A transformation and 

the progum can consider (Ap, Ap, At, At) as parameters of improvement. 

We can now write the transformation as 

1 -cj(Af + rA0 &P 

¿(At + tAt) 

-Ap 

1 

Aq 

-Aa (C-29) 

where A is evaluated at the beginning and end of a day and linear interpolation is used for intermediate 

value». The value t in the transformation is measured from the begin ning of the vear. 

DECOMPOSITION OF Ar, 

Recall the polar motion discussion in Appendix A wheie Af, was decomposed as Af2 + Af. The 

correct value to use in the angle A of the B transformation is A.,. 

Ã = //0 + AH(t) + c5(f - Af,) 

This gives 

A = A - ¿At 

Letting ß be the corresponding ß transformation using Ã gives 
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B 

cos Ã sin A O" 

-sin A cos A 0 

Lo 0 1. 

cos (A-23 Af) sin(A-wAf) 0 

-sin (A - ¿3 Ai) cos (A-23 Aí) 0 

Expanding and using cos (e) = !, sin (£) = £ for £ small give 

cos A + cu Ai sin A sin A - to Ai cos A 0 

ß = -sin A + tõAí cos A cos A +cõAf sin A 0 

0 0 1. 

B 

cos A sin A 0 

-sin A cos A 0 

0 0 1. 

+ to Af 

sin A -cos A 0 

cos A sin A 0 

0 0 0. 

= S + coA. 

'0 -1 0' 

1 0 0 

L0 0 0. 

cos A sin A 0 

-sin A cos A 0 

0 0 1. 

B + 

0 -23 A f 0 

23 Ai 0 0B 

L o o o_ 

“ 1 -23 Ai 0“ 

coAf 1 0B 

0 0 1- 

Thus the A transformation is defined as 

A* 

1 0 

0 1 

_-Ap Aq 

Ap 

-Aq 

1 

’ 1 

w Af 

0 

-I’oAf 0 

1 

0 

0 

u 

retaining only first order differentials. 
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Appendix D 

FORCE MODEL 

Recalling (71), (74), and (75), the equations of motion can be expressed as 

(D-l) 

X = G{x, X, p) = 2A, 

where each A, i, an acceleration tern, and p repreaenta the ae, of model paramare,a. 

The individual acceleration terms are 

Ae = acceleration dut to the gravitational field of the earth 

As = acceleration due to the gravitational field of the sun 

A = acceleration due to the gravitational field of the moon 

Ad = acceleration due to atmospheric drag 

Ar = acceleration due to radiation pressure from the sun 

A - acceleration due to the solar tidal distortion 

A = acceleration due to the lunar tidal distortion 

A - acceleration due to vehicle thrust. 

When we compare acceleration, m theb^irreml 2,™ *¿gTtod“rknUtión'ofte star.. We can 

system at some epoch time TO. 

■ n „rom ri 1 wp have the acceleration in the basic inertial system. 
On the left side of the equation in Diagram D- contained in the first term. The second 

On the right we nave the acceleration in an ^ ^ ^ sources acting 0n the basic system 

term, called mdirect accelerationist^ ® such as tidcS| earth mass, and atmosphere have no 

and lunar ^ at 

consequently is negligible. 
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GRAVITATIONAL FIELD OF THE EARTH 

The earth’« potential in an earth fixed frame F', G') is 

(D-2) 

where 

ae = Semi-major axis of the earth 

- Legendre polynomial 

H = Earth’s gravity constant 

X = Longitude with respect to Greenwich 

Cnm<snm = Gravity Parameters 

Since the coordinate system has its center at the earth’s center of gravity we have C10 = Cu = S, t = 0. 

fhe earth gravitational acceleration can now be given by 

A “VoK* in the (XYZ) frame 
£ t\ 

For the purpose of calculation we rewrite (D-2) as 

N n 

K-X; £ |c„mrcts,mci »’‘I 
(M) 

n=0 m*0 

in' 
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ym = ¡ja" (■-— ) sin (m\) 
e \ n +1 Jrr+1 

noting that ^ = Cn =C10 = SU =0. Define the transformation £ by 

BCD 
E = 

(D-5) 

Introduce the longitude by 

0(A) * sin (0) cos (X) = — ¿jtuxi 
im\ 

S(A) = sin(0)sin(A)=^¡¿£2¿* 
(D-6) 

/=1 

where 

0 = cos rill 
in y 

= inertial components of r 

Using the recurrence relations for Legendre polynomials we have recurrence relavions for l/and V given by 

= 
n+1 (n - wi + 1) 

(2« + l)^-(n + m)pCi] 

/W = r, (2n+l)C -(n + "»)pK jn " 
(D-7) 

n+1 (n-m + 1) 

(D-7) is called horizontal stepping and (D-8) is called diagonal stepping 

l#!1 =(2«+l)p[^aX)-K"S(X)l 

r^*(2/i + i)p[^o(X)+i^s(x)i (D-8) 

ÉflÉIÉÉliftiÉtiÉttÉ 
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. 

... JOM 

where 

Irl 

l'sing the values 

lf>= 
in [/,1 

Weg 

in3 

^ = 0 Kf = 0 

it,{ 2,3,...iV. Wethen we start at n = 1, m = 0 in the horizontal siepping equauun auu wuipuK ^¡ , ' ¡ *«» • - -.-.- - 
utilize diagonal stepping and calculate U¡, V¡. Returning to horizontal stepping enables the calculation of 
Uj, V} for i - 2,3,... N. This process is repeated until m-M, where M <N. Note that 

irm (- l)m(w -m)! -- Um 
(n + m)! " 

-m = (~l)W>1(w -m)! ym 
(n + m)! 

We can now compute D-3 by 

JV n 

vE'L E|c-»a*^+s nmae vCl 
n*0 m=0 

(D-9) 

where VR is the gradient in the inertial system, V is in the earth fixed, and ae is the earth semi-major axis. 

The recurrence relations for Ví/and VK can be given by 

aeWnn ■m 

\ ■CCI1 - \ CÍ 

* 1 i^m+1 
2 Hn Kn+1 " 2 

.(n-m + l)i/;+1 

(tMO) 
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(D-10) 
(Continued) aew:= 2 An UnH + 2 "+1 

where 

= (n - m + IX« + 2) 

GRAVITATIONAL FIELD OF THE SUN AND MOON 

Coordinates of the sun and moon are stored on a file (sun-moon) at one-day and one-half-day inter¬ 
vals respectively. A sixth order Lagrangian interpolation procedure Is used to obtain these values from the 

file. 

The equation for acceleration due to the sun is 

with a similar expression for the moon. 

(D-ll) 

TIDAL DISTORTION 

The gravitational (tidal) attraction of the sun and moon causes the earth to become elongated on a 
axis pointing toward the disturbing body. The redistribution of mass results in a perturbation of the earth 

own gravitational field, which is represented by the potentials 

Us--Kl 

Um=-KL 

Ir,!3 Irl3 
PiV'V 

kJ3 kl3 

P2Cr*?m) 
(D-12) 

where K¡ is Love’s constant and Pj is the Legendre polynomial. 



The associated acceleration is given by 

(D-13) 

with a similar expression for A!¡n. 

RADIATION PRESSURE ACCELERATION 

A shadow test is performed to determine if the satellite is in sunlight or shadow. If r-rs > 0 then the 
Satellite is in sunlight. If rrs < 0 then we compute \rxrs\. If ]rxfs\ is less than ae, the satellite is in shadow; 
and, if not, then it is in sunlight. When the satellite is in sunlight we compute the acceleration by 

where s is the satellite cross-sectional area and m is satellite mass. 

When the satellite is in shadow Ar is set to zero. 

ATMOSPHERIC DRAG 

The relative velocity of the satellite with respect to the atmosphere is 

where (r, r) is the inertial satellite position and velocity. The acceleration of the satellite due to drag can 
now be expressed as 

Ad = -CDpj^ KK (D-15) 

where m is the satellite mass,? the satellite cross-sectional area, and p the atmospheric density function 
defined by 

p= Exp[Ah-B-(a2^Dh-E)in) 

where A, B, C, D and E are input values. 





THRUST 

The satellite thrust provides acceleration 

At = RA 

where 

A ? --^ 

R = [r.r.rxr] or R = / 

(D-16) 

The values for A are specified in a thrust profile which gives A as a step function of time. The correct 
value for A at any time line is obtained by examining the profile. In the event that the R = 1 option is 
selected the program will check the cycle number during integration and if it is the first cycle the input A 
values vill be rotated to the inertial frame before they are used. Subsequent cycles will use the input values 

as given. 
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Appendix E 
PERTURBATION EQUATIONS 

Integrating 74 and 75 requires establishing initial conditions, which in the case of 71 are non-zero. If 

the element option is selected then òx{ít)lbe(ts) is computed by 

dr 

de sin (w) 1 -e' 
sin (w + f) + e sin (w) - e cos (w) 

esin/T 

1/2 

(—) [-/l + —'—\cos(w + E) 
\ a{\ -e2)y 

Ir| / , (ecos£ + (1-e2)1/2)l 
+- e cos (w) --- r 

¢(1-e2) l+(l-e2)1/2 J 

dr 

de cos (w) 1 -e" 
cos (w + £) + e cos (w) + e sin (w) 

e sin (£) 

1 +(1 -e2)1/2 

1/2 

1 + 
in 

sin (w + £) 

in 

¢(1 -e2) 

(ecos £ + (1 -e2)1^2) 

¢(1 -e2) 
e sin (w) 

1 + (1 -e2)1/2 

dr 

di 

' z sin Í2 \ 
■ z cos Í2 

\y cos Í2 - X sin Í2 / 

9r / a 

98 \H 

1/2 
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partials for the earth gravitational field 

Using (D-9) we can obtain V by 

V m 

>i*0 m=0 

(E-2) 

where 

a2y2um e n 

- Ama VUm~l -~a An ae viyn+1 2 «ev 

1 

2y2t/W = 
e n 

-(n-m + \)aeW”+l 

WJ?,? *-,''W"? 

