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FOREWARD

Volume III of the proceedings of the GEOS Program Keview
Meeting held at NASA Headquarters on 12-14 December 1967, pre-
sents the results to date of the Goddard Space Flight Center
tracking intercomparison tests conducted with GEOS-I. This
volume is composed of a series of technical papers prepared by
various investigators at GSFC on the tracking intercomparisons
conducted using the optical and electronic subsystems on the
GEOS-I spacecraft which was launched into orbit on 6 November

1965 from the Eastern Test Range at Cape Kennedy, Florida.

John Berbert, Principal Investigator
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GEOS A Short Arc Optical Survey of a Sixteen Station Mid=North American Net

A simultaneous adjustment of 16 camera sites in and about North America was
performed by means of the GEOS Data Adjustment Program (GDAP) . The program was
exercised in the multi-pass or NEO-EMBET (N Epoch Orbital-Error Model Best Estimate
of Trajectory) mode in which the initial conditions for o total of 24 selected orbits were

recovered cimultaneously with the coordinates of the optical trackirg stations.

Ground traces of the observed portions of the various satellite passes relative
to the camera sites are presented in Figure 1. Each heavy dot along a given ground
trace indicates a separate group of seven flashes that was successfully observed by at
least one station. Each line radiating from a given station indicates the direction to o
group of flashes observed by the station. The observed numbers of flashes per station

per pass are summorized in Table 1.

Detailed observational ;:overage for four specific- passes is indicated Figures
2a, 2b, 2c, 2d. As many as seven, well-spaced groups of flashes were cbserved on
_some passes (the more typical number is four to ﬁye). -Some stations by virtue of
reorientation of the cameras, observed as many as four separate groups of flashes on a
single pass, i.e., Grand Forks on Pass 1705 (Figure 2b). In general, the adopted
observational philosophy required the maximum practicable exercise of each station on

each observable pass,

Two sepgrgte reductions were performed. In both reductions the origin of the
net was arbitrarily established ot the eamera site ot Goddard, the coordinates of Goddard
on the Cape Conaveral Datum being held fixed. The reductions were performed on two
different computers (the CDC 3100 and the CDC 3800) and identical results were obtained
on all runs. The total computing time (3 iterations) for each adjustment was 6 hours on
the CDC 3100 and 20 minutes on the CDC 3800,

In Reduction 1, Ithe coordinates of the following four stations on the Cape

Canaveral Datum were subjected to apriori constraints of 5 meters (one sigma) in



longitude and height and 3 meters (one sigma) is latitude: Hunter, Semmes, Jupiter,
Homestead. All other stations were subjected to apriori constraints of 100 meters

(one sigma) in all three coordinates,

In Reduction 2, the one sigma apriori constraints on Hunter, Semmes,
Jupiter and Homestead were relcxed to 100 meters. Here, no worthwhile scale for

the optical reduction was made available from the existing survey; any worthwhile

scale therefore had to be derived as a by-product of the exercise of short arc dynamic constraints. .

In both Reductions 1 and 2 the given coordinates of ti.¢ tracking stations were
transformed to the Aisrcury Datum (Fischer Spheroid) prior to the adjustment in order to
minimize dynamic errors induced by the displacement of the center of mass of the earth
relative to the center of the spheroid. After completion of the adjustment, the new
coordinates of the stations were transformed back into their original datums (NAD and

CCD).

Key resulis of the adjustments are presented in Table 2 and in Figures 3 and 4.
In Table 2 the corrections to the original survey in terms of local east (AE), north (AN)

and up (AU) components are presented together with the standard deviations of the final

" coordinates. The standard deviations are based on the propagation of an observational

standard deviation of one second of arc for declination and normalized right oscension

(484, rt, cécan, x cosine decl,),

The grand ms closure of triangulation turned out to be 1.5 and 1.4 seconds of
arc for Reductions 1 and 2, respectively. This is only slightly greater than the grond rms
of 1.2 seconds of arc obtained from the analysis of residuals obtained from the least

sé;uares fitting of second degree polynomicls to the raw observations.

A result of major importance in Table 2 is that the standard deviations from
Reduction 2 are only slightly greater than those from Reduction 1. This demonstrates
effectiveness of short arc dynamic scaling and shows that neither measured baselines
nor electronic ranging is directly necessary to optical surveying; scale, potentially

accurate to about one part in one million, can be imparted through the exercise of

.
R WL

.

.

Wrsnss IO

prevrmn @
[——

W

1)

LU |
" N

LRRITE D

fv""llﬂlut,"
bnwiromy .

i "'m.: w " ,uw'mmm ,w S el ]
——— :.:n L e o S



short arc dynamic constraints.

The horizontal adjustments from Reduction 1 to the original survey are presented
graphically in Figure 3o, The residual vectors are resolved into radial and tangential
components relative to the origin ot Goddard. The differences between the CCD and

NAD coordinates of Goddard are known to be

Ao = 09573 (CCD-NAD)(a N = 18m),
A) =0"098 (CCD-NAD)(AE =~ -2m).

InFigure 3b those stations referred to the NAD ore displaced by the above Ao, AN, and
the resulting new displacement vectors are plotted (no adjustment is applied to those
stations on the CCD). The significance of these results will be more apparent in the light

of the results from Reduction 2.

Figures 4a and 4b cre based on Reduction 2 and correspond to Figures 3a and 3b

for Reduction 1. The striking feature of Figure 4b is the strongly radial charocter of
the displccements of almost all of the NAD stations toward the origin at Goddard (the
sole exception being Bedford). On the other hand, the radial displacements of the CCD

stations Semmes and Homestead are small (2 to 3 meters) and both have sizeable tangential
| components suggestive of an azimuthal rotation of perhaps 2 seconds of arc (Hunter is not
plotted in these figures because its given coordinates are suspect ond require clerification).
The tangential components of the NAD stations, by contrast, are generally small and not
suggestive of an azimuthal rotation. It is especially noteworthy that the radial displacements

of the CCD stations do not contradict the dynamically derived scale.

Because of the radial character of the displacements of the NAD stations in
Figure 4b, an arbitrary scale factor of 1.000005 was applied to all NAD stations (this
amounts to a change in scale of 1:200,000, a figure consistent with what one might
reasoncbly expect for NAD stations). The results from this rescaling are presented in
Figure 4c. Here, the vectors for all NAD stations, except Bedford, are markedly reduced.

In particular, those for the western US become virtually random.



-

In view of the results obtained, the GEOS A short arc optical survey can only
be described as outstandingly successful, Thus far, it has incorporated only a small
fraction of the available optical data. Enough GEOS A plate reductions have already
been performed to permit the above adjustment to be roughly duplicated cbout three
times over; when plates yet to be reduced are considered, a fivefold duplication of the
odiusfment oppears possible, In the immediate future (30 to 60 days), attention is being
directed towards incorporating into the adjustment fourteen additional passes selected
specifically to strengthen the peripheral stations. The observational coverage of these
passes is indicated in Table 3. A revised version of Figure 1 reflecting the inclusion

of these additional passes is provided in Figure 5.

The present reduction provides g/f survey accurate generally to about 3 to 5
meters that is suitable as an interim survey for GEOS A short arc tracking intercomparisons.
The one sigma accuracies of the stronger of the optically established reference orbits are
on the order of 1,5 to 2,5 meters in position and .007 m/sec in velocity. Such reference

orbits will permit a much more precise evaluation of electronic trackers than has hitherto

been possible.

When essentially all of the geodetically productive observations from GEOS A
have been incorporated into fhe.adiustmen‘t (tHis should be accomplished within about
six months), agcuracies en the order of one to two meters are to be expected in al! three
coordinates for those stations in the interior net and accuracies on the order of two to
three meters are to be expected for fhose stations on the periphery. Moreover, the net
will be expanded to embrace a total of about twenty-five stations. Although, by and
large, the directional residuals from the adjustment are acceptably random, in future
reductions each group of flashes from a given station will be considered to be subject
to unknown biases having means of zero and standard deviations of 0.5 seconds of arc

(the observations were ireated as unbiased in the reductions presented above).
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VARIATIONS IN THE MATHEMATICAL MODELING
FOR GEOS-A

ABSTRACT

Ar: investigation was made to determine the effects on the orbit of GEOS-A
when certain minor variations were introduced in the differential equations describin§
the motion of the satellite. In particular, for various short and intermediate arc experi=-
ments involving the GEOS~A satellite, the effects of: variation in geopotential co-
efficients, uncertainties in the coordinates of earth's center of mass, and luni-solar per=-

turbations were analyzed.

-23-




P

e — ———r—"

otime ey

]

PRECEDING PAGE BLANK NOT FiLmep

" VARIATIONS IN THE MATHEMATICAL MODELING
FOR GEOS-A

INTRODUCTION

The simulations presented below were performed in order to observe the effects
on the orbit of GEOS-A when certain minor variations are introduced in the differential
equations describing the motion of this satellite. In particular, for various short and

intermediate arc experiments, the following effects are analyzed.

i. Variations in geopotential coefficients as determined by certain principal

investigators.
ii. Effects of uncertainties in the coordinates of the earth’s center of mass.

ili. Effects of neglecting perturbing accelerations of the sun and moon.

The main reasons for performing the simulations reported here were to determine
the characteristics of the mathematical model required for the successful completion of the
various GEOS-A short arc experiments and to acquire some preliminary insight into the
characteristics required of the mathematical model for the GEOS-A intermediate arc experi-

ments.
RESULTS

In the simulations which follow, the following procedures were usually adogted:
Two orbits are integrated whose initial conditions are identical and characteristic of
GEOS-A, but whose mathematical modeliny is slightly different. One of these orbits
will be designated as a reference orbit. The raw differences in position coordinates along

the two orbits will be treated as observations to see if an adjustment, in the sense of least

-25-
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squares, of the initial conditions only on the second orbit ran accommodate the differences
in the mathematical modeling. In general, the graphs show the differences in coordinates

along the orbit before and after the least square adjustment.

i Variations in Geopotential Coefficients.