-{n-m + DU'W™, 

(B-3) 

The partials for Cnm and S„m are given by 

Mrv 

ac. 
= E a VU™ e n 

nm 

(n, m) # (0,0) 

(E4) 
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/*l\ 

Setting r: 

Vs, 

/n 

Yil 

gives 

M 
3(rr) 

dr _dr_ drxr 
d(r'r) ’ d(rr) ’ d(rr) 

dr 
d(rr) 

ï í|=f.3Í ,o 
[dr ’ L9r 

9r 

9r in 
rr’ 

in' 

dr dr dr 

dr ’ dfj 

dr 

L0, dr 

df = J_ 

df= in /- a* 
w2 

drîr 

d(rr) 

drier drxr 

dr ’ dr 

drier 

"dT 

n 7 

Irxrl 
I-rr* 

Irxrl2 

drier 

df 

n. r 
Irxrl 

/-rr 
Irxrl2 

where 

rxr = 0./= - her = - O-r 

Or 

0 -x3 x2 

x3 O -X, 

LIX2 

r*2+X3 '*1*2 ” *1*3 

o*or •x.x, X2+X2 -*2*3 12 1 

LZ*1*3 -*2*3 *1 + *2 • 
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Appendix F 
GRAVITY PARAMETERS 

~ „limhPr of eravitv parameters can be included in the orbit solution. The total 

„umbe?c,?S X«- can be » high aB 32^ tan« ca* can .h. .Ota. nc be, of dynamic 

parameters exceed 39. A given gravity parameter g will be cnm or s„m. 

The other partíais used in (75) are 

— = (BCD)* 
9« 

V(^ g =cnm 

VC g =sn *nm 

m »tationa äa/ä? .r= placed on <h= PerluBbed Trajecio^ File and used in expanding the pass matrix to 

include gravity parameters. 

GRAVITY INCLUSION 

_^òD* dDj ax’di) 90* 90,. 9x(?,) 

dfí = L 9g, "" drttj 9x(f,) 9«2 

If we approximate dx^/dg by dM^MtcA) dx(tcA)/dg then 

v dx*(tcA) dx^} dD! dD‘ iííííL dx(‘£â) 
filh = L dgj âx(/cvl) 9x(í,) 9x(f,) 9x(fivl) 9g2 

dx(/£Vl) 



Define the gravity inclusion transformation ICL~ by 

ICL~ = 7’"’(^0))^(^(1)))^(^) 

During the expansion procedure an epoch change from t, to /,(1) is carried out. If in ICL~, / (1 ) is taken 
as the8presentPepoch of the pass matrix then the pass matrix can be further expanded to include gravity 

parameters by 

r fCL - JC! t FExp 
hpass~‘LLK 

(F-3) 

(F4) 



.. 
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Expnding F-3 gives 

pav 

^ee Bem BeeICL~ 

Bmui BmJCL~ 

B eh 

B, mb 

lCL~BeeICL~ ICL~Beb 

B bb 

pICL _ 
pas. 

fCL~Ee 

L Eb 

GRAVITY UPDATE 

The Celest Program checks to see if the epoch of fit is different than the epoch of the perturbed 
trajectory. If it is, an epoch update for gravity is required to reference the gravity improvements to the 
new epoch time ff(l). We define the gravity update transformation by 

upr 

^orbit, orbit 
0 

0 

0 

0 

'model, model 

.0 / 

'TT 

0 

0 

gravity, gravity 

0 / 

0 

0 

o 

bias, bias_ 

where xg = ~ " ^0,(0)) 

^0,(0) = 
0 g*ß 

. ^-0,(0) g = ß 

r0 if the program is improving coordinates 

^0,(0) a</0 
if the program is improving elements 

r(tA\))l2ßl 

152 

.... 



Using the transformation Upg, gravity update is accomplished by 

gupdared = up;^ 
pass 

(F-6) 

The effect of applying Upg to Æ , as indicated in (F-6), can be obtained by multiplying the orbit columns 
on the right by x_ and adding the result to the gravity columns. Next multiply the orbit rows of the r.ew 
ÈfCL by ^ on the left and add the result to the gravity rows. The final result is ß^,ed ■ ¿’p“ is 

obtained with the row operations only. 

GRAVITY PROPAGATION 

After having obtained a solution including gravity improvements Ag, the A? values must be included 

in the propagation procedure. Tris can be accomplished using and xx defined below. 

* * (F-7) 

^(/,(1^0,0)) - ^0,0)))= -x^/jd)) /,(1) </ </ff(i) 

where ^(/,(1)) is from (F-5). 

In the algorithm for this work described in the Propagator Section, there are no changes, x is initialized at 
7 (^(1)) and never changed. is initialized at ¢^0)) and changes at every lime line. 
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Appendix G 

B-1NV£^SE FILE (TAPE24) 

_ » , tm.ípo'-f FILE IS WRITTEN 0Y THE aSCLy/R SECTION OF 
IN THE Propagator (COVARI section, it con- 

CELES! TO 3t JSc.0 rwoc~ PFnRO TYPE 1 IS A HEAOER RECORD 
SISTS OF THREE RE'0Ri? a^thE FIRST RECORD OF EACH FILE. 
FOR THE FILE AND APPcARi ONLY Aj ^£R^^}Eo EACH SOLUTION. IF 

REC0R° T|C3nnfir TNG Îh" F IL IS A LONARC RUN. THEN RECORD TYPES 
THE RUN ^0°UCING1 ^H; PiLE inwcvFR, IF THr RUN IS A SHORT ARC 

^:DREcÎrOEÎyPESL2 A^E3 ^RE^REPEA TcO JoR EACH SHORT ARC. 

FORMAT OF 3-INVERSE FILE 

RECORD TYPE 1 

WORD SYM30LIC 

NO. TYPE NAME 
DESCRIPTION 

10(1) 
10 ATE 

SATELLITE NO. 
TIME CLOCK VALUE OF RUN 

RECORD TYPE 2 

WORD SYMBOLIC 
NO. TYPE NAME 

description 

REV NUMBER OF SATELLITE 
NUMBER OF PARAMETERS IN SOLUTION 

DESCRIPTION 

U3PER TRIANGULAR PART OF B-INVERSE 

MATRIX 

DELTA P VECTOR (PARAMETER IMPROVEMENTS» 



¡"•»
••

ir
 ¡

¿>
1'—

s 
M

iM
H

i 

fi 

RECORD 

MORO SYMBOLIC 
NO. TYPE NAME 

GRAVITY FILE (TAPE21) 

THE GRAVITY FILE CONTAINS THE GRAVITY COEFFICIENTS JSEO 
TO CO MPU T E THE GRAVITY CONTRI BUT ATION TO THE FORCE EQUATIONS IN 
THE ORBIT GENERATION SECTION OF CELÊST• THE FILE HAY BE CREATED 
IN THE INFTS SECTION BY READING THE COEFFICIENTS FROM CAROS. 

GN AME 
NC SC 

MGP 
NGP 
CGP 

SGP 

* WHERE L=7C7 
** WHERE K=141ö 

DESCRIPTION 

GRAVITY SET NAME 
NUMBER OF INPUT CAROS CONTAINING C ANO S 
VALUES 
MAXIMUM OROER-M 
MAXIMUM DEGEc-N 
ARRAY OF 7Ü 3 VALUES CONTAINING THE 
C GRAVITY COEFFICIENTS 

ARRAY OF 74,3 VALUES CONTAINING THE 
S GRAVITY COEFFICIENTS 
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SH0R1-ARC SELECTOR FILE (TAPEES) 

RECORO NO. 1 

MOR O 
NO. 

SYMBOLIC 

TYPE NAME DESCRIPTION 

1 
2 
3 
4 

5 

F 

F 
F 
F 

I 

TO (1 ) 
TO (2) 
TO (3) 
10(1) 
L 

YEAR OF ARC EPOCH 
DAY OF ARC EPOCH 
SEC. 3F ARC EPOCH 
SATELLITE NUMBER (NSWC) 
MAXIMUM NUMBER OF LONG ARC PASSES ALLOWED 

RECORD NO. 2 

WORD SYMBOLIC 
NO. TYPE NAME description 

1 
2 

I 
I 

NL AP 
N3 (1) 

301 
30 2 
3Ú 3 

A 

NUMBER OF LONG ARC PASSES 
ARRAY OF 300 WORDS CONTAINING 
PASS NUMBERS WITH TAGGED PASS 

SET NEGATIVE 

LONG ARC 
NUMBERS 

NB (300) 
KSTA(l) 

601 
6J2 
60 3 

ARRAY OF 300 WORDS CONTAINING STATION 

NOS. OF THE LONG ARC PASSES 

KSTA (30 0 ) 
TCA(l) ARRAY OF 300 WORDS CONTAINING THE TIME 

OF CLOSEST APPROACH OF THE SATELLITE TO 
THE STATION FOR EACH LONG ARC PASS 

F PH Oil ) ARRAY OF 300 WORDS CONTAINING THE STATION 
LATITUDE (DEG) FOR EACH LONG ARC PASS 

49 
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SHORT-ARC SELECTOR FILE ( CONT.) 

RECORC NO. 3 

WORD SYMBOLIC 
NO. TYPE NAHE 

1 I NREV 

2 I NRYS 
3 I NOPA 
4 I NT PA 
5 F P 
6 F T3 
7 F TRAT (7) 

F ANGLEI 

9 F OtLHIO 

10 F RNHOOO 

DESCRIPTION 

NUMBER OF 
SELECTOR 
NUMBER OF 
NUMBER OF 
NUMBER OF 

REVS CREATED BY SHORT-ARC- 

REVS PROCESSED 3Y CELEST 
LONG ARC DRAG PARAMETERS 
LONG ARC THRUST PARAMETERS 

PERHO (SEC) OF SATELLITE 
START TIME OF 1ST REV (SEC. FROM EPOCH) 
INTEGRATION INTERVAL (SEC) 
INCLINATION ANGLE (RADIANS) OF SATELLITE 
ORBIT 
DELTA MID LATITUDE (DEGREES) (USED FOR 
QUALITY FACTOR CALCULATION) 
NEIGHBORHOOD OF TCA (SEC) (USED FOR 
QUALITY FACTOR CALCULATION) 

RECORD NO. 4 

WORD SYMBOLIC 
NO. TYPE NAME 

1 
2 

I 
I 

IRVS(l) 
IRVS(2 ) 

DESCRIPTION 

ARRAY OF 17 WORDS CONTAINING REV NOS. 
PROCESSED BY CELEST 

17 I IR VS (17 ) 



SHOR 1-ARC SELESTOR FILE ( CONT.) 

RECORC NO. 5 

MORO SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

1 
2 
3 
4 

F 
F 
F 
F 

TR Ei/ (1) 
TREV(2) 
TR EV (3 ) 
TR€V (4) 

START TIME CF FIRST REV IS'C. FROM EPOCH) 
ENO TI MF: OF FIRST REtf (SEC. FROM EPOCH) 
START 
END 

33 
34 

TREV (17) 
TREV (17) 

START 
END 

2ND 
2ND 

. 17TH 

. 17TH 

t 

t 

RECORD NO. 6 

MORO SYM30LIC 
NO. TYPE NAME DESCRIPTION 

1 
2 

F 
F 

OTIMS(l) 
orins< 2) 

A F FA Y OF ¿ü MOROS CONTAINING THE LONG 
ARC DRAG TIHtS (SEC. FROM EPOCH) 

20 OTIM S ( 2 0 ) 

1S8 

1 

I 
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SHOR 1-ARC SELECTOR FILE ( CONT.) 

RECORD NO# 7 

WORD- SYMBOLIC 
NO. TYPE NAME 

DESCRIPTION 

1 
2 

P m.iu.n ST'w'uir'oF lsi thwst.sec froh epoch) 

F TTIHSÍ2»!) ENO TIHE OF 1ST THRUST . • 

7 
8 

F TTIMS (1.4) START . 
F TT IMS ( 2. ) ENO . 

4TH 
4TH 

• • 

• • 

• • 
• • 

• § 

RECORD NO. 8 

WORD SYMBOLIC 
NO. TYPE NAME 

DESCRIPTION 

1 
2 
3 
4 

I 
I 
I 
I 

NSDA(l.l) REV HJ N8ER OF 1ST RE V 

NSDA (2 » i ) NUMBER °F q°^G 
.icTAii RtV NUMBER OF 2ND REV 
NSOA(2*2) NUMBER OF 0RA6 SEGMENTS FOR 2N0 REW 

33 
34 

. » 

. * 

. * 
NSD A (1.17) 
NSD A(2, 17) 

RECORD NO. 9 

WORD SYMBOLIC 
NO. TYPE NAME description 

1 
2 
3 
4 

F 
F 
F 
F 

ÓSA (1 .1 ) 
OSA(2 *1) 
OSA (3.1) 
OSA (4.1) 

START TIME OF 1ST SHORT-ARC(S A) 
END TIME OF 1ST DRAG ScSMENT OF 1ST SA 

2ND 

• • 

t • 

• • 

3RD 

§ 

22 
23 
24 

F 
F 
F 
F 

OSA (21.1) 
OSA (1.2) 
OSA (2 .2) 
OSA (3.2) 

t • 

• • 

. • • 2ÙTH * * ‘-r.* * 
START TIME OF 2NU ¿H0RT-ARC (StC) 
FNO TIME OF 1ST DRAG SEGMENT OF 2NO SA 

2ND 

357 F OSA (2 1.17 ) 
ENO TIME OF 2CTH DRAG s'eGMENt'oF 17TH SA 
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SHOR 1-ARC SELECTOR FILE ( CONT.I 

RECORD NO. 1Û 

WORD SYÍ9 0LIC 
NO. TYPE NASE 

1 
2 
3 

17 

F 
F 
F 

F 

CAS A ( 1) 
CAS A (2 ) 
CASA ( 3) 

CASAÍ 17) 

DESCRIPTION 

AVERAGE SA DRAG LENGTH FOR 1ST REV (SEC) 
2ND 
3RD 

ITT H 

RECORD NO. 11 

AORO SYMBOLIC 
NO. TYPE NAME 

1 
2 
3 

17 

I 
I 
I 
t 

• 

KNOEXT(l) 
K ND E X T ( 2 ) 
KNO EX T{3) 

KND EX T(17 ) 

DESCRIPTION 

NUMBER OF DRAG EXTENSIONS FOR 1ST REV 
. 2ND 
. 3RD 

! 17TH 

RECORD NO. 12 

HORO SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

, J fcSAp NUMBER OF SHORT ARC PASSES 
2-8S)ù I ITAGS(I.J) SHORT ARC PASS TAGS FOR JTH SHORT ARC (REV) 

1=1,51 
J=1,17 



O-C) FILE (Taf»F7) 

THE (O-C) FILE IS WRITTEN IN THF FILTER SECTION OF CElEST. 
US LALL Y THE ADJUSTED (O-C) ARE WRITTEN, HOwEn £R THERE IS AN 
INPUT OPTION TO THE FILTER SECTION TO WRITE THE UNADJUSTED 
VALUES VICE THE ADJUSTED. IF A PASS IS REJECTED IN THE FILTER 
THEN THE UNADJUSTED (D-C)S ARE WRITTEN. FOR ANY REJECTED POINTS 
WITHIN m PASS, THE TIME CORRESPONDING TO THE (O-C) FOR THAT 
POINT IS WRITTEN AS A NEGATIVE TIME. 

RECORD NC. 1 

WORD SYMBOLIC 
NO. TYPE NAHE DESCRIPTION 

1 F 
2 F 
3 F 
4 A 
5 I 
ó I 
7 I 
6 F 

TCA 
YEAR 
DAY 
ISTA 
ICLAS 
XTYPE 
NO 
TIMO (1) 

TIME OF CLOSEST APPROACH OF PASS 
YEAR OF PASS 
DAY OF PASS 
STATION NUMBER 
CLASS OF DATA 
TYPE DF OATA 
NJM3ER OF OBSERVATIONS IN PASS 
TIME OF 1ST OBSERVATION 

• • • 

• • • 

7+ NO F TIMO (NO) TIME OF LAST OBSERVATION 
8 + NO F OCAJJÍ1) (O-C) OF 1ST OBSERVATION 

.♦2*NO F 
’Ml 

MU I 

§ « • • « 

OCAQJ(NO) (O-C) OF LAST OBSERVATION 
SATNOi SATELLITE NO. (NSWO 
SATN02 SATELLITE NO. OF SECONDARY SAT. 

* WHERE P = 7*2*NOU 

THE ABOVE RECORD IS REPEATED FDR EACH PASS 
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»TYPE 
DA Y 

XS (I ) I =i » 3 
XMCIÍ1 = 1» 3 
XM(I)I=1»3 

OL SI 

13 fP 

!<♦ OL Z.P 

15 OLT 

1 É 

1 7 

F 
F 

OLM 

18 
19 
2û 

F 
F 

O 
JUM 
OU H 

RECODO ANO FILE 10 
□ AY NJMBER OF OAT A 
C OOROINA TES OF SUN AT ONE OAY INTERVALS 
COORDINATES OF MOON AT HALF DAY INTERVALS 
COORDINATES OF MOON AT NAlF OAY INTERVALS 
NUTATION IN LONGITUDE OF THE SUN 
ZERO HOUR EPHEMERIS TIME 
OaLHUlTY OF ECLIPTIC 
ZERO HOUR EPHEMERIS TIME 
NUTATION IN OBLIQUITY 
(DESSELIAN DAY NUMBERS)( NE GATIVE OF 

COLUMN B FROM NAUTICAL ALMANAC) 
ROTATIONAL CORRECTION» DETERMINED FROM 
YEARLY STRAIGHT LINE FIT TO UT1-UTC 
EQUATION OF EQUINOX AT ZERO HOUR UT 
FOLAR MOTION VALUE (DISPLACEMENT TOWARD 

GREENWICH) 
FOlAR MOTION VALUE (DISPLACEMENT WEST) 

DUMMY WORD 
DUMMY WORD 

RECORD TYPE 2 IS RE’EATEU ROD TIMES. 
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SUN-KOON FILE C CONI.) 

LAST RECORD OF TYPE 2 IS A DJMHY RECORD 

IN WORD 1 

! F RTYPc RECORD ID (-119) 
2m2C F OUM DUrtHY WDROS 

WITH NEGATIVE VALUE 

INDICATES END OF YEAR 

ENC OF INFORMATION RECORC 

1 F RT YPE 

2 F FY EAR 
3 F TYEAR 

RECORD ID (-199999) INDICATES END OF ALL 

DATA 
FINA. YEAR 0^ FILE 
NO. OF YEARS ON FILE 

RECORD TYPES 1 ANO 2 ARE REPEATED FOR ADDITIONAL YEARS OF DATA 
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OATA CLASS/PASS 0IAGN0STI3S (TAPE27) 

THE OATA CLASS FILE IS A OOUBLV INDEXED RANDOM ACCESS MS 
FILE WRITTEN IN THE 3S0LWR SECTION OF CELEST. £ ACK RECORD IS 
515 WORD« LONG. A RECORD CONTAINS INFORMATION FOR EACH PASS 
OF A GIVEN CLASS-TYRE IN THE ARC INTERVAL. THE hASTER INDEX 
IS THE IhOEX OF THE SHORT-ARC (REV) AND THE SÜDINDEX <K> IS THE 
POSITION OF THE CLASS-TYPE IN THE CLASS-TYPE ARRAY. THE FOLLOW 
ING TABLE GIVES THE K INDEX AND THE CORRESPONDING CLASS-TYPE. 

K CLASS-TYPE 
1 7 5 
2 7 7 
3 9“ 

A 9 5 
5 S3 
f 9 9 

RECORD FORMAT 

«ORO SYMBOLIC 
NO. TYPE NAME 

1 F SN 
2 I J 

3 F TO(2) 
4 I ND3(I) 

U 3* J 

KSTrt( I) 

Z£ ROcS 
TTCA (I) 

DESCRIPTION 
SGLS FREQUENCY 
DOPPLER FREQUENCY 
RANGE DIFFERENCE (ITT) 
RANSE DIFFERENCE (SGLS) 
RANGE DIFFERENCE (GEOCcIVER) 
RANSE DIFFERENCE (CCIO) 

DESCRIPTION 

SIGNAL-T0-NOISE OF SHORT ARC 
NUMBER OF PASSES IN THIS RECORD OF 
KTH CLASS-TYPE DATA 
DAY OF SHORT ARC EPOCH 
PASS NUMBER OF ITH DATA PASS OF KTH TYPE 

• • § • • • • • • 
WORD OF ZERO 

• t • 

• t • 

STATION NO. OF ITH DATA PASS OF KTH TYPE 
• • • • 
• • • • 

• • • 

• «I • 

TCA FOR ITH DATA PASS OF KTH TYPE 
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wORü SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

15h ¿1^(15 ELEVATION ANGLE ITH DATA PASS OF KT H TYPE 

153♦J . 
2£4 F PHD(I) 

• • •••••• 
LATITUDE OF STA FOR ITH PASS OF KTH TYPE 

203+0 . 
254 F 3SL (5. I ) 

. ••*»•••• 
FkEQ. BIAS SOLUTION FOR ITH PASS OF K TYPE 

. * 
253+J . 