Figures 1, 2, and 3 indicate the effects on the orbit when independent sets of
geopotential coefficients are used. The reference orbit has a geopotential function defined
by the SAO L-3 coefficients but truncated at seventh degree and seventh order. The other
orbit's geopotential function is defined by the NWL 5E=6 coefficients. The time span of
interest is 1000 seconds, or about one seventh of a revolution of GEOS-A. Maximum
position residuals in meters are -8, 43, and +6 in X, Y, and Z, respectively, before the
adjustment. After the least squares adjustment, the maximum position residuals are +1, +1,

and +1 meters in X, Y, and Z.

Figures 4, 5, and 6 represent more of the same thing. The time span of interest
is still 1000 seconds and the reference orbit's potential function is defined, as before, by
the truncated SAO L-3 set. The potential function of the other orbit contained only
Kozai's zonal harmonics truncated at fourth degree. All sectional, tesseral, and other
zonal harmonic coefficients were set to zero. Maximum residuals of (=20, +4, +6) meters
in (X, Y, Z) are observed before the adjustment. Maximum residuals of (-4, +1, -.5)

meters in (X, Y, Z) are seen after the adjustment.

Figures 7, 8, 9 and 10 indicate the effects of variations in geopotential coefficients
when the time span of interest is extended to cover longer arcs. The geopotential function
of the reference orbit is stili defined by the truncated SAO L=3set. The NWL SE=6 co-
efficients are used for the geopotential function of the other orbit. Only the effects on the
X position coordinate are given, those ,for Y ond Z being essentially the same. Figure 7
shows the X residuals in position over three revolutions before the least squares adjustment.
Peak to peak residuals of 40 to =100 meters are noted. Figure 8 indicates little improvement
in the residuals after the least squares adiustmobt. Peak to peak residuals of 35 to =100 meters

-26-
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still exist. Figure 9 is indicative of the results of this investigation if the time span
is reduced to two revolutions. Peak to peak residuals of 30 to =90 meters are still
seen after the least square adjustment. The results of truncating this experiment
after one revolution are to be seen in Figure 10. Nevertheless, peak to peak resid-

vals of <40 to +40 meters are still to be observed.

In the event that we are somewhat high-handed in our treatment of the
SAQ L-3 set of potential coefficients, part of the foregoing procedure was repeated
using the complete SAO L-3 geopotential function. The potential function for the
other orbit was defined by the NWL 5E-6 set of coefficients. Figures 11, 12, and 13
are a plot of the position residuals in meters in X, Y, and Z, respectively. The overall
character of the curves in these three figures suggest that a least squares adjustment of the

initial conditions only will not remove these residuals and, therefore, no such adjustment

) i

|

was attempted.

R Effects of Uncertainf{es in the Coordinates of the Earth's Center of Mass.

Figures 14, 15, and 16 indicate the effects on the orbit when the center of mass

is displaced slightly from the origin. In these simulations, the center of mass of the refer-

e B

ence orbit is displaced +31.89 meters in each coordinate with respect to the origin. For

the other orbit, the assumption is made that the center oi mass is at the origin. A least

i

squares adjustment of the latter orbit's initial conditions is made and the differences in
positions before and after the adjustment is exhibited. Maximum position residuals in
meters of (-2.5, +2.5, +20.0) in (X, Y, Z) ore indicated before the adjustment. After

: the adjustment, maximum position residuals of (1.5, =1.1, +4.0) meters are to be observed
in (X, Y, Z). The time span of interest is 1000 seconds or about one seventh of a revolution
of GEOS=-A.

e Figures 17, 18, and 19 represent two simulations with identica! results. The situ-

: ation is exactly the same as above. However, in the first of the two instances under discussion
[ now, only the center of mass was allowed to adjust. It is to be observed that the residuals

‘ were effectively reduced to zero. For the second simulation, both the center of mass and the
[ initial conditions were allowed to adjust. Since the initial conditions were already correct,

they should not and did not change.




In Figure 20, some indication of the theoretical separability of errors in
position and velocity from errors in coordinates of the earth's mass center is presented.
In this simulation, the center of mass for the reference orbit is still displaced from the
origin by +31.89 meters in each coordinate. Additionally, the initial coordinates of
position of the other orbit are in error by +50 meters with respect to the origin. More-
over, the initial velocities are in error by +.1 meters per second in each coordinate. Only
the results for the X coordinate are shown, those for Y and Z being essentially the same.
The time span is still 1000 seconds and before the adjustment a maximum position residual
of =160 meters can be seen. After the adjustment, these residuals have been reduced to

Zero.

iit. Effects of Neglecting Perturbing Acceleration of the Sun and Moon.

Figures 21, 22, and 23 indicate the effects of the perturbing accelerations from
the sun and moon on the orbit of GEOS-A, over a time span of one day. The reference
orbit is subject to the effects of earth, moon and sun while the other orbit is subject only

to the effects of the earth. [t can be observed that the maximum residuals in meters are

(-13, =28, =35) in (X, Y, Z). After the least squares adjustment, the peak to peak residuals

appear to be (+8 to =7, +12 to =12, +15 to =15) meters in (X, Y, Z).

CONCLUSIONS

The successful completion of various experiments using short arc orbital constraints
does not appear to be sensitive to current variations in geopotential coefficients as determined
by various principal investigators. For some tasks, the use of zonal harmonics only through
fourth degree will be adequate. Non=conservative forces and extraterrestrial perturbations

™

may be neglected.

3
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A high quality cetermination of sensor site locations may be quite sensitive to
uncertainties in the coordinates of the earth's center of mass. |f the station locations are
referred to a datum whose origin does not coincide with the center of mass of the earth,
then the first order coefficients of the geopotential should be carried as appropriately con=

strained parameters.

The results obtained using different sets of geopotential coefficients for intermediate
arc experiments is somewhat discomforting. The SAO set of coefficients is a more recent and
more complete set than is the NWL set. It is possible that more recent determinations of the

geopotential by NWL might produce more fovorable comparisons.

The perturbing effects of the sun and moon should appear in the orbital differential
equations for intermediate arc experiments. No investigations have been carried out to see
if radiation pressure and drag need to be considered for GEOS-A. Naturally, if the coordin-
ates of the center of mass should be carried as constrained parameters for short arc experiments,

they must also be carried in intermediate arc experiments.
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PRECEDING PAGE BLANK NOT FILMED.
GDAP

GDAP, (Geodetic Data Adjustment Program) has been developed by D. Brown
Associates, under contract to GSFC for the purpose of reduction and analysis of Geos
satellite data. This is an error model adjustment program designed *o solve a wide
variety of problems belonging to the class of minimum variance statistical estimation.

The problem formulation is restricted to problems pertaining to the tracking targets
moving relative to some fixed coordinate frame and possibly subject to dyramic constraints
imposed by the differential equations of motion due to gravitational force. This class is
further restricted to those containing observations in coordinate systems commonly

known as range, azimuth, elevation, topocentric right ascension, topocentric declina- -
tion, direction cosines, range rage azimuth rate, and elevation rate. Statistical information
associated with the observations as well as with various other parameters entering into

the description of the trajectory data may be entered into the program and processed
rigorously subject to certain statistical assumptions. The fundamental assumptions are
that the data observations contain random error and systematic error and that the random
ervor has zero mean and contains no cross or serial correlation with errors on other

observational data sets.

To be more specific, the problems generaily solved by this program can be

described as adjustment of multiple sets of tracking observations 1o datermine the geometric
pesitien (as g funetion ef time) of a satellite; of the datermination 6f ifs orbital elemenis
at some arbitrarily chosen epoch. Various other parameters necessary to describe systematic
errors which are included in the observational data sets may be estimated. These systematic
error model parameters include uncertainties in the lecation or sur :v of the tracking
instrument, zero set error, timing error, frupospheric refraction errors, scale error, phase
drift error, and errors in the positions »f the satellite, or in its orbital elements at a given

epoch in the case of dynamic constraints.

The program contains many options for various usages. Input observations may be
of various types previcusly described. The program can operate in three general modes:

a geometric mode which solves by means of intersections of rays and surfaces, for the

-55=
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sequence of positions of the staellite; a dynamic mode which solves for the position and
velocity of the target at an epoch; and a simulation mode which generates and adjusts
aritifical data in either of the two proceeding modes for error propagation studies. Two
general forms of problem organization may be employed by the program. The first form

which has been know as the EMBET (Error Mode! Best Estimate of Trriectory ) is a single

pass form which allows estimation of ~ set of discrete trajectory points (geometric mode)

or of a single set of orbital elements (dynamic mode) along with the error model coefficients
to be recovered. An advanced form known as the NEO EMBET from (N-Epoch Orktital EMBET)
allows the estimation of the orbital parameters and error model coefficients peculiar to any
number of satellite passes over a.combination. of tracking sites. The NEO EMBET form of
solution employs a partitioning algorithm which allows reuse of the computer memory for
generation of nommal equation solutions for sequential passes, while preserving those

portions of the normal equations which apply to all passes. It is by means of this purtitioning
algorithm of the patterned normal equation matrix into submatrices that the solution of an

unlimited problem is made both practical and efficient even on a relatively small computer.
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In the course of investigating results from the various tracking instrumentation on the
Geos | Satellite , numerous GDAP reductions of four (4) early passe« from January 1966

were performed.