3w4 F 

3C3+J 
354 

• 

353+J 
VC 4 

• 

4C3 + U 
454 

t 

453 ♦ J 
5G 4 
5.5 

F 
F 

F 
F 

DRV (I) 

0<R(I> 

. • • «.«••• 

RADIAL COMPONENT OF NAVIGATION SOLUTION 

• • 
TANGENTIAL COMP. F NAVIGATION SOLUTION 

SIGRAD(I) RADIAL SIGMA OP NA 

SIGTANII) 

RdSOVT 
RwSDRT 

. • 
TANGENTIAL SIGMA 

. . 
VIGATION SOLUTION 

OF NAVIGATION SOLUTION 

RWS OF RAOIAl COMPONENT OF NAVIGATION Sec. 
RHS OF TANGENTIAL COMP. OF NAVIGATION StL. 

THE ABO VE RECORD 13 REPEATiD FOR E ACM CLASS-TYPE OF DATA IN 
EACH SHORT A PC FOR EACH SHORT ARC IN ThE RUN GcNERATING THE FILE. 



STATEN TA 'ILE FILE (TfcPEóí 

ru' 'TATTON TAßL^ FILE IS A COC FORTRAN EXTENDED RANDOM 
access .sÍmbJÜc “e?> Vice-hit* a h.xihuh oe iij ^»»os. one 
c-i'nCT T«; rfRITT^N FOR c ACH STATION. THE FILE IS OREATED ÖT » 
picGKAN eoísíó'-ÓV THE CELIST PROGRAM USING HRITE-IN-PLACE• THE 

ST MQ CL IC KEY IS THE ALPriAN JN FRIC STATION NUMocR. 

»FCO FD FCRMAT 

HORO SYMBOLIC 
NO. T'PE NAME 

1 A STA 
¿ F LAMBDA 
3 F 'HI 
* F ALT 

b-15 
16-3*5 F TC 

16-3 85 I NS EG 

¿96-755 F SE Cl 
756-UE5 F 3EC2 

1126-1495 F SEC3 
14 96-18 65 F TCI 
i966-2¿c5 F TC 2 
2236-26..5 F TC3 
26L6-2975 F TCIO 
297o-3345 F TC 2D 
3346- 3715 F TC30 

DESCRIPTION 

STATION NUMBER #ner4 
GLOD-TIC LONGITUDE OF STATION (DEG) 
GEODETIC LATITUDE OF STATION (DEG) 
GEODETIC ALTITUDE OF STATION (KM) 

NOT USED _ , r.**TTnMC 
3AILY CLOCK ERROR FOR TYPE 7 OR 9_STATI0NS 
WORD 16 = CLOCK ERROR FOR DAY 1. ^TC* 
NUM3-R OF SEGMENTS IN UAY FOR TYPE 4 OR 

Ö STATIONS 
EPOCH OF SEG 1 IN SEC OF DAY 
EPOCH OF SEG 2 IN SEC OF 0AY 
FPOC-t OF SEG 3 IN SEC OF DAY 
CLCC< ERROR AT EPOCH OF SEG 1 
CLOCK ERROR AT EPOCH OF SEG 2 
CLOCK ERROR AT EPOCH OF SE G 3 
DRIFT RATE OF CLOCK ERROR OF SEG 1 
Ü.RIFT RATE OF CLOCK ERROR OF SEG 2 
DRIFT RATE OF CLOCK ERROR OF SEG 3 

_ «onc'D oni y mi? TYPE 4 OF TYPE 3 STATIONS» I.E.. 
MORDS 366-3715 APPEmR ONLY ^ ' 7 ns q STATIONS. 
THf RECORC TERMINATES with WORD 335 FOR TYPt 7 OR 9 Slftliuna. 
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RAW 03SERrf AT ION FILE (FAPE10»11»12,13 ) 

THE RAW 08SERtfATION FILE IS A 7 TRACK, 55Ô 3PI , BCD TAPE 
TRANSMI TIED TO NSWC \IIH A DATA LINK (HOrtAHK, IBM lAti, ETC) 
FROM ANOTHER INSTALLATION CAPL, ETC). THERE ARE THREE TYPES 
OF DATA FECEHTED (DOPPLER, SEOCEIVER, CCIO). THE RECORD CONT¬ 
ENTS ARE DIFFERENT FOR THE DIFFERENT TYPES OF DATA. FOLLOWING 
ARE THE RECORD FORMATS FOR THE DIFFERENT TYPES OF DATA. 

I* 

RECORD TYPE 1 (DOPPLER) 

ITEM SYMBOLIC 
NO. TYPE NAME 

1 
2 
3 
4 
5 
6 
7 
8 
9 

lii 
11 
12 
13 
14 

13 
A4 
16 
14 
13 
14 
15 
ÊX 
67 
17 
19 
16 
3X 
Ai 

IHOR(l) 
IH OR (2 ) 

HHB (3) 
IH OR (3 ) 
IHDR (4) 
IHÛR (5) 
IH DR (6 ) 

IH JR (7) 
IHDR (8) 
IHDR ( 9) 

ME 3S 

DESCRIPTION 

DATA TYPE ( d i» 7) 
APL STATION NUMBER 
APL SATELLITE NUMBER 
Q-PAIR 
OBSERVATION YEAR 
OBSERVATION DAY 
RISE TIME 
FIRST TIME POINT IN PASS 
LAST TIME POINT IN PASS 
DTC, STATION CLOCK ERROR 
OJit FREQUENCY STANDARD CORRECTION 
NC» NUMBER OF BEATS COUNTED 
FREQUENCY AND TIME STANDARD ORIGIN 
DATA OR NARRATIVE INDICATOR 
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RAW 033ERVATI0N FILE ( C0NT») 

RECORD TYPE 2 (DOPPLER) 

ITEM SYM30LIC 
NO. TYPE NAME 

1 15 DATA (1 ) 
2 17 DA TA (2) 

DESCRIPTION 

TIME OF 1ST OBSERVATION 
OBSERVATION VALUE OF 1ST POINT 

• 

* N 
Nfi 

* N+2 
N*3 
N+4 
N+5 

15 
17 
15 
17 
15 
17 

OATA(N) 
DAT A (N*1) 
DATA(N*2) 
DAT A(N* 3) 
DATA (N*4) 
DATA (N*5) 

TIME OF (N*l) /2 OBSERVATION 
OBSERVATION VALUE OF (N+D/2 POINT 
TIME OF ITH TIME CORRECTION POlNT*I=lt40 
VALUE OF ITH TIME CORRECTION POINT,I*lt40 

TIME OF (N*2) /c. OBSERVATION 
OBSERVATION VALUE OF (N*2)/2 POINT 

* 

M 

. rut T IM£ COkfvLCVION POINT5 OCCUR R«NOOHU HITHIN THE REOORO. 
IF THF ¿VEN OATA MORO IS LcSS THAN Ibii-OtOt H- OATA PAIR I 

TIME CORRECTION POINT. 
** M LESS THAN OR EQUAL 6Ot) 

RECORD TYPE 2 MAY REPEAT *3R A PASS IF MORE THAN 3Û G POINTS ARE 

IN THE PASS 

RECORD TYPE 3 (DOPPLER) 

ITEM SYMBOLIC 

NO. TY PE NAME 

1 A6 LOSRCO 

OESCRIPTION 

SIGNIFIES END OF PASS. 
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RAW C’BSt Rrf AT ION FILE ( CONT.» 

RECORD Tt°£ i (GEDCEIVER) 

ITEM SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

2 
3 
4 
5 
o 
7 
S 
9 

1*3 
11 
12 
13 
14 

13 
14 
A5 
14 
13 
14 

13 
I¿ 
13 
13 
Al 
II 
Al 
Al 

IHOR (1) 
HHBÍ2) 

IHOR (2 ) 
IH DR(3) 
H DR (4) 
IHOR (5) 
IH DR <12 ) 
HDR(IÛ) 
IH OR (7 ) 
IHDRÍÔ) 

HOR í 9) 
IHOR (14) 
MESS 

RECORD TYPE 2 (GEOCEIYER) 

ITEM SYMBOLIC 
NO. T ÏPE NAME DESCRIPTION 

1 
2 
3 
4 
5 
o 
. 

12 
12 
12 
06 
08 
04 

DA TA (1> 
DATA (2) 
DA T A(3) 
DATA (4) 
DATAIS) 
DATA (6) 

DATA TYPE (008) 
NSWC SATELLITE NUMBER 
STATION NUMBER 
Q-PAR 
OBSERVATION YEAR 
OBSERVATION OAY 
TEMPERATURE (OES KELVIN) 

NUMBER OF POINTS 
PRESSURE 
RELATIVE HUMIDITY 
FORMAT NUMBER 
MODE NUMBER 
COMMENT NUMBER 
DATA OR NARRATIVE INDICATOR 

HOUR, TIME OF OBSERVATION 

MINUTE 
SECOND 
FRACTION OF SECOND 
DOPPLER COUNT 
REFRACTION 

ITEMS 1-b ARE REPEATED FOR EACH 08 SERAI ICN FOR UP TO 5ii 

RECORD TYPE 3 

ITEM SYMBOLIC 
NO. TYPE NAME 

A6 L3oRCO 

DESCRIPTION 

SIGNIFIES ENC OF PASS 
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RA* CaSERtfATION FILE ( 30MT.) 

(CCIO OATA) 

ITEM SYMBOLIC 
MO • TYPE NAME ÙE3CRIPTION 

IHOR(I) 
H OR(2) 

H MB (3 ) 
IHOR(3) 
HOR(L) 
IHOR (5 ) 
IHÛR (6) 

IHOR (7) 
iHOR(fl) 
IHOR (9» 
MESS 

DATA TYPE (009) 
APL STATION NUMBER 
APL SATELLITE NUMBER 
Q-PAIR 
OBSERVATION YEAR 
OBSERVATION OAY 
RISE TIME 
FIRST TIME PCINT IN PASS 
LAST TIME POINT IN PASS 
QTC» STATION CLOCK ERROR 
ÛV2* FREQUENCY STANDARD CORRECTION 
J, SUCH THAT 2**J = NUMBER OF BEATS 
OATA OR NARRATIVE INDICATOR 

OATA) 

DESCRIPTION 

I I Ifl 

TIME OF 1ST OBSERVATION 
OBSERVATION VALUE OF 1ST POINT 

TIME OF (N+D/2 OBSERVATION 
OBSERVATION VALUE OF (N*l>/2 POINT 
TIME OF ITH TIME CORRECTION POINT»I*1»MO 
TIME OF (N+2)/2 OBSERVATION 
OBSERVATION VALUE OF (N*2>/2 POINT 
VALUE OF ITH TIME CORRECTION POINTfI=l,4U 

* THE TIME CORRECTION POINTS OCCUR RANDOMLY WITHIN THE RECORD. 
IF THE TOO DATA WORD IS SREATER THAN 9wÚtil¡» THE DATA PAIR IS A 

TIME CORRECTION POINT. 

1 AE LOGRCO SIGNIFIES END Oe PASS. 
RECORD TYPES i-3 ARE REPEATED FOR EACH PASS OF DATA. 
MAY CONTAIN ALL THREE TYPES OF DATA IN ANY ORDER. 

A TAPE 
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satellite oata file 

THE SATELLITE OATA FILE IS CREATED BY AN OFFLINE 
PROGRAM. IT CONTAINS GENERAL FACTS ABOUT ALL SATELLITES 
THAT ARE RUN. THE INPUTS SECTION OF CELEST LOCATES THE 
RECORD FCR THE SATELLITE OF THE CURRENT RUN AND STORES 
THEM IN COMMON /CDSAT/. 

RECORO FORMAT 

WORD SYMBOLIC 
NO. TYPE NAME 

1 
2 
3 
4 
5 
6 
7 
ö 
9 

IQ 
11 
12 

I 
I 
I 
I 
F 
F 
F 
F 
F 
I 
I 
I 

ISATûB(1) 
IS AT AB(2) 
IS Al A3(3) 
IS AT AB (4) 

S AT A3(S) 
S AT AB(6î 
SATAB(7) 
S AT A3(5 ) 
S AT A3 ( 9) 

ISA TA 9(10) 
ISATAütil ) 
ISATABt 1?) 

DESCRIPTION 

APL SATELLITE NUMBER 
NS MC SATELLITE NUMBER 
SPASUR SATELLITE NUMBER 
SATELLITE NAME 
SATELLITE OFFSET FREQUENCY 
ONE 31T OELAY 
DOPPLER MAXIMUM 
DOPPLER MINIMUM 
MINIMUM TIME CORRECTION ^OINT GAP. 
MAXIMUM NUMBER OF TIME CORRECTION POINTS 
SATELLITE KINO l=NA\/t 2=GE0S» 3=NTS 
NOT JSEO 
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INITIAL CONDITIONS FILE ( F APE**) 

THE INITIAL CONOI1IONS FIlE CONTAINS THE CONDITIONS FOR 
SPECIFIED TINES. SEVERAL SETS OF CONDITIONS NAY 9E ON THE 
FILE FOR A GIVEN TIME. RrtEN THE INITIAL CONDITIONS ARE READ 
IN BY THE I N°T S SESTION OF CE. EST, THEY ARE WRITTEN ON THE 
FILE, THEN AT THE END OF EACH IMPROVEMENT CYCLE, THE IMPROVED 
CONDITIONS FOR THE GIVEN E3OCH ARE WRITTEN CN THE FILE. WHEN 
THE LAST CYCLE OF IMPROVEMENT HAS BEEN DONE, PROPAGATED CONDI¬ 
TIONS FOR THE TIME AT WHICH THE NEXT FIT IS TO ÛE DONE, ARE 
WRITTEN ON THE FILE. BY PROPER USE OF THE INPUT (TO) CARD. 
INITIAL CONDITIONS MAY BE READ OFF AND/OR ACCUMULATED TO THIS 
FILE. 

FORMAT OF INITIAL CONDITIONS FILE 

RECORD NC. 1 

WORD SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

1 I NWD 
2 I NB 

3 I ID(1) 
4 F T0(i) 
5 F T 0 ( 2 ) 
ó F T 0( 3 ) 
7 F OKI) 
8 F 01(2) 
9 F 01(3) 

10 F OIU) 
11 F 01(5) 
12 F 0 K 6 ) 
13 F 01(7) 
1H F 01(8) 
15 F 01(9) 
16 F 0 K IL ) 
17 F 01(11) 
18 F 01(12) 
19 F 01(13) 
2C F 01(14) 
21 F 01(15) 
22 F 01(16) 
23 F 01(17) 
24 F 01(18) 
25 F 01(19) 
26 F 01(20 

NUMBER OF WORDS IN RECORD MINUS TWO 
RECORD IOENTIFING NUMBER =2 ORBGEN OR INPUTS 

s3 BSOlVR 
SATEl 
YEAR 
DAY 
SEC. 
X ) 
Y } 
Z ) 
XÜ0T 
YD0T 
ZOOT 
CD 1 - 
C02 - 
CD 3 - 
CO»* 
CD5 
CD 6 
C07 
CD8 
C09 
CDU 

-I TE NUMBER 
OF EPOCH 
DF EPOCH 
0- EPOCH 

- INERTIAL COMPONENTS OF SATELLITE 
POSITION (KM) 

) 
> - INERTIAL COMPONENTS OF 
) SATELLITE VELOCITY (KM/SEC) 
COEFFICIENT OF DRAG FOR 1ST DRAG SEG 

2ND 
3RD 
4TH 
5TH 
6TH 
7TH 
8 Trt 
9TH 

1( TH 
COil 
C012 
CU13 
C014 

11 TH 
12TH 
13TM 
14TH 



RECORD NC. 1 í CONÍ.Í I 

W-RO SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

27 F 
28 F 
29 F 
Su F 
31 F 
32 F 
33 F 
34 F 
35 F 
36 F 
37 F 
38 F 
39 F 
4C F 
41 F 
42 F 
43 F 
44 F 
45 F 

01(21) 

01(22) 
01(23) 
01(24) 
01(25) 
0I< 26) 
0I(27) 
01(28) 
01(29) 
01(30 ) 

OH 31) 
0I( 32) 
0I(33l 
01(34) 
01(35) 
01(36) 
0I( 37) 
01(38) 
0I(39) 
N GP A 
IÛSO 
OLPGP(I) 

C015 • 
CO 16 . • 
C017 
CO 18 . . 
C019 
CO20 
AX1 ) 
AYl >-COMPONENTS OF 
AZI ) 
AX2 ) 
AY 2 >-COMPONENTS OF 
AZ2 ) 
AX 3 ) 
AY 3 }-CDMrONENTS OF 
AZ3 ) 
AX4 ) 
AY4 »-COMPONENTS OF 

. • 15TH • 

. . 16TH • • 
. . 17TH . • 
• . 18TH . . 
. . 19TH • • 
. . 20TH • 

1ST THRUST(KM/SEC**2) 

2N0 THRUST (KM/SEC**2) 

3R0 THRUST (KH/SEC**2) 

4TH THRUST(KM/SEC**2> 
AZ 4 ) 
KR - RADIATION PRESSURE COEFFICIENT 
NO. OF GRAVITY PARAMETERS 
GRAVITY 10 ARRAY (32) 
1=l.NGPA DELTA P GRAVITY 

J: 

RECOROS OF THE ABOVE FORMAT ARE REPEATED FOR EACH SET OF 
CONOITI CFS* THE NUMBER CF SETS OF CONDITIONS ACCUMULATED TO 
THE FILE DEPENDS UPON THE USER. 

F 
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PASS MATRIX FILE <TAPE5) 

TH 
OF DATA 
ING THE 
PASS MA 
FILE AN 
NATION 
TION FR 
THERE I 
RECORD 

£ PASS MATRIX FILE CONTAINS THE B-MATRIX FOR EACHJ*A5f_ 
INCLUOED IN THE SPAN OF THE TRAJECTORY USED FOR FILTER 
CATA. ONLY THE ACCEPTED PASSES ARE WRITTEN ON THE 

TFIX FILE. RcCORO TYPE 1 IS A HEADER RECORD FOR THE 
0 APPEARS ONLY AS THE FIRST RECCRD OF EACH J^FOR 
Ih THIS RECORD IS COMPARED WITH THE SAME TYPE INFORMA- 
CF THE TRAJECTORY IN THE BSOLVR SECTION OF CELEST. IF 
S A DIFFERENCE IN INFORMATION» AN ERROR STOP OCCURS 
TYPES 2 THRU 5 ARE REPEATED FOR EACH DATA PASS. 

FORMAT CF PASS MATRIX FILE 

RECORD TYPE 1 

WORD SYMBOLIC 
NO. TYPE NAME 

1 
2 
3 
4 
5 
6 

F 
F 
A 
I 
A 
A 

TRAT(l) 
T RAT (2> 
I TIME 
I0<1) 
SAT (II 
SAT (2 ) 

DESCRIPTION 

YEAR OF EPOCH OF TRAJECTORY 
DA Y “ ** ** 
TIME CLOCK VALUE WHEN TRAJECTORY 
SATELLITE NUMBER 
SATELLITE NAME 
SATELLITE NAME (CONT) 

RECORD TYPE 2 

WORD SYMBOLIC 
NO. TYPE NAME 

l I IPASS 

2 
3 
4 
5 
b 
7 
8 

9 
U 
11 

F 
F 
A 
I 
I 
I 
I 

I 
I 
0 

YEAR 
DAY 
I ST A 
NO 
ITYPE 
NO 
ITOLP 

NOF 
IPS 
PL 

DESCRIPTION 

PASS NO. - EACH DATA PASS READ FROM THE 
• OBS FILE IS COUNTED. IF PASSES ARE REJECTED 

THE PASS NOS. WILL NOT BE CONSECUTIVE. 
YEAR OF 03SFRVATI CN PASS 
3AY OF OBSERVATION PASS 
STATION NO. OF OBSERVING STATION 
DATA CLASS 
DATA TYPE 
NUMBER OF OBSERVATIONS IN PASS 
TOTAL NUMBER OF PARAMETERS IN B-MATRIX» 

INCLUDING BIASES 
NO. OF ACCEPTED POINTS IN PASS 
»ASS STATUS =0,0000,NOT =?,3AÜ(ALWAYS C,NOW) 

PARAMETER LABEL 
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RECORD TYPE 2 ( CONT.) 

WORD SYM9 0LIC 
NO. TYPE NAME DESCRIPTION 

12 F V 
13 F ELE Y 
14 F PHI O 

15 F F NS 
16 F F SS 
17 F XO 
16 F Y J 
15 F ZO 

7ARKN3E 
ELEVATION AT T CA OF PASS (OEG) 
STATION LONGITUDE (OEG) 
FILTERED NOISE 
satellite frequency 
£A^X4.PXXE0 X COMPONENT OF STATION POSITION 
EARTH-FIXED Y COMPONENT OF STATION POSITION 
EARTH-FIXED Z COMPONENT OF STATION POSITION 

RECORD TYPE 5 

WORD 
NC. TYPE 

1 F 
2 F 
• • 

t • 

*N F 
N*i F 
N* 2 F 
. * 

SYMBOLIC 
NAME 

8MAT 

E VE C(1) 

t 

DESCRIPTION 

LOWER TRIANGULAR PART OF B-MATRIX FOR PASS 

E-VESTO» FOR PASS 

♦ ♦ M EVEC (ITOLR) 

♦WHERE N =<ITOLP*<ITOLP*l)X2 
♦♦WHERE M = N+ITOLP 
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Twin wihihi»i » 1.111. 