At this time, we wish to report some of the results obtained when comparing some
of the data obtained by the tracking systems with data from optical instrumentation sources.
For the purpose of this intercomparisons, short arc reference arbits based un optical data
only were computed. The discrepancies between these reference orbits and the data l

detained from the radio tracking systems, in the form of measurement residuals, were examined.

The following residuals were noted when no refraction or any oiher corrections

(other than ambiguous) were applied.

ORBIT 645 . ORBIT 677
HOMSR 65 21 55 22
FTSWR - - 67 i3 o
GRESR 82 25 66 17 meters
HERSR 62 22 56 15
ROSGR 45 21 - 29 12
ROSGD .017 .06 .015 .013 o/
APLTD .062 13 .109 .10 sec.
LACTD - - -.054 1

The cameras used for the reference orbit:

677: SEM PC-1000, HUN PC-1000, JUP PC-1000, JU40 MOTS, JU24 MOTS, MOJM,
DENM

665: HUN PC-1000, HOM PC-1000, FTM MOTS, DEN MOTS
orbits were good to 6 meters in pos, 2-3 m/sec in velocity at epoch.

Seme further analy'sis of the available SECOR data indicated the possibility that
the given value for the ionospheric refraction correction may be in error by some constant
bias. It was then decided to apply a mathematical model to account for ionospheric
refraction errors in the SECOR range data, and to also augment the error models to include
a zero set and timing error coefficients. The results of these reductions resulted in much
smaller SECOR and RARR residuals. In some instances however, a certain systematic trend was

still apparent. /
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Some typica: values for the residuals resulting from these reductions ranged from
2 meters RMS and no systematic trend, (in SECOR data), to an RMS value of 12 meters

with a pronounced slope on one of the passes examined.

- Typical residuals for the RARR system ranged from 10 to 20 meters with an average
value of 12 meters for range and about 1 to 2 cm/sec for the range rate. (random in nature)
Some constant bias was also indiacated to exist in the range RARR data. This varied

from =7 to +23 meters on the four (4) passes in question. A scale or frequency error of 15 ppm

was indicated in the range rate data.

Similar reductions were also performed on two other orbits obtained after March 1944.
These two (2) orbits were nos. 1408 and 1994.

Secor Range rasiduals obtained in these two (2) reductions in a short arc orkital
mode using optical data for a reference orbit, were examined, both before and after the
application of ionospheric refraction corrections as given by the SECOR 2 frequency
method. Again there is a strong indication that the given value for ionospheric correction
contains a systematic constant bias error. The use of a regression model to recover and

remove this possible bias resulted in random range residuals of 2 to 5 meters RMS.

A possible reason for the existence of this constant bias may be due to mis-

interpretation of the station reported calibration figures-this should be investigated further.

I would like to point out that in the reduction of SECOR data. ambiguities which
are multiples of 256 meters, have been removed prior to subjecting this data to the above
comparisons. These ambituities appear in the data presented to us and could present problems

if not accounted for properly, especially values of + 256 meters.

14
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NAME: Paul A. Maresca
DATE: 13, December 1967

SUBJECT: Geodetic Investigation at GSFC

LASER/GRARR COLLOCATION EXFERIMENT

As part of the Geodetic Earth Orbiting Satellite-TJ
(GEOS-1) Observations Systems intercomparison investigation,
several groups of tests were conducted from July 1966 through
November 1966 at Rosman, North Carolina. These tests con- ~
sisted of side-by-side tracking of the GEOS-I spacecraft by
the Goddard Range and Range Rate (GRAFR) system and the Goddard
Laser tracking system. The primary purpose of the collocated
tracking was the comparison of the accuracy of the two systems
involved. A by product of the intercomparison was the deter-
rmination of the effectiveness of the Laser as a calibration
instrument for electronic tracking systems.

During the five month period in which the Laser was lo=-
cated at Posman, seventeen satellite passes were tracked by
the Laser to be used in the intercomparison. There are sev-
eral reasons why only seventeen passes were taken. Foremost
was the fact that during many of the passes the satellite
was not illuminated by the sun while the statinn was in dark-
ness which was necessary for tracking by the prototype Laser
used at Rosman. The weather was an important factor since
acquisition and tracking of the satellite was impossible :dur-
ing periods of heavy cloud cover,

Of the seventeen passes, ten were found acceptable for
the intercomparison investigation. The procedure used in
analyzing the data was to smooth the Laser data using the
GEOS Data Adjustment Program (GDAP), This yielded a standard
error estimate for the Laser range data and a reference orbit
at the selected time of epoch in the form of a cartesian
position and velocity vector. Then using the measured GRARR
data and the Laser determined orbital elements, GDAP solved
for the range zero set error and the range timing error and
calculated the standard error estimates for the range and the
range measurements, Since the error model capabilities on
the version of GDAP used in this analysis were limited, the
final set of residuals from GDAP were used as input to a
sequential least squares regression program in order to in-
vestigate more extensive error models for both range and range
rate.
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For the GRARR range measurements the average bias error
at Rosman was found to be =-5.,312,5 meters, The average
timing error was =-2.12l.2 .,lliseconds, It should be noted
that all GRARR passes used in the intercomparison were taken
on the high frequency channel and the bias and timing error
presented here are representative only of data taken on this
channel. A somewhat larger bias seems to be present for data
tzken on the low frequency channel,

After removal of the bias and timing error trom the range
data the root mean square (RMS) error of the measurements was
6.8 meters, This is approximately equal to the specified
noise inherent in the system., More elaborate error models were
fit to the range residuals but in all cases the reduction in
RMS was negligible, It was concluded that an error model con=-
sisting of a bias term and a timing error term was sufficient
to describe the systematic error in the range measurements,

Concerning the large range timing error, it should be
r ‘nted out that what is referred to herein as a timing error
- simply, for range measurements, the value of the coefficient
of range rate in the range error model., This coefficient has
the units of seconds of time but since the Laser was synchro-
nized to the GRARR timing pulse to within 100 microseconds it
could not have been a true error in timing. Since this large
apparent timing error could not be explained as a true timing
error or by effects at the ground station, &n investigation
was initiated into the characteristics of the narrow-band
filter which causes most of the time delay of the signal in
the GRARR S=band transponder aboard the spacecraft., The re-
sults of that investigation will be reported later in this

paper.

In order to thoroughly examine various range rate error
models three passes were chosen for concentrated analysis,
The average RMS value for these three passes was 2,6 cm/sec,
A number of error models were fit to the range rate residuals
from each of the three passes. The error models were formu-
lated by combining terms whose coefficients represented the
following errors: ground transmitter frequency error, range
rate timing error, range rate servo lag error, transponder
delay error and range rate refraction error., A range rate
timing error of -0.,2 milliseconds appeared consistently. A
large but fairly consistent ground transmitter frequency
error of approximately 10 parts per million or 22,7 KHz was
noted. About 25 percent of this error has been noted as an
actual frequency drift at the ground station., Because of
the magnitude of the remaining error, the transmitter fre-
quency error is probably a combination of other systematic
effects which have not been isolated., The only other consis=-
tent and significant error model term appeared to be what is
called the transponder delay term. This is the coefficient
of the product of the range rate and range acceleration. The
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range rate servo lag error was negligible for all passes
while the range rate refraction error term was inconsistent
from pass to pass and highkly correllated with the transmitter
frequency error. The range rate error model consisting of
terms representing a timing error, a transmitter frequency
error and a transponder delay error recduced the range rate
PMS to 1 cm/sec and was considered the most acceptable.

The RMS value for the Laser range measurements was 1,8
meters, A Chiesquare test of normality was run on selected
passes and¢ none of them were found to be significantly non-
normal, and if any systematic -“fects were present they were
nezligible., From the intercomparison experiment it appears
that Laser defined orbits can be used to detect systematic
errors in both range and ranze rate to 2 meters and 1 cm/sec
respectively,

In an effort to find the cause of the apparent range
timing error in the GRARR system, the narrow-band filter in
the GRARR S-band transpcnder was modeled, Modeling tte filter
consists of describing the electrical network with a set of
differential equations. This is usually done in a network
analysis program such as the Electronic Circuit Analysis
Program (ECAP) used in this analysis, When using ECAP, it is
necessary only to specify the values of the circuit elements,
the circuit topology and the type of analysis desired (AC, DC
or transcient). »

During the preprocessing of the GRARR range data a
correction is applied for the time delay of the signal-through
the filter., Thiu correction is in the form of a non-linear
curve representing time delcy versus doppler frequency. An
hypothesis was nut forth in a previous document entitled
""Intercomparison of Collocated Laser Optical and GRARR Radio
Ranging System Tracks on GEOS-I'" that a shift of the time
delay curve caused by variations in transponder components
ahoard the spacecraft was the major cause of what apneared
to be a range timing error in the orbital fits of the GRARR
data. The analysis of the filter was to determine whether
or not changes in values of the elements of the filter from
their initial valued due to lift-off vibration, solar radi-
ation, aging, etc. could cause such a shift,

The first step in the analysis was to obtain initial
values of the circuit elements that matched as closely as
possible their actual physical values, Since many of the
values associated with filter elements were determined dur-
ing the module bench test, only approximate or limiting
values were available from the schematic diagram ot the cir-
cuit., Therefore, a number of computer runs were necessary
using ECAP to approxinate the theoretical amplitude response
curve as was done in the actual alignment procedure, The
bench test procedure for filter alignment was followed wherever
possible. The amplitude response obtained from the model

R
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circuit at the center frequency of 1.4MHz was within 0,01 per-
cent of the theorectical value while at t40KHz , which is approx-
imately the operating region of GEOS-I, the difference was

10.0 percent,

After obtaining a satisfactory set of elements, an analysis
of the effect of perturtations in the values of the circuit
elements on the time deiay of a signal through the filter was
conducted. Each element was perturbed from its initial value
by an amount felt to be indicative of changes which could occur
on board the spacecraft. The inductors were varied 42,0 per-
cent, the capacitors #0,1 percent and the resisturs +0,2 per-
cent. Plots of the time delay versus trequency were made and
the results studied,

Changes ot $0.1 percent and #0,2 percent in the capacitors
and resistors respectively, produced negligible effects in the
time delay ot the simulated signal through the filter, It
should be noted that perturbations much greater than those men-
tioned previously were introduced in the capacitors and resistors
in the course of the investigation without appreciably etfecting
the delay. However, significant changes were observed in the
time delay characteristic of the filter when the values oL cer-
tain inductors were perturbed from their initial values.

A single stage of the two stage filter used in the S-band
transponder has three inductors. It was found that changing
the values of two ot the inductors had a significant effect
on the time delay while the effect of varying the thiru was
negligible. When one of the two significant inductors was de-
creased 2,C percent in value the time delay curve wes shifted
in the positive direction along the frequency axis approximately
5KHz while a 2,0 percent decrease in the second, shifted the
curve in the same direction 10KHz., In both cases an increase
of 2,0 percent shifted the curve in the negative direction,

For the first inductor the shift was about 2KHz while the shift
for the second was 8KHz. When both inductors were perturbed
simultaneously by +2.0 percent the shifts were in the esme
direction as described previously. For a 2.0 percent decreuse
in value the shift was 13KHz and for a 2.0 percent increase the
shift was 10KHz,

These results indicate that changes in the values of cir-
cuit elements, especially inductors, can cause a shift in the
transponder delay curve. If such a shift occurs and is not
taken into account in the preprocessing of GRARR range data,
the effect in an orbital fit using the data would be an apparent
range timing error. The magnitude of the shifts causedpy +2.0
percent perturbations in the circuit inductors does not fully
account for the -2,1 millisecond range timing error noted in
the intercomparison investigation but it is felt that changes
greater than +2.0 percent could conceivably occur in the in-
ductor values during the life of GEOS-I,
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This report presents some of the results obtained from
satellite tracking data using three different sets of coef-
ficients in the mathematical model that describes the earth's
gravitational fiela. The results were not intended to be used
as a definitive evaluation of the different coefficients but
as an assessment of the effects that different coefficients,
station coordinates, and earth parameters that have been pub-
lished, have on orbital geodetic results.

The orbital solutions were primarily estimated from op-
tical tracking data from the GEOS-I satellite, taken by five
major geodetic optical tracking networks. The networks and
camera types consisted of the SAO Baker-Nunn, GSFC STADAN and
SPEOPT MOTS 40" and 24", USAF PC-1000, and the US C&GS BC-4.
The three sets of gravity coefficients used were the SAO M-1

set, APL 3.5 set, and the NWL 5E-6 set. The semi-major axis,

gravitational constant, and flattening consistent with each
set of coefficients were also used. The station coordinates
used were referenced tc the SAO C-5 standard earth as no other
complete set of optical station coordinates were available.

Several long arc orbital analyses were completed using
each sét of coefficients and the results were compared.
Orbits were fitted to two overlapping data sets; the arc
lengths of these orbits were 5-1/2 days and 1 day. The or-
bital solutions obtained with each set of coefficients were
compared. Furthermore, the trajectory differences were com-
puted, and the along track differences were as great as 400 meters
for the 5-1/2 day arc and 200 meters fc -~ the 1 day arc.




Two estimates of the coordinates for the Goddard Range
and Range Rate station in Tananarive, Madagascar were ob-
tained from independent data sets using each set of coef-

: ficients. Only the SAO M-1 set produced two estimates that
were consistent;they differed by only 5 meters.

These comparisons serve to reinforce what was intuitively
obvious -- that for long arc geode*ic work, the most complete
set of gravity coefficients together with consistent station

L R U U

coordinates should be used.
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1.0 INTRODUCTION

This report presents some results that have been
obtained from satellite tracking data using three different
sets of coefficients in the mathematical model that describes
the earth's gravitational field. These comparisons were not
intended as an evaluation of the coefficients but as an assess-
ment of the effects of using the different sets in order to
choose the most suitable available set of gravity coefficients
and station coordinates for long arc (greater than 6 revolu-

tions) geodetic purposes.

These results were obtained using the orbit determination
program NONAME [1], and the orbital solutions were estimated
from optical tracking data taken from the GEOS-I satellite.
The NONAME program uses a mathematical function based on
Legendre polynomiais to approximate the earth's gravitational
field [Appendix A-1]. Several sets of coefficients for these
'polynomials have been published; three of these sets were used

for this work; they are:

1. The SA0C M-1 Set [2],

2. The APL 3.5 Set [3],

3. The NWL 5E-6 Set [4].
These are summarized in Table II.

For the purposes of these comparisons, the semi-major axis,
gravitational constant, and flattening that are consistent with

each set of coefficients were used. These are summarized in
Table I. The station coordinates were unchanged and were ref-

erenced to the SAO C-5 standard earth [Appendix A-3], this was be-

cause no other complete set of coordinates for the optical

tracking stations was available.
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The use of only the one set of station coordinates prevents

these results being used as any sort of definitive evaluation

of these sets of gravity coefficients. It
however,that the ellipsoids defined by the
Table I are very similar; thus the station
they are fairly accurately determined with
center of mass, as the SAO C-5 coordinates

should be noted,
parameters in
coordinates, if
reference to the
are generally

accepted to te, should not introduce any large differences in

the results.

Several long arc analyses were completed using each set
of coefficients in turn, and the results have been compared;
these are discussed in some detail in Sections 3.0 - 6.0.
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2,0

the

DESCRIPTION OF THE EARTH'S GRAVITATIONAL FIELD

The earth's geopotential can be approximated by
following mathematical model:

(1)

[Cnm Cos mA + Snm sin m)\]

where

G is the universal gravitational constant,
M is the mass of the eartﬁ,

r is the geocentric satellite distance,

a is the earth's mean equatorial radius,
¢ is the sub-satellite latitude,

A is the sub-satellite east longitude,

P; sing) are the associated Legendre polynomials

of degree n and order m,

and

Cnm’ Snm are the denormalized gravitational coeffi-

cients.
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The geopotential formulated in this manner can be
converted into gravitational accelerations in inertial
coordinates (x, y, z) as follows:

: - du 3ar du 9 ou 3
X0 37 3% ﬁ*ﬁﬁ»

where the subscript "o'" denotes accelerations due to the
earth's gravitational field. Similar expressions hold for
Yo and z,. The NONAME program uses a model in this form to
compute the accelerations due to the earth's gravitational
field.

The three different sets of harmonic coefficients
(normalized) and associated earth parameters used in this
analysis are shown in Tables I and II. The SAO M-1 is the
largest set with a total of 122 coefficients; the APL 3.5
set has 84 coefficients and the NWL S5E-6 set has 64, Of
these three sets, only the SAO M-1 set has GEOS-I resonant
terms (harmonics of order 12).

The SAO M-1 set was determined using optical obser-
vations from a number of satellites, and the other two sets
were determined from Doppler observations,again from a num-
ber of satellites,
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The geopotential formulated in this manner can be
converted into gravitational accelerations in inertial
coordinates (x, y, z) as follows:

x = 9u 3dr L "9u-3¢ " 3u 2N\
9 ir X X X Ju °’

where the subscript "e'" denotes accelerations due to the
earth's gravitational field.

[0

Similar expressions hold for Y e and Zqe

The NONAME program uses a model of this form to
compute the accelerations due to the earth's gravitational

field.
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TABLE I

PARAMETERS FOR THE EARTH'S ELLIPSOID

MODEL
SAO M-1 APL 3.5 NWL SE-6
PARAMETER
GRAVITATIONAL
CONSTANT 3.986032 x 10" | 3.986075 x 10" 3.9860542 x 10"
(kM3 /sEC?)

SEMI-MAJOR AXIS

oS 6378.165 6378.166 6378.165
FLATTENING -75%47— 7—%4—- 75%:7—
» S 9 .30 [ ] 5




it

i | (.

HARMONIC COEFFICIENTS (NORMALIZED)

TABLE II

SAQ M1 APL 3.5 NWL SE-6
n om | Tx10% | §x10® [Tx10% | §x120% | Tx10% |5 x 10°
2 0 -484,1735 -484,198 -484.194
2 1 0.016 0.062
2 2 2.379 -1.351 2.381 | -1.198 2.446 | -1.519
30 0.9623 1.011 0.984
3 1 1.936 0.266 1.84 0.215 2.148 0.274
302 0.734 -0.538 1.219 | -0.6791 0.978 | -0.906
3 3 0.561 1.620 0.6609 | 0.9795 0.585 1.625
4 0 0.5497 0.467 0.507
4 1 -0.572 -0.469 -0.5624 | -0.4403 -0.495 |-0.575
4 2 0.330 0.661 0.4179 | 0.4438 0.274 0.671
4 3 0.851 -0.190 0.8464 | 0.007062 1.030 |-0.247
4 4 -0.053 0.230 -0.2106 | 0.1898 -0.413 0.336
5 0 0.0633 0.084 0.045
5 1 | -0.079 -0.103 0.1370 | -0.1669 0.032 [-0.119
5 2 0.631 -0.232 0.2684 | -0.3379 0.637 |-0.328
5 3 -0.520 0.007 0.09131f 0.1035 ~0.389 |-0,124
5 4 -0.265 0.064 -0.4884 | -0.260 . -0,549 0.148
5§ 5 0.156 -0.592 -0.03358] -0.6686 0.215 |-0.594 |
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TABLE II (cont'd)