F-CCRO TYP£ 4 

WORD SYR30LIC 
NO. TYPE NAME DESCRIPTION 

1 
2 

I 
I 

N03IAS 
IHR MlN 

MO. OF BIASES 
RISE TIME OF PASS 

RECORD TYPE 5 

WORD SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

TCA 

2 
3 

F 
F 

TIME OF CLOSEST APPROACH OF PASSlsEC. FROM 
MIDNIGHT) 

RMATd.l» ROTATION MATRIX TO ROTATE FROM INERTIAL 
RMATÍ1.2) TO EARTH-FIXED AT TCA. 

1C' RMAT (3. 3) 

RECORD TYPES 2 ThRJ 5 ARE REPEATED FOR EACH DATA PASS 
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inertial perturbo trajectort file 

the inertial perturbe: ^‘¿“^^ecoRO appeÀrÎng0onlÎ°once. 
tYFES - RECORD TIRE 1 BEIN, A H|ROERR?EoCinoN oF THE SATELLITE 

Z PART lALS^OF POri NHlTH^SPECT^TOo THE TRAD. 

DNLT the canonical PARTIALS TIme line OF THE TRAJECTORT. 

RECORD T\Pt ¿ IS »tu 

roPMAT CF INERTIAL 
PERTURBED trajectory file 

ecoru tyf 

WORD 
NO* 

SYRB olic 

TYPE NAME 
description 

1 
2 
3 
4 
5 

6 
7 
8 

I 
F 
F 
F 
F 

F 
F 
F 

9 I 
lu I 
11 I 

12 
13 
14 

1? 
Ife 
17 
18 
19 • 

N 

ï 
A 
I 
O 
I 
I 
F 
F 
F 
F 
F 

N 3 
TRAT(l) 
IRAK 2) 
TRA T(3) 
T RA T ( a*) 

TRAT (5) 
TRAT (6) 
TRAT 17) 

I FLOW 

ID(1» 
KC¿(lú) 

10(3) 
lOATE 
npar 
LA3ELP 
NOP A 
ntpa 

OTIWd) 
0TIM(2) 

KINUS EPOCH 

RECORD NO» ~ 1 f n» ¡TTfiftY 
YEAR OF EPOCH of TRAJECTORY 

OAY - ** " 

m-TO, TIME CF VERNAL EQUINOX 

INTEGRATION^INTERTAL^USED^HHEN CREATING 

THE TRAJECTORY (SEC) - . 0R 5 
<INO OF TRAJECTORY = 6,7,4.OR 5. 

SATEl-ITE NliM8T^ .prrQRY WAS HADE USING 
epoch'of'oATE=1 » or epoch OF 1950- 0 

IINF^ILOCk'tALUE^HHEN TRAJECTORT HAS HADE 

nJUHB-R OF PARAMETERS 

NO^AOFTORAGS^USEO^HHENHAKINGTRAJECTORT 

%0 0TFINTEHOFSÍsUTSORa“ SECHENT (S_EG FROH EPOCH, 

•• •• ?nq •« •• 

F OTIMS(NDPA) "ND 
TIME JF LAST DRAG SEGMENT 

WHERE N = N0PA«-17 
OR N=18, IF NOPA*L 
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RECORD NC. 1 ( CONT.) 

WORD SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

N«-l 
N4-2 

**M-1 
M 
1 

«♦2 
H* à 

Mf5 
M+6 
«♦7 
M+8 
M+9 

M+lu 
M*ll 
M+12 
M*13 
M+14 
M+13 
H+l 6 
«♦17 
«♦1 8 
«♦19 
«♦2C 
«♦21 
«♦22 
«♦23 
«♦24 
«♦2b 
«♦26 
«♦27 
«♦28 
«♦29 

F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 

TT IMS(1*1) 
TTIMS(2.1) 

START 
END 

TIME OF 1ST THRUST SESMENT 

TTIMS(l.L) 
TTIM S (2.L ) 
01(1) 
01(2) 
01 (3) 
01(4) 
01 (5) 
01(6) 
01(7) 
OH 8) 
01(9) 
01 dû ) 
01(11) 
01(12) 
01(13) 
OH 14) 
01(15) 
01(16) 
01(17) 
01(18) 
01(19) 
0I(2(J) 
01(21» 
01(22) 
01(23) 
01(24) 
0I(25) 
01(26) 
01(27) 
01(28) 
01(29) 

START 
END 
X ) 
Y >- 
Z ) 
XOOT 
YDOT 
ZDOT 
CD1 - 
CD2 - 
CD3 - 
C04 
CD 5 
CD6 
CD7 
CD 8 
CD9 
COK, 
CDU 
CD 12 
CD13 
C014 
GDI 5 
CO 16 
CD17 
GDI 8 
CD 19 
C02C 
AX1 
AY1 
AZI 

TIME OF LAST THRUST SEGMENT 

INERTIAL COMPONENTS OF SATELLITE 
POSITION AT EPOCH (KM) 

) 
>- INERTIAL COMPONENTS OF SATELITE 
) VELOCITY AT EPOCH (KM/SEC) 
COEFFICIENT OF DRAG FOR 1ST DRAG SEG 

. 2ND 

. 3RD 

. 4Trl 

. 5TH 

. 6TH 

. 7TH 

. 8TH 
. 9TH 
. 1GTH 
. 11TH 
. 12TH 
. 13TH 
. 14TH 
. 15ÏH 
. 16TH 
. 17TH 
. 18TH 
. 19TH 
. 20TH 

) 
T-COMPONENTS OF 1ST THRUST( KM7SEC**2) 
) 

** WHERE «» «♦2*(NTPA) OR M=N+2. IF NTPAsC 
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horo symbolic 
NO. TYPE NAME 

horo symbolic 
NC. TYPE NAME 

...-.. .. 

' r;': ' Mt'' 
, .* ! 

¡i* 

I 1 

( CONT.) 
'1 
1 

DESCRIPTION 

01(30) 
01(31) 
01(32) 
01(33) 
01(34) 
01(35) 
01(36) 
01(37) 
OIUÔ) 
01(39) 
ngpa 
1060 
OlPGP(I) ♦ 

AX2 
AY 2 
AZ 2 
AX 3 
AY3 
AZ3 
AX 4 
AY4 
AZh 
KR 

) 
2ND THRUST(KM/SEC**¿) 

3RD THRUST (KM/SEC**2) 

>-COMPON£NTS OF 
) 
) 
>-COMPONENTS OF 

) 
) 
>-COM PONE NTS OF 

- RAO I AT ION PRESSURE COEFFICIENT 

4TH THRUST(KM/SEC**2) 

NO. OF GRAVITY PARAMETERS 
GRAVITY 10 ARRAY <32> 
1= 1 »NSPA DELTA P GRAVITY 

jj 

DESCRIPTION 

NB 
TI 
IRA(2) 
T'lA »3) 
TRA(¼) 
TRAÍ5) 
TRA (6) 
TRA(7) 
TRA (Ô) 
TRA(9) 
TRA (ID 

CONSECUTIVE RECORD N0.= 2»3,4.. .N 
TI-TO (SECONOS FROM EPOCH) 

Y >- INERTIAL COMPONENTS OF SATELLITE 
Z ) POSITION AT TIME (TI) (KM) 
PARTIAL X AT (TI) WRT PARAMETER (1) AT (TO) 

TRA (M-2 ) 
TRA (M-l) 
TRA(M) 

Y 
Z 
X 
Y 
Z 
. 
. 
. 
X 
Y 
Z 

(1) 

(1) 
(2) 
(2) 
(2) 

NPAR 
NPAR 
NPAR 

NOPA = NO. OF DRAG SEGMENTS 

RADIATI0NGPRESSURE PARAMETERS (G OR D 

: : Í H [ : fff 

NTPA=N0. 3F 
nrpa-no. of 
N= 5 + 3*NPAR 
M= 4+3*NPAR 
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LAfm-FixEO TRAJECTORY FILE ( TAPE9) 

» y c CAOTu -FIXED TRAJECTORY FILE CONSISTS OF TKO 
_THEo:rntjn T wpr 1 BEING A HEADER RECORD APPEARING ONLY ONCE* 

;£«;:!7sS;s:rs^.STU'M;'iSiS. 
TIME LINE OF THE TRAJECTORY« 

RECORD TYPE 1 

HORD SYMBOLIC 
NO. TYPE NAME 

DESCRIPTION 

SAMt AS RECORD TYPE 1 OF INERTIAL PERTURBED TRAJECTORY FILE 

RECORD TYPE 2 

WORD SYMBOLIC 
NO. TYPE NAME description 

1 I 
2 F 
3 F 
<♦ F 
9 F 
Ò F 
7 F 
8 F 

NB 
TI 
X RO T AT (1 ) 
XRO TAT(2) 
XRO TA T (3 ) 
VROTATd ) 
VROTAT(2) 
V RO TAT(3) 

CON SECJTI YE RECORD N0. = 2t3»4.» • N 
TI-TD (SECONDS FROM EPOCH) 

X ) „ 
Y )- EARTH-FIXED COMPONENTS OF 
Z ) POSITION AT TIME (TI> KM 

XOOT ) 
YOOT )- EARTH-FIXED COMPONENTS 
ZOOT ) VELOCITY AT TIME (TI> 

SATELLITE 

) 

OF SATELLITE 
(KM/SEC) 
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IN E.RTI AL 3 TA NO AR J TRAJECTORY FILE (TARE9) 

TnE INERTIAL STANDARD TRAJECTORY FILE CONSISTS OF TWO RECORD 
TYPES - RECORD TYPE 1 REINS A HEADER RECORD APPEARING CNLY ONCE* 
AND RECORD TYPE 2 WHICH CONTAINS THE POSITION AND VELOCITY OF 
THE SATELLITE. RECORD TYPE 2 IS REPEATED FOR EACH TIME LINE OF 

THE TRAJECTOPI. 

RECORD YPE 1 

WORD SYMBOLIC 
NO. TY FF NAME DESCRIPTION 

SAMc mS RECORD TYPE 1 OF INERTIAL PERTURBED TRAJECTORY FILE. 