SAO M1 APL 3.5 NWL SE-6
n m | Tx10% | Tx10% [ €x10% | §x20% | Tx10% | 5x10°
6 0 | -0.1792 -0.103 -0.219
6 1 | -0.047 0,027 | -0.0002093| 0.1609 -0.085 0.192
6 2 | 0.069 -0.366 |-0.1610 |-0.1555 0.129 -0.457
6 3 | -0.054 0.031 | 0.5303 | 0.05111 | -0.020 -0.134
6 4 | -0.044 -0.518 | -0.3069 |-0.5087 -0.193 -0.316
6 -0.313 | -0.458 |-0.18 -0.5091 | -0.093 -0.786
6 -0.040 -0.155 | 0.01434 |-0.2316 -0.324 -0.360
7 o | 0.0860 0.153 0.105
7 1 | 0.197 0,156 | 0.1261 | 0.09355 | 0.331 0.083
7 2 | 0.364 0.163 | 0.4586 | 0.05098 | o0.350 -0.195
7 3 | o0.250 0.018 | 0.3938 |-0.2067 0.323 0.045
7 4| -6.152 -0.102 |-0.1368 | 0.0004798) -0.467 -0.244
7 0.076 0.054 |-0.05682 |-0.1871 0.0S5 0.021
7 6 | -0.209 0.063 |-0.4552 | 0.7s8 -0.477 -0.244
7 7 | o0.055 0.096 | 0.08840 |-0.1443
8 0 | 0.0655 0.170
8 1 | -0.075 0.065 |-0.1481  |-0.04843
8 0.026 0.039 0.09472 |-0.03764
8 3 | -0.037 0.004 -0.05497 0.2168
8 4 | -0.212 -0.012 |-0.06901 | 0.03761
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TABLE II (cont'd)

SAO M1 APL 3.5 NWL SE-6

n m | Tx10% |5x10% [ €x10% | §x10° |Tx10® | §x 10°
8 5 | -0.053 0.118 0.08040 |-0.002495
8 6 | -0.017 0.318 |-0.02193 | 0.6658
8 7 | -0.0087 0.031 0.1697 | -0.07009
8 8 | -0.248 0.102 |-0.1457 0.09424

0 0.9122 0.041
9 1 0.117 0.012
9 2 | -0.0040 0.035
10 00| 0.0118
10 01| o0.105 -0.126
10 02| -0.105 -0.042
10 03| -0.065 0.030
10 04 | -0.074 -0.111
11 00 | -0.0630 0.104
11 01| -0.053 0.015

-78-

,M’"““‘mu]

{
~,

Lt

gy
-

y
LRSI,

ol



TABLE II {(cont'd)

SAO M1 APL 3.5 NWL SE-6
_ _ 6
n om | Tx10% | 5x106 | Tx10% |Tx105 | Tx10% | 5x10
12 00| 0.0714 0.062
12 01| -0.163 -0.071
12 02| -0.103 -0.0051
12 12 | -0.031 0.0008
13 00 | 0.0219
13 12 | -0.059 0.050
13 13 | -0.059 0.077 |-0.4689 0.04748 20.03 0.11
14 00 | -0.0332
14 01 | -0.015 0.0053
14 11 | o0.0002 | -0.0001
14 12 | 0.094 -0.028
14 14 | -0.014 -0.003 |-0.06368 |0.037
15 09 | -0.0009 | -0.0018
15 12 | -0.0619 0.0578
15 13 | -0.058 -0.046 -0.06 | -0.06
1s 14 | 0.0043 | -0.0211 | 0.00087843 -0.0101 0.01 -0.03
-7 9_




3.0 DIFFERENCES IN ORBITAL SOLUTIONS

Orbits were fitted to two data sets from the first
week in January 1966, and the arc lengths of these orbits
were 5 1/2 days and 1 day. The 5 1/2 day arc covered the
period from 01 hrs GMT on December 31, 1965 to 06 hrs,
January 5, 1966, and the data set consisted of 1057 optical
observations. The 1 day arc covered the period from 06 hrs,
January 2, 1966,to 08 hrs, January 3, 1966, and the data was
a subset of the 5 1/2 day arc data set and consisted of 444
optical observations. These data sets are summarized in
Table III.

The root mean squares of the observations about the
orbital solutions were computed and these are shown in

Table IV . The rms values were lower for the orbits fitted -
using the SAO M-1 set for both arcs. The differences between
the observed measurements and values computed from the orbital
solutions were computed and plotted on histograms; these are
shown in Figure 1-4. These figures clearly indicate that the
orbital solution obtained with the SAO M-1 set of coefficients
fits the data sets better than the other solutions. The right
ascension residuals shown in these figures have been multiplied
by the cosine of the corresponding declination measurement in

order to make them homoscedastic.
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TABLE III

SUMMARY OF OPTICAL MEASUREMENTS BY STATION

NO. OF OBSERVATIONS

NETWORK STATION CAMERA TYPE 5 1/2 DAY ARC 1 DAY ARC
SAO 10RGAN BAKER-NUNN 2
1JUPTR BAKER-NUNN 26 26
INATOL BAKER-NUNN 8 2
OSLONR BAKER- NUNN 4
AUSBAK BAKER- NUNN 4
1SHRAZ BAKER-NUNN 2 2
1SPAIN BAKER-NUNN 6
1TOKYO BAKER-NUNN 12 4
1VILDO BAKER- NUNN 2
IMAUID BAKER-NUNN 2
AGASS1 GEODETIC 36" 10 |
1
. TOTAL: | 78 34
| T *
iSPEOPT 1COLBA ; MOTS 40" g 164 | 71
| 1JUM40 ' MOTS 40" | 22 ; 16
; 1BERMD . MOTS 40" ; 84 36 |
1PURI0  :  MOTS 40" | 14
1DENVR ; MOTS 40" é 70 14
1JUM24 . MOTS 24" z 26 s 24
g TOTAL: | 380 | 158
} - , ;
| | ? |
ISTADAN IFINYR | MOTS 40" | 82 | 54
: | 1BPOIN MOTS 40" 5 53 g |
| 1GFORK MOTS 40" : 26 § 9 |
§ IMOJAV MOTS 40" 25 25
TOTAL: 186 91
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TABLE IIXcont'd)

NO. OF OBSERVATIONS

NETWORK STATION . CAMERA TYPE .5 .1/2 DAY ARC 1 DAY ARC
USAF HUNTER PC-1000 59 47
SWANIS PC-1000 14 14
GRDTRK PC-1000 7
ANTIGA PC-1000 26
SEMMES PC-1000 60 36
CURACO PC-1000 40 26
HOMEST PC-1000 94 24
JUPRAF PC-1000 17 17
BEDFRD PC-1000 22
ABERDN PC-1000 74
, ; |
TOTAL: 413 164
=82~
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TABLE 1v

ROOT MEAN SQUARES ABOUT THE ORBITAL SOLUTION

R.M.S. OF FIT (SECS OF ARC)
ARC
LENGTH SAO M-1 APL 3.5 NWL SE-6
5 1/2 day 3.08 11.14 11.01
1 day 2.33 2.50 4.54
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Right Ascension Residuals from 5% Day Arc
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4,0 TRAJECTORY DIFFERENCES

The aloig track, cross track,and radial differences
between the orbital solutions discussed in Section 3.0 were
computed. The differences between the orbital solutions
obtained using the SAO M-1 set and the other two sets are
shown in Figures 5-8.

The along track differences were the largest. They
were as large as 400 meters for the 5 1/2 day arc and 200
meters for the 1 day arc. The differences have a period
approximately equal to the period of the sateilite (2 hrs),
and, in addition, the along track differences have some other
long period associated with them., The periods of the along
track, cross track,and radial differences are not in phase,
and in general, the minima occur where there is good data
coverage; this is shown by the solid blocks in the figures.
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Figure 8

yoodj wol} SINOH

A_OO.N'
102 -

001 -

JOVHIA0D VIvd =23
YONIYIJJ 1A TVIAVE — =
FONFYFI4IQ AIVIAL ONOTV ———-
JONTYT441Iq AOVHL SSQUD ——

- JUV AVa /1 S
STIAON ALIAVYED 9-3S TIMN UNV TW OVS WO¥d (INIVLEOU SHTYOLIULVHL NIHMLIE SADNHUI4d1d

(=]
S19393K

001

1002

do0¢

Ml
)
-t
®
~
n
1001
1002
“00¢

]
=)}
o))

]



Jetimpgitmbnieine [E——

Figure 8 (cont)

i bttt} o TR T bsstemosm, | il

e e -y e gy oy h. e~y ﬁ'li\,x

T o [T, ' P (RS

yoodg &ohw SINOH

JOVYIAOD VIVA £33
HONHYIAd 1A TvIdvd — ==
JONHUIAATId AIVIL ONOTY ~~--
dONTUHdd 1A NOVYL SSOYD ——

UV AVU 2/1 §
STHUOW ALIAVHD 9-3S TTMN OGNV TW OVS WOYd QIANIVLIEO SIIYOLDACvVYL NIIMLIA SIONFUIAd1d

4002

oo0g-

002-

00t1-

[ =}
$1910K

001

1002

0og

L00€ -

1002 -

SI9I9N

-100-

00¢



(OUUy WOod§ sInoj) 1002~
001 -
=2
(ad
w
s ]
(7]
- .- ~ee? nmﬁccm
AINGYHALIA MIVEL INOTV =m-ew
= HOVYIAOD VLVA =3  IONTUHIIIQ XIVU] SSOYU) ——m—e
m HONFYAJLIA TVIQVY = ==
< 7005 -
00
[}
b 002 -
ol
el
e

S$19209;.

) UV AVA Z/T S #ocm
STAAOR ALIAVAD G-I THN QNV LW OVS WOWd QINIVLIEO STI¥OLINLVAL NATALIS SAINIMddId

e - ' iy ety




rmsotsapy.

[T T

Figure 8 (cont)

PR

ot

reveensy [ran—

N rteans ptsn - S J—— JR— P——

[T PR forti i artnesing. 1 [T T

T p—— esme——, ﬁ‘l! B [t [ememarronyy

001~

0
00T
002
00¢
IONTYZAATA TYIAVE e looy
19VHIA0D VIVA ==m IONTUZAA 1A AIVUL ONOTV --mmm
JONSYTIIA NOVUL SSOUD e -
7002 -

. D4V AVA Z/1 S _
(]
A3TABI9 ¢-T§ ANV TW OVS WOUA QUNIVLIE0 SHIYOLSHCVEL NTIMLEE SHONTYHAI1Q 00V

nr
"

S1039},

393

$40

-102-




_:!_03_

Udodg wWolj sanojj o

SI1919)

1002
loos

o I9VYTAOD VIVQ mem .

S GONTYILAIQ TVIAVY ==

o FONTUTLAIA ADVYL ONOTV ----=

N FONTYFAIQ HOVUL SSOUD

5

= 1002 -

Fi

00T -
m
O ¢
. e}
wn
1001
002
v PR : ' , 06¢
* D¥V AVQ 2/ S oo’

STZGON ALIAVED 9-5S 74N ANV IW OVS WO¥d QANIVIZO SATUOIDHIVMI NAZuIldy SAONANTLAICQ 00¥




Figu-e 8_(cont)
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5.0 EVALUATION OF THE ROSMAN GRARR RANGE ACCURACY

The range measurements of the Goddard Range and
Range Rate (GRARR) Tracking System at Rosman, North Carolina,
were evaluated by comparing the actual measurements with
values computed from optical reference orbits [5]. The
5 1/2 day arc and the 1 day arc discussed in Section 3.0
were used as the reference orbits.

For each GRARR pass over Rosman,:zero-set errors,
timing errors, and random errors were estimated from the
residual differences between the observed and calculated
ranges; these are summarized in Tables V - VII. The esti-
mates obtained from the orbital solutions fitted using the
SAO M-1 set of coefficients were less variable than those
obtained using the other two sets. In addition, the estimates
obtained from the shorter overlapping 1 day arc are only con-
sistent with the 5 1/2 day arc estimates when the orbital
solutions were obtained with the SA0O M-1 set of coefficients.
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TABLE V

'SUMMARY OF ZERO-SET ERROR ESTIMATES

(metrrs)

PASS TRANSPONDER | SAO M1 NWL SE-6 APL 3.5

\ \ -

NO. CHANNEL 1 5 1 3 1 5
652 A -16.5 -26.5 -98.8
653 A - 6.1 -45.9 -35.9
664 A - 5.0 -18.0 -74.1
665 A - 2.0 -39.4 -16.3
673 A -19.1 -44.7 -15.8
676 A 2. 4.2 8.1 6.6 | -25.8 1-24.6
677 A 0. 7.41 -51.8 -23.61-20.2 3.8
685 A -29.5(-20.7 -60.0 |112.51 -46.7 {-79.0
688 A - 3.3(- 1.00 8.4 |- 7.9}|-2.2]-
689 A -14.9)- 7.7 -71.2 -35.8 | -38.7 | -
697 A -16. -49.4 -52.8

700 C 20.6 25.4 36.5

708 c 16.8 10.5 7.

709 C 17.0 -17.7 -33.7

712 A - 9.5 -14.5 '11.8
Mean A -10.0 -33.7 -34.6
S.d. A 8.8 21.0 30.7
Mean C 18.1 6.1 3.6
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SUMMARY OF TIMING ERROR ESTIMATES

TABLE VI

(milliseconds)

PASS | TRANSPONDER | SAC M1 | NWL SE-6 | APL 3.5
NO. CHANNEL 1 5 7 3 7 5 —
652 A -2.0 6.1 - 7.7
653 A 1.5 -11.1 - 4.3
664 A -3.9 - 9.9 -22.
665 A 1.0 -23.7 -16.9
673 A -3.4 -~17.4 - 6.5
676 A -6.3}1-6.9{ 10.0 12. - 0. -1.2
677 A -0.21-0.3{ - 5.0 |- 7. 3, 0.1
685 A -3.5 |-0.6] 14.2 |-12.2 | 31, 1.5
688 A -5.0 |-5.3] 31.4 }110.7 1 25,1 |0.7
689 A 0.1} 1 13.2 |-12.5 4§ 25.6 |-1.5
697 A -3.0 19.6 38.9
700 C -5.4 '18.1 18.9 ,
708 C -2.3 3.3 .7
709 C 3.4 -18.9 .S
712 A -2.8 -36.4 -28.2
Mean A -2.4 - .8 3.1
S.d. A 2.4 9.8 22.1

Mean C -1.4 .8 9.0

J
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SUMMARY OF RANDOM ERROR ESTIMATES

TABLE VII

(meters)
PASS TRANSPONDER SAQO M1 NWL SE-6 APL 3.5
: A
NO. CHANNEL 1 5 1 5 1 3
652 A 3.3 3.5 6.0
653 A 3.6 124.6| 10.5 7.3
664 A 3.2 3.6 6.1
665 A 4.5 12.0. 3.6
673 A .6 4,7 3.1.
676 A 2.9 3.0 3.6 5.3 5.0
677 A 3.2 4.01 10.4 4.7 2.8
685 A 2.5 2.3 3.5 10.5 2.6
688 A 4.5 .0 8.3 110.3 7.0 .2
‘689 A 4.1 .8 7.4 5.0 3.9 .9
697 A 3.4 3.5 3.8
700 C 5.8 10.8° 16.8
708 C 4.5 z.9 5.3
709 C 3.1 44 3.6
712 A 6.0 8.0 22.7
Mean A 3.7 6.6 6.2
S.d. )
Mean C 4.5 6.4 8.6

-108-




6.0 ESTIMATION OF COORDINATES FOR THE GRARR MADGAR SITE

Two independent estimates of the coordinates of the
GRARR MADGAR site in Tananarive, Madagascar were obtained
using each set of coefficients [6]. One estimate was obtained
from optical flash sequence data taken at 1TANAN during July
1966 and the other from range measurements taken at MADGAR
during November 1965. The data sets used for these estima-
tions are shown in Tables VIII and IX ,

The two sets of coordinates estimated using the
SAO M-1 coefficients were very consistent, within 5 mete:s
of each other; whereas the estimates obtained using the other
two sets of coefficients were not at all consistent, These
estimates are shown in Table X and Figure 9.
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TABLE VIII

SUMMARY OF DATA BY STATI
FOR JULY 9, 10, and 11

ON

No. of Measurements

Station Right Ascension Declination
1TANAN 14 14
1ROSMA 7 7
1COLBA 14 14
1BPOIN 14 14
1DENVR 20 20
1JOBUR 14 14
10RGAN 91 91
10LFAN 28 ) 28
1SPAIN 21 4 21
1QUIPA 28 28
ICURAC 28 28
1JUPTR 35 35
1VILDO 7 7
AUSBAK 14 14
IMAUIO 28 28
EDWAFB 2 2
TOTAL 365 365
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TABLE IX

il nd
Voo

SUMMARY OF DATA BY STATION
FOR NOVEMBER 28& and 29

No. of Measurements
[? Station Right Ascension Declination
i 10RGAN 59 59
[f 10LFAN
- 1SPAIN
1QUIPA
i 1CURAC 96 96
. 1JUPTR 127 127
f; 1VILDO 1 1
. TOTAL : 287 287
(]
b Range
MADGAR 24

I Ve o

—y
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Optical Estimate
GRARR Estimate
Difference

Optical Estimate
GRARR Estimate
Difference

Optical Estimate
GRARR Estimate
Difference
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TABLE X

ESTIMATED COORDINATES FOR MADGAR

SAQ M1 Gravity Model

Latitude E. Longitude Spheroid Height
-19° 1* 19.5"  47° 18" 7.9" 1380.0 meters
-19% 1' 19.4"  47° 18* 8.0" 1382.6 meters

0.1" -0.1" -2.6 meters

APL 3.5 Gravity Model

Latitude E. Longitude Spheroid Height
-19% 1+ 22.6" 47° 18t s5.1" 1454.5 meters
-19° 1t 23,7 47° 18+ s5.7v 1443.1 meters

-1.1" -0.6" 11.4 meters

NWL 5E-6 Gravity Model

Latitude E. Longitude Spheroid Height
-190 1' 22.9" 47° 18 4.8" 1458.0 meters
-19° 1* 24.9" 47° 18+ 7.5 1467.4 meters

-2.0" -2.7" 10.6 meters
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Latitude

ESTIMATED COORDINATES FOR MADGAR

East Longitude

47°18' 3.0" 4.0 5.0" 6.0" 7.0" 8.0
mm’
-19°1 18.0"
19.0"
2
X
20.0"
21.0"
22.,0"
X3
X3 23.0"
X4
24.0"
X6 25.0"
— e ———— e}
§f Optical Estimate - SAO M1l gravity
2 GRARR Estimate - SAO M1 gravity
3 Optical Estimate - APL 3.5 gravity
4 GRARR Estimate - APL 3.5 gravity
5 Optical Estimate - NWL S5E-6 gravity
& GRARR Estimate - NWL 5E-6 gravity
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APPENDIX A-1

FORCE MODELS USED IN NONAME
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1.1 Force Models

The data reduction program in its present form

incorporates four force models. These are:

1.