RECORD TYPE ¿ 

WORD SYMBOLIC 
NO. TYPfc NAME DESCRIPTION 

1 I NO 
2 F TI 
3 F X (1) 
*♦ F X (2) 
5 F X (3) 
6 F XO (1) 
7 F XC (2) 
8 F XO (3) 

CONSECUTIVE RECCRO NO. =2»3,L*...N 
TI-TD (SECONDS FROM EPOCH) 

X ) 
Y >- INERTIAL COMPONENTS OF SATELLITE 
Z ) POSITION AT TIME (TI) (KM) 

XOOT > 
YOOT )- INERTIAL COMPONENTS OF SATELLITE 
ZOGT ) VELOCITY AT TIME ¿TI) (KM/SEC) 
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PROPAGATE.0 trajectory file 
(E ARTH-FIXbO OR INERTIAL» (TAPE51) 

SE»tRATLHTER»j?cÎ0RÎES° ^‘^«^UpSnS^RUNNIN^OPTION «wECTEO. 

TO ’«EE NITH .^0,0 C.NTJININO 

A NEGATIVE RECORD NO. SEPARATING a¿er f 0R EACH TRA- 

CONTAINS THO RECORD IYPr^;v‘.for8!ACH TRAJECTORY, AND RECORD JECTORY ÍNO APPEARING ^LY ?NoE FOR EACH TRAJECT ' lJE FOR 

Tai *NcoRo°Ôf 
Type I"negative value for The consecutive record no. 

FORMAT CF PROPAGATED TRAJECTORY FILE 

RECORD TYPE 1 

WORD SYMBOLIC 
NO. TYPE NAME 

N 8 
TRAT(l) 
T ° A T ( ¿ ) 
TRAT (3) 
TRAT ( 4) 

TRAT(G) 
T RA T ( 6) 
TRATÍ7) 

IFLOW 
IDU) 
KC3(U) 

10(3) 
I DATE 
NREV 
NONE 

oïscription 

record NO. = 1 
YEAR 3F EPOCH OF TRAJECTORY 

day - •• " : 

fy.E-TO, TIME OF VERNAL EQÜINOK MINUS EPOCH 

INTERVArATEWHlCM TR^. ^^-^ppo^EPOCH) 

INTEGRA TIOnMt ER VAL USLj"wHEN CREATING 

KINDT3?JTRAJECT0RY = 101 U» 12,OR 13 

INDICATES ÏfTrAJECTORY HAS MADE USING 
EPOCH OF DATE51, OR EPOCH OF 19505 0 
IMPROVEMENT CYCLE NUMBER u*nF 
TIME CLOCK VALUE WHEN TRAJECTORY WAS MADE 
REVOLUTION NUMBER of SATELLITE 

3UMHY WORD 
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PROPGATEO TRAJECTORY FILE (CONT) 

RECORD TYPE 2 

H ORO 
NO. TYPE 

1 

5 
6 
7 
8 

I 
F 
F 
F 
F 
F 
F 
F 

SY M8 0LIC 
NAHE 

NB 
TI 
TRAi¿) 
TRA (3) 
TRA(4) 
TRA (5) 
T RA ( 6 ) 
TRA (7 ) 

DESCRIPTION 

CONSECUTIVE RECORD NO. = 213»>♦...N 
TI-TD (SECONDS FROM EPOCH) 
X ) 
Y >- 
Z ) 
XOOT 
YOOT 
ZOOT 

E ARTH-FIXED OR INERTIAL COMPONENTS OF 
SATELLITE POSITION AT TIME (TI) 

J-EARTH-FIXED CR INERTIAL COMPONENTS 
) CF SATELLITE VELOCITY AT TIME (TI) 



TIME CORRECTED OBSERVATION FILE (TAPE14> 

THE TIMc CORRECTED OBSERVATION IS CREATE3 IN THE DATA PREP 
SECTION CF CELEST TO 3E USED BY THE FILTER SECTION. THE FILE 
CONSISTS OF THREE RECORD T Y3 ES • RECORD TYPE 1 IS A FILE HEADER 
AND APPEARS ONLY ONCE ON THE FILE. RECORD TYPE 2 IS A PASS 
HEADER CONTAINING INFORMATION PERTINENT VO THE PASS? AND RECORD 
TYPE 3 CONTAINS THE OBSERVATIONAL DATA FOR THE PASS. RECORD 
TYPE 2 AND 3 ARE REPEA TED FDR A COLLECTION OF PASSES OVER SEV¬ 
ERAL OBSERVING STATIONS. 

FORMAT OF TIME CORRECTED OBSERVATION FILE 

RECORD TYPE 1 

WORD SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

1 A WORD 
2 I ISAT 

FILE HEADER WORD ( 03S FILE ) 
SATELLITE NUMBER ( NSWC ) 

RECORD TYPE 2 

WORD SYMBOLIC 
NO. TYPE NAME UcSuaI^TION 

1 F 
2 F 
3 F 
4 A 
5 I 
6 I 
7 F 
b I 
9 I 

1C F 
11 F 
12 F 
13 I 

14 I 
15 I 

Y PAR YEAR OF OBSERVATIONS 
OAY DAY OP OBSERVATIONS 
TTC A PREDICTED TCA VALUE (SEC. FROM MIDNIGHT) 
ISTA OBSERVING STATION NUMBER 
I CL AS CLASS OF OATA 
ITYPE TYPE OF DATA 
SPARE NOT USED 
NO NUMBER OF OBSERVATIONS 
N3I UNUSED WORD (ORIGINALLY NO. OF BIASES) 
TPHM(l) TEMPERATURE 
TPM Ml 2) PRESSURE 
TPHM13) HUMIUITY 
ITI UNUSED WORD INDICATES TIME IS 

(EMISSION OR RECEPTION) 
IF INDICATES IF PASS HAS BEEN FILTERED5^ »Ni 
IP PASS STATUS.IF = c*GOOO PASS 



«E.C0K3 TYPE 2 ( CONT.) 

WORD SYMBOLIC 
NO. TYPE NAME 

F CLLOWI NO 
I NTC 

RECORD TYPE 3 

DESCRIPTION 

IQPR 
XLAM 
PHID 
ALT 
F 5 
DIH (1 ) 

DJM(2) 
DUM (3 ) 
OUM (4) 

T3( I) 

Q-NUM3ER 
STATION LONGITUDE (OEG> 
STATION LATITUDE (DEG) 
STATION ALTITUDE ( KM) 
SATELLITE FREQUENCY 

APPEAR CNLY ON THE UN-TIME CORRECTED FILE. 
NUMBER OF TIME CORRECTION WORDS PASSED 

FROM NAVIGATION SATELLITE (NTC 
I = IT.NTC (TIME CORRECTIONS) 

WORD 
NO. TYPE 

SYMBOLIC 
NAME DESCRIPTION 

DA( 1,1) 
DA ( 1,2) 
DA ( I,3) 
DA( 1,4) 

TIME OF 1ST OBSERVATION (SEC. FROM MIDNIGHT! 
OBSERVATION VALUE 
SIGMA FOR OBSERVATION 
OBSERVATION TAG, IF=0, GOOD OBSERVATION 

WORDS 1 Thru 4 ARE RE®EATE0 FOR THE NO. OP OBSERVATIONS IN PASS 
* FS = 4.£*J8 FOR NAVIGATION SATELLITE 
* FS = 3 •¿4EH 3 FOR GEODETIC SATELLITE 

UN-TIME CORRECTED OBSERVATION FILE (TAPES) 

THE ÜN-TI ME CORRECTED OBSERVATION FILE IS CREATED IN THE 
DATA PREF SECTION OF CELEST AND IS CNLY USED INTERNALLY WITHIN 
THE DATA PREP SECTION. IT IS INPUT TO THE SUBPROGRAM OPB 
WHICH PR (JUCES THE TIME CORRECTED OBSERVATION FILE. 
THE FORMAT OF THE UN-TIME CORRECTED FILE IS IDENTICAL TO THE 
FORMAT OF THE TIME CORRECTED FILE ABOVE, WITH THE EXCEPTION 
OF WORCS 25 AND 26. 
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01A GhOSTIC INFORMATION FILE <TAPE16I 

THE OIAGNOS TIC INFORMATION FILE IS CREATED BT THE COVAR 
ACTION CF CELEST TO BE USED BY THE GRAPHICS OR POST ANALYSIS 

F0R CELEST* Ir CONTAINS STATISTICAL DATA WHICH IS 
USED AS A MEASURE OF HOW GOOD THE FIT OtfER A PARTICULAR SPAN IS. 

°F F0UR ^CORD TYPES. FECORO TYPES 1.2. AND A APPEAR 
ONLY ONCE FOR A REV» BUT ARE REPEATED IF MORE THAN ONE REV IS 
PROCESSED. RECORD TYPE 2 IS REPEATED FOR EACH OUTPUT DELTA T 
DURING THE SPAN OF THE REV. 

FORMAT OF DIAGNOSTIC INFORMATION FILE 

RECORD TYPE 1 

WORD SYMBOLIC 
NO. TYPE NAME 

1 
2 
3 
4 
5 
6 
7 
8 
9 

lù 
1.1 

F 
F 
F 
I 
I 
I 
F 
F 
F 
F 
I 

TO ( 1) 
T0C2) 
TO( 31 
10( 1) 
cs 
NRE V 
TRAT(l) 
TRAT(2) 
TRAT( 3) 
TOLT 
MT , 

RECORD TYPE,'/ 

WORD SYMBOLIC 
.NO. TYPE NAME 

TLT 

DESCRIPTION 

YEAR OF EPOCH OF R£V 
DAY .... 
S c. C • . . . . 
SATELLITE NUMBER 
SCALE FACTOR FOR COVARIANCE 
REV NUMBER OF SATELLITE 
YEAR 3F EPOCH OF PFRT TRAJ (LONG ARC) 
0AY • . . . . . . 
J<£C. ... . , , t 
OUTPUT DELTA T FOR EARTH-FIXED VALUES 
MULTIPLE CF TDLT TO OUTPUT INERTIAL VALUES 

DESCRIPTION 

LAST TIME FOR 
WRITTEN (SEC. 

WHICH 
FROM 

RECORO TYPE 
REV EPOCH) 

3 IS 
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RECCRO TYPE 3 

HORO SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

"T“ "f um TIME IN SEC. FROM REV EPOCH 
? F BR(ltl) ) CONFIDENCE IN THE TRAJECTORY IN THE 
3 F BR( 2» 2) >- RADIAL. TANGENTIAL» ANO OUT OF PLANE (RXV) 
4 F 8RÍ3.3Í ) DIRECTION AT TIME (TIM) 

RECORD TYPE 3 IS REPEATED FOR EACH OUTPUT TIME IN REV SPAN. 