4.

The earth gravitational field

The solar and lunar gravitational

perturbations
Solar radiation pressure

Atmospheric drag
;

The program is designed such that the gravitational
coefficients and pertinent physical characteristics of
satellites, such as reflectivity, cross-sectional area
‘mass, and drag coefficient can be simply changed through

card input or block data statement.

1.2 The Earth's Gravitational Field"

The formulation of the_geopotentiai used is:

r

k n n _ ~
. GM a m . . .
u — {1 + I z (—-—) Pn (51n¢)[CnmcosmMSnmsmmx]} (1)
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where

G is the universal gravitational constant
M is the.-mass of the earth
o
r is the geocentric satellite distance
a is the earth's mean equatorial radius
9 is the sub-satellite latitude
A is the sub-sate .ite east longitude

n
Bm(sin¢) is the associated spherical harmonic
of degree n and order m.

The design of the potential function requires that de-

normalized gravitational coefficiences Cn n and Sn m be
3 ’

used. The program is presently capable of accepting

coefficients up to (20,20) or any sub-set of these.

The transformation of the geopotential in earth-
fixed coordinates (r,¢,A) to gravitational accelerations

in inertial c.ordinates (x,y,z) is accomplished as follows:

su 39X .. . (2)
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DENORMALIZED COEFFICIENTS

MODEL
COEFFICIENT SAO M-1 APL 3.5 NWL SE-6
c(2,0) -1082.645x10°% | -1082.7x1070 -1082.691x10"°
s(2,0)
c(z,1) +0.021x10"0
s(2,1) +0.080x10"®
€(2,2) +1.536x10° +1.53693x10"° +1.579x107°
s$(2,2) -0.872x10" % -7.73306x10" 7 -0.981x107 0
c(3,0) +2.546%10°© +2.676x10"° +2.603x107°
S(3,0)
c(3,1) +2.091x107° +1.98743x10°° +0.320x10"©
S(3,1) +0.287x10°° +2.32227x107° +0.296x10"©
c(3,2) +0.251x107° +4.16368x10"/ +0.334x107°
S(3,2) -0.184x107° -2.31957x10" 7 -0.309x10"°
c(3,3) +0.782x10" +9.21581x10" 8 +0.082x10"°
S(3,3) +0.226x10"8 +1.36535x10" 7 +0.227x10°°
c(4,0) +1.649x10°° +1.4x1070 +1.521x10°°
S(4,0)
c(4,1) -0.543x10" 0 -5.33539x10"/ -0.470x10" 8
S(4,1) -0.445x10°° -4.17705x10" 7 -0.545x10"°
c(4,2) +0.738x10" 7 +9.56813x10" 8 +0.061x10"°
$(4,2) +0.148x10"° +9.92367x10"8 | +0.150x107°
c(4,3) +0.509x10"/ +5.05821x10" 3 +0.062x1078
5(4,3) -0.113x1077 +4.22035x10710 | -0.148x1077
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MODEL

COEFFICIENT SAO M- APL 3.5 NWL SE-6
C(4,4) ~0.112x10" 8 -4.44974x10"° -0.087x1077
S(4,4) +0.486x10" % +4.01026x10"° +0.071x10"7
c(5,0) +0.210x10" 8 +0.028x107° +0.149x10°°
S(5,0)

c(s,1) 0.677x1077 +1.1732x10" 7 0.027x10° 0
S(5,1) -0.882x10" 7 ~1.42925x10"7 -+ 102x107 0
c(5.2) +0.102x10°° +4.34364x10"° +0.103x10"°
$(5,2) -0.375x107 7 -5.54684x10" 8 -0.053x107°
(5, 3) -0.172x10"7 +3.01637x10" 2 -0.128x10" 7
5(5,3) +0.231x107° +3.41906x10"° -0.04151077
C(5,4) -0.206x10" 8 -3.80289x10"° 20.043x10" 7
S(5,4) +0.498x107 7 -2.02443x10" 2 +0.012x1077
c(s,5) +0.384x107° -8.26819x10 11 | +0.053x10"8
S(5,5) -0.146x1078 -1.64625x10"° -0.146x10 8
c(6,0) -0.646x10°° -0.37x10"° -0.790x10" 8
S(6,0)

c(6,1) ~0.370x10" 7 -1.64676x10710 | -0.669x1077
S(6,1) -0.212xi0" +7.93877x10" % +0,151:10°°
c(6,2) +0.858x10" 8 -2.00289x10" 8 +0.160x10" 7
S(6,2) -0.455x107 -1.93447x10°8 -0.568x10" 7
c(6,3) -0.112x10° 8 +1.09952x10" 8 -0.004x10" 7
S(6,3) +0.643x10"° +1.05971x10" 7 -0.028x10"
C(6,4) -0.167x107° -1.16176x10°% | -0.073x1078
S(6,4) -0.196x10" 8 -1.92567x10" 7 -0.120x10° 8
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MODEL

COEFFICIENT SAO M-1 APL 3.5 NWL SE-6
c(6,5) -0.253x10°° ~1.45272x10°° -0.075%10"°
S(6,5) -0.370x107° -4.10877x1-"10 | _0.643x107°
c(6,6) -0.932x10° 1Y | +3.34003x10°1% | -0.075¢10°°
S(6,6) -0.361x10°10 | -5.39581%10711 | -0.084x107°
€(7,0) +0.333x10° 0 +0.593%1076 +0.407x10" 0
$(7,0)

c(7,1) +0.144x107° +9.22957x10" 8 +0.242x10°°

s(7,1) +0.114x107 6 +6.84716x10" 8 +6.607x107 7

€(7,2) +0.362x10" 7 +4.56777x10°8 +0.349x1077

S(7,2) +0.162x107 7 +5,97415x10" 7 -0.194x1077

c(7,3) +0.352x10" 8 +5.54703x10"° +0.045%10" 7

S(7,3) +0.254x10"° -2.91156x10"° +0.634x10"7

c(7,4) -0.323x10" 2 -2.90499x10° 1% | -0.010%1077

s(7,4) -0.217x1077 +1.01887x10" 1% | -0.005x1077

c(7,5) +0.269x10° 10 | -2.01098x10"11 | +0.195%10710
$(7,5) +0.191x10710 | .6.62187x10711 | +0.074x10710
c(7,6) -0.145x10°19 | -3.15053x107 11 | -0.331x10710
$(7,6) +0.437x10" 1 | +5.26126%x10711 | -0.169x1071°
c(7,7) +0.102x107 1 | +1.63987x10712

s(7,7) +0.178x10" 11 | -2.67684x10 12

c(8,0) +0.270x10"° -0.07x107°

S(8,0)
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MODEL

COEFFICIENT

SAO M-1 APL 3.5 .NWL SE-6
c(8,1) -0.515x10" 7 -1.01772x10°7
S(8,1) +0.447x1077 -3.32803x107°
c(8,2) +0.214x10"8 +7.77975x10"°
5(8,2) +0.320x10"8 -3.09153x10"°
c(8,3) -0.374x10" 7 -5.55748x10" 10
$(8,3) +0.404x10710 | +2.19185x107°
c(8,4) -0.277x107° -9.00718x10" 11
S(8,4) 0.157x10710 | +4.90885x10" 11
G(8,5) -0.959x10 11 | +1.45523x107 11
S(8,5) +0.214x10"10 | _4.s1501x10713
C(8,6) -0.475x10"12 | _6.12476x10"13
$(8,6) +0.888x10"11 | +1.85949x10711
c(8,7) -0.444x10"13 | +8.6531x20° 13
$(8,7) +0.158x10" 12 & -3.57393x107 13
c(8,8) -0.316x10 1% | -1.85733x107 13

'5(8,8) +0.130x10"12 | +1.20134x10°13
c(s,0) +0.532x10" 7 -0.177x10"8
$(9,0) ]

c(9,1) +0.760 x10"

S(9,1) +0.780x10" 8

c(9,2) 0.277x10"°

$(9,2), +0.242x10" 8
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MODEL

COEFFICIENT SAO M-1 APL 3.5 NWL SE-6
(10,15} ' +0.541x10"7
$(10,10)
c(10,1) +0.649x10"
$(10,1) -0.779x10"
c(10,2) -0.624x10"8
$(10,2) -0.250x10" 8
C(10,3) -0.379x107 7
(10, 3) +0.175x10"°
c(10,4) -0.436x10"10
.5(10,4) -0.654x10"10
c(11,0) -0.302x10"° +0.5x107°
S(11,0)
c(11,1) -0.313x10"7
s(11,1) +0.885x10" %
c(12,0) +0.357x107 0 -0.31x107°
s(12,0) |
c(12,1) -0.923x10"7
s(12,1) -0.402x10"7
c(12,2) -0.470x10"8
$(12,2) -0.233x10" 7
c(12,12) -0.278x10" 18
s(12,12) | +0.718x10"%0
c(13,0) +0.114x10°°
S(13,0)
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MODEL

S(15,14)

COEFFICIENT " 5A0 M-1 APL 3.5 NWL SE-6
C(13,12) -0.126x10" 18
$(13,12) +0.117x10" 18
c(13,13) -0.216x10° %% | -1.71580x10°1% | -0.102x10717
S(13,13) +0.282x10° 1% | +1.73739x10°2% | +0.039x107 18
C(14,0) -0.179x10°8
S(14,0)
C(14,1) -0,788x10" 8
S(14,1) +0.280x10" %
c(14,11) +0.947x10" %1
S(14,11) -0.473x107 %1
C(14,12) +0.140x10" 20
S(14,12) -0.132x10"1°
C(14,14) -0.193x10" %1 | _g8.78308x10" 22
S(14,14) -0.414x107%2 | -5.10323x107 %2
c(15,9) -0,241x10" 18
S(15,9) -0.483x10" 18
C(15,12) -0.138x10"1°
S$(15,12) -0.190x10" 20
c(15,13) -0.117x10" 21 -0.109x10" 20
$(15,13) -0.927x10" 21 | -0.103x10"20
C(15,14) +0.114x10"22 | +2.24976x10" %% | +0.002x10"%0
-0.558x107%2 | -2.67453x10"%3 | -0.007x107%0
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where the subscript "o" denotes accelerations due to
the earth's field.