THE LAST TYPt 3 RECORD CONTAINS FOUR WORDS OF ZERO VALUE. 

RECORD TYPE <♦ 
WORD SYMBOLIC 

HO. TYPE NAME 

SIS2R 
SIG2V 
S2RXV 

DESCRIPTION 

AVE FASE SIGMA RADIAL FOR ENTIRE REV 
AVERAGE SIGMA TANGENTIAL FOR ENTIRE REV 
AVERAGE SIGMA (RXV) FOR ENTIRE REV 



SH CRT ARC EPHEMERES FILE (TAPE31) 

THE SHORT ARC EPHEMERES FILE IS CREATED BÏ THE COVAR SEC¬ 
TION OF CELEST. IT IS THEX USED AS IN-n!T TO THE COVAR LIBRARY 
PROGRAM NHICH MAY ADD THE INFORMATION TO A MASTER SHORT ARC EPHEM¬ 
ERES FILE, SORT THE INFORMATION 0Y REV NUMBERS, AND/OR EXTRACT 
SELECTED REVS AND WRITE THE INFORMATION TO ANOTHER FILE IN 
BCD FORMAT. THE FILE CONSISTS OF TWELVE RECORD TYPES. RECORD 
TYPES 1 THRU ARE HEADER RECORDS AND APPEAR ONLY ONCE FOR 
EACH REV. RECORD TYPES 5 THRU 11 CONTAIN THE EPHEMERIS AND 
COVARIANCE VALUES FOR EACH OUTPUT TIME IN THE REV SPAN. 

FORMAT OF SHORT ARC EPHEMERES FILE 

RECORD TYPE 1 

WORD SYMBOLIC 
NO. TYPE NAME DESCRIPTION 

1 I 

2 I 
3 F 
4 F 
5 F 
6 F 

7 F 
Ö F 
9 F 

NEG NEGATIVE WORD INDICATING FIRST RECORD OF 
OUTPUT FOR ANOTHER REV 

IOPC NUMBER 73ENTIFING SET OF OUTPUT RECORDS 
TRAT(l) YEAR OF EPOCH ON PERTURBED TRAJECTORY 
TRAT ( 2) DAY . . . 
TRAT (3) SEC .... • 
TRAT(4) TVE-TD, TIME OF VERNAL EQUINOX MINUS EPOCH 

OF THE TRAJECTORY 
TRAT ( 5) INTERVAL AT WHICH PERT TRAJ WAS WRITTEN 
TRAT (&) LAST TI MF. ON PERT TRAJ (SEC. FROM EPOCH» 
TRAT (7) INTEGRATION INTERVAL USED WHEN CREATING 

THE PERT TRAJ 
RtVS PROCESSED 

WORDS 3 THRU 9 ARE DUMMY WDROS TO MAKE RECORD TYPE 1 THE 
SAME LENGTH AS RECORD TYPE 2 



RECORD TYPE 2 
WORD SYMBOLIC 

NO. TYPE NAME DESCRIPTION 

1 I NCARO 
2 I NCR 0 
3 I ID2 

* F TC <1 ) 
5 F t;<2» 
6 F T0<3> 
7 F TDL T 

3 F DM 

9 F ON 

IDENTIFIES RECORD AS HEADER TYPE = 1 
SU9 IDENTIFICATION OF HEADER ' 1 
IDE NT IF I NS REV NO. FOR RUN (SATELLITE REV 

NO. MINUS INITIAL REV. NO FOR RUN PLUS 11 
YEAR Or EPOCH OF RF.V 
DAY OF EPOCH OF REV 
SEC OF EPOCH OF REV 
DELTA T AT WHICH EARTH-FIXED EPHEHERI S AND 

COVARIANCE IS WRITTEN 
MULTIPLE OF TDLT FOR WHICH INERTIAL EPHEH- 

ERIS AND COVARIANCE IS WRITTEN 
NO. 0- EARTH-FIXED OUTPUT TIMES IN THE 

REV SPAN 

RECORD TYPE 3 
WORD SYMBOLIC 

NO. TYPE NAME DESCRIPTION 

1 I NCARD 
2 I NCRO 
3 I ID2 
4 F 01 
5 F T ó (1) 
6 F TC( 2) 
7 F OUME 
3 F OUMD 
9 F A< 

IDENTIFIES RECORD AS HEADER TYPE » 1 
SUB IDENTIFICATION OF HEADER = 2 
IDENTIFING REV NO. FOR RUN 
SATELLITE NUMBER 
YEAR OF EPOCH OF REV 
DAY OF EPOCH OF REV 
DUMMY WORD = t 
DUMMY WORD = i 
NUMBER OF RECORD TYPE 4**S TO FOLLOW s 1 

RECORD TYPE 4 
HOPO SYMBOLIC 

NO. TYPE NAME DESCRIPTION 

1 I 
2 I 
3 I 
4 A 
5 I 
6 A 

. . 
11 A 

NCARD IDENTIFIES RECORD AS HEADER TYPE = 1 
NCRO SUB IDENTIFICAT ION OF HEADER * 3 
102 IDENTIFING REV NO. FOR RUN 
REV NO HOLLERITH WORD <9H REV NO. I 
NRE V REV ND. OF SATELLITE 
ALPHA (1) I 

. ) 
, }- AN ALPHA MESSAGE TO IDENTIFY COVARIANCE 
. I CUTPUT. USER INPUTS MESSAGE ON INPUT 

AL3HA (61) CARD. 
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RECORD irPE 5 
WORD SYMBOLIC 

NO. TYPE NAME 

1 I NCAR0*2 
2 F TA 
3 I 102 
4 F XEC1) ï 
5 F X E< 2) >- 
6 F XEC3» > 
7 F XE(4) ) 
9 F XE<5) >- 
9 F XE(j) ) 

RECORD TYPE 6 
WORD SYMBOLIC 

NO. TYPE NAHE 

1 I NCAR0=3 
2 F TA 
3 1 102 
4 F C(l'l) ) 
9 F C(2»1) > 
6 F C(2.2 ) > 
7 F C (3 11 ) > 
9 F C (312 ) ) 
9 F C(3.3) ) 

DESCRIPTION 

IDENTIFIES RECORD AS EARTH-FIX EO EPHEMERIS 
TI-TJ. SECONDS FROM REV EPOCH 
IOENTIFINS REV NO. FOR RUN 

PROFAGATEO EAFTH-FIXEO COMPONENTS OF 
SATELLITE POSITION AT TIME CTA) 

PROPAGATED EARTH-FIXED COMPONENTS OF 
SATELLITE VELOCITY AT TIME (TA) 

DESCRIPTION 

IDENTIFIES RECORD AS EARTH-FIXED COVARIANCE 
TI-T3, SECONDS FROM REV EPOCH 
IDENTIFING REV NO. FOR RUN 

POSITION PORTION (LOWER TRIANGULAR PORTION 
ONLY) OF EARTH-FIXED PROPAGATED COVARIANCE 
MATRIX AT TIME (TA) 

RECO«) TYPES 7 THRU 11 ARE WRITTEN ONLY WHEN THE OUTPUT TIME 
IS A MULTIPLE OF THE OUTPUT DELTA T AS SPECIFIED BY INPUT (MT) 

RECORD TYPE 7 
WORD SYMBOLIC 

NO. TYPE NAME DESCRIPTION 

1 
2 
T 
4 

5 
6 
7 
8 
9 

I 
F 
I 
F 
F 
F 
F 
F 
F 

NCA RD=4 
TA 
102 
X (1) 
X (2) 
X(J ) 
X (4) 
X (5 ) 
X ( 6 ) 

) 
>- 
) 
) 
)- 
) 

IDENTIFIES P ECO RD AS INERTIAL EPHEMERIS 
TI-Tù, SECONDS FROM REV EPOCH 
IDENTIFING REV NO. FOR RUN 

PROPAGATED INERTIAL COMPONENTS OF SATELLITE 
POSITION AT TIME (TA) 

PROFAGATEO INERTIAL COMPONENTS OF SATELLITE 
VELOCITY AT TIME (TA) 
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RECORD TYPES 3 THRU 11 CONTAIN THE LOHER TRIANGULAR PORTION ÛF 
THc INERTIAL PROPAGATED COi/APIANCE MATRIX AT TIME (TA) 

RECORD TYPE 8 

WORD SYMBOLIC 
NO. TYPE NAME 

1 
2 
3 
4 
5 
6 
7 
5 
9 

I 
F 
I 
F 
F 
F 
F 
F 
F 

NCARD=5 
TA 
102 
BOU«!) 
8ü( 2.1) 
8w(2.2) 

9C Í 3.1) 
8(j( 3,2) 
8û ( 3. 3) 

RECORD TYPE 9 
WORD SYMBOLIC 

NO. TYPE NAME 

1 
2 
3 
4 
5 
ó 
7 
8 
9 

I 
F 
I 
F 
c 

F 
F 
F 
F 

NCA RD =6 
TA 
102 
9 j< 4, l) 

8J Í 4,2) 
8j( 4,3) 
0. (4,4) 
3..(5,1) 
39(5,2) 

DESCRIPTION 

IDENTIFIES RECORD AS INERTIAL COVARIANCE 
TI-Tü, SECONDS FROM REV EPOCH 
IÛENTIFING REV NO. FOR RUN 

DESCRIPTION 

IDENTIFIES RECORD AS INERTIAL COVARIANCE 
Tl-TO, SECONDS FROM REV EPOCH 
IDENTIFING REV NO. FDR RUN 
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WORD S Y MB OL II 
NO. TYPE NAME 

1 I NCAR0=7 
¿ F TA 
3 I 132 
% F 0t¿(5.3) 
5 F 00(5.4) 
6 F 0u(5.5) 
7 F 3?(6 » 1) 
8 F 0C ( ô. 2) 
9 F 00(6.3) 

RECORD TYPE 11 

WORD SYMBOLIC 
NO. TYPE NAME 

1 
2 
2 
4 
5 
ó 

I 
F 
I 
F 
F 
F 

NCARD=8 
TA 
102 
03(6.4) 
Bv(o.5) 
30( ô» 6) 

DESCRIPTION 

IDENTIFIES RECORD AS INERTIAL COVARIANCE 
TI -TO, SECONDS FROM REV EPOCH 
lOENTIFINS REV NO. FOR RUN 

DESCRIPTION 

IDENTIFIES RECORD AS INERTIAL COVARIANCE 
TI-T3, SECONDS FROM REV EPOCH 
IOENTIFINQ REV NO. FOR RUN 

! 

3-t! 1 

I®:: 
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