1.3 Solar and Lunar Gravitational Perturbations

The perturbations caused by a third body, e.g.,
the sun or moon, on a satellite orbit are treated by

- defining a disturbing Junction R[1] which can be treated

as the potential function U. For the solar perturbation
R, takes the form

)
| GMmo ( 2r r2 "1/ T
Ry = = LS8+ ) -5 (3)

e I\ To T )
)
where S = cos (r, ro) ;

n is the mass of the sun in earth masses
T, is the geocentric distance to the sun
r . is the geocentric distance to the satellite
G is the universal gravitational constant

M is the mass of the earth

The acceleration of the satellite due to the sun is then

% @ dr | . " _
Ul or 3x ' Yo %o . (4)

{11 Kozai, Y, Smithsonian Astrophyéical Observatory
Special Report 22, pp. 7-10.
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The lundr } rturbations are found from equation (3) by
substituting the lunar mass and distance for those of
the sun. Co

The lunar and solar ephermerides are computed
internal to the program. These positions are computed

at ten equal intervals over each five‘day period and
least squares fit to a fourth order polynomial in time
about the midpoint of the five day period. The pnsitions
of these bodies are then determined at each data point

by evaluating the polynomial at the observation time.

1.4 * Solar Radiation Pressure

The acceleration acting on a satellite due to

solar radiation pressure is formulated as follows 21,
{ '

AP
o . 28 1]
XpaD “ oYY L Ypapr Zpap ()
where :
L is the inertial unit vestor from the

_geocenter to the sun and whose components

are L_,L Lz.

x'"y?
A ' is the cross sectional area of the
- satellite ‘
m is the‘satellite mass
Y is a factor depénding on the reflective

characteristics of the satellite

[2] H. Koelle, Handbook of Astronautical Engineering,
" pp. 8-33, McGraw-Hill, 1961,
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v is the eclipse factor such that:

0 when satellite is in earth's shadow

V' ® 11 when satellite is illuminated by
the sun

P is the solar radiation pressure in the
vicinity of the earth,

4.5 x 10-6 New;on

At present, it is assumed that the satellite
is specularly reflecting with reflectivity, p, and
~ thus | '

Yy = (1 +p). - - (6)

The vector L and the eclipse factor are de-
termined from the solar ephemeris subroutine previously
described, the satellite ephemeris, and involve the
approximation of a cylindrical earth shadow.

1.5 - Atmospheric Drag

The atmospheric decelerations are computed as

follows:
PCpAVY, .
*pra¢ = “"zm— 5 Yprac® ZDRAG O
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where
p is the ambient atmospheric density
is'the satellite drag coefficient

A is the projected area of the satellite on
a plane perpendicular to direction of motion

n is the satellite mass.

N The velocity vector v given in inertial co-
ordinates by ' | '
+* A A\ '
S 2R A VyJ + véff (8)
can be chosen to be either the velocity relative to
the atmosphere which implies that the atmosphere rotates

with the earth or the inertial velocity which assumes
that the atmosphere is static. Presently, the former

- assumption is made.

The density, p, is computed from the 1962 U.S,
Standard Atmosphere.
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PREPROCESSING OF OPTICAL OBSERVATIONS
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2.1 Preprocessing of Optical Data

The first step in the processing of optical ob-
servations is usually performed by the obsefving source.
This consists of developing a plate or film, identifying

_the image or images of the satellite and the images of

several reference stars whose right ascensions and de-
clinations are well known. The initial measurements

of both satellite images and reference stars consist

of linear rectangular coordinates. From the knowledge
of the spherical coordinates of the reference stars;
the right ascensions and declinations of the satellite
images hay be calculated. These coordinates as received
by the preprocessor may be referred to the mean equator
and equinox of date, true equator and equinox of date,
or mean equator and equinox of some standard epoch.

.

The preprocessor then transforms these observations
to a common coordinate system. Currently, the preprocessor':
transforms all right ascensions and declinations to the
true equator and equinox of the epoch of the elements being
processed. If the observations were originally referred
to the mean equator and equinox of a particular epoch, it
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is only necessary to precess froh that epoch to the epoch
of the elements. However, if they were referred to the
true equator and equinox of a particular cpoch, it is
necessary first to transform them to the mean equator

and equinox of that same epoch and then precess to the
epoch of the elements.

Finally, a transformation must be made from
the mean equator and equinox of the epoch of the elements

to the true equator and equinox of the epoch of the elements,

2.2 Nutation

.The transformations from the true equator and
equinox of date to the mean equator and equinox of date is

Y = NX f
wiere

1 cos 6m cos a,

Y = cos Gm sin e .
Lsm 5m .
-cos 8 COs o 1
T T
X = cos 6T sin o
fin 6T |
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} +A¢cosem, +Awslnem

N = -8ycose 1 +Ae
:Aws;nem Y 1 1 A
where
¢ ,8 = right ascension and declination re-

m*'m
: ferred to mean equator and equinox
of date

ar,8; = Tight ascension and declination re-
ferred to true equator and equinox
. of date '
B €n = mean obliquity of date
) Ay = nutation in longitude
Ae = nutation in obliquity

The inverse transformation is simply:

X = N¥x = N
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2.3 Precession

The transformation from the mean equator and
equinox of 1950.0 to the mean equator and equinox of an

arbitrary epoch tl is

where
| cos§t1 cosa, 4
Y = [cosé,y sina.y
| sind i
| €0s81950.0 ©95%1950.0
X = Jcosdigsg.q Sinajgsp.g
L53nd1950.0 X
(coszcosecosc-sinzsin;)(-coszcosésinc-sinzcos;)(-coszsina)
P = (sinzcosecos:+coszsin§)(-sinzcosesin;+coszcosc)(~sinzsin6)
| (sin6cosy) (-sindsing)
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The inverse transformation is

Since the expression for z, 6, 7 are tied to
1950.0 as an epoch, the precession between 2 different
eﬁochs, neither of which is 1950.0, must be performed
in two steps, using 1950.0 as an intermediary epoch.
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APPENDIX A-3

STATION POSITION TRANSFORMATIONS




3.1 Station Positijon Transformations

The analysis of "long arc" passes of the GE0S-A
satellite requires that the varlous tracking station a pslori
positions be available on a uniform world geodetic system in
order that the results not be biased by interdatum uncertainties.
The world geodetic system selected for these analyses is the
SAO Standard Earth (C-5 datum),

A priori estimates of the tracking station positions
and their uncertainties relative to the geo-center (earth's
center of mass) are derived from the kiowledge of the following:

a. Baker-Nunn camera station positions
on the original datums.

b. Raker-Nunn camera station positions
on the SAO C-5 datum.

c¢. The positions of the various tracking
sites in their original datums.

d. Intra-datum survey connections between
the Baker-Nunn sites and the various
tracking sites.

e. Empirical formulae for the estimation of
surface survey uncertainties between the
Baker-Nunn sites and the tracking sites.
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The method used to effect this transformation

" is simple and straight forward and has been checked to

ascertain its compatibility with the more rigorous and
arduous transformation formulae commonly used to compute
datum shifts. It should be noted that this method can
be used only when the type of information that has been
calculated for the Baker-Nunn sites is available. That

.is to say, one must have available the positions of the

control stations (Baker-Nunn sites) in the original datum
and in the new reference syétem, and a direct survey tie
between the control stations and the tracking stations
which are to be transformed.

3,2 SAO Standard Earth Reference Systenm

The reference system used in the derivation

of the a priori positional information is the SAQ Standard
Earth as described in [1]. The ellipsoidal parameters are
a_ = 6,378,165 meters and f = 1/298.25. This system is
tﬁe bést available_geocéntric (earth's center of wass) ter-
restrial system. The Z axis is oriented in the direction
of the mean pole of 1900-1905 and the X axis in the direc-
tion of the mean observatory. Since the definition of UT-1

was based on the U. S. Naval Observatory's time determination
the X axis is directed toward the meridian 75%-03'-55"94 East

of the U. S. Naval Observatory.

The uncertainty related to this system.is defined
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'3.986032 x 102°cm®sec”?, The absolute coordinates of

“ .

(by [1] to be about 10 meters for the origin (geocen-
tricity), 0v2 for the direction of the axes, and a féw
parts per million in scale. The scale actually depends
on the adopted value for GM which in this instance is

the Baker-Nunn stations are given to an accuracy of *15
to 20 meters. The fact that this system is oriented to
the mean pole of 1900-1905 must be taken into consider-
ation when station positions as derived from the tracking

" data are obtained. Unless corrections for polar motion

are applied, the positions derived from the tracking data

. will be based on the instantaneous pole at the time of

observation.

3.3 Coordinate Transformations

A1l of the Baker-Nunn camera stations are con-
nected to individual major geodetic datums and their co-

" ordinates in these datums are known. The coordinates of

the Baker-Nunn camera stations on the SAO Standard Earth

are also known, having been derived by SAC through the re-.
duction of apprcximately 35,000 satellite observations with
wide orbital variety. The coordinates of the Baker-Nunn
camera stations are given in both the ellipsoidal and three-
dimensional cartesian coordinate systems. For ease and sim-
plicity of calculation, we have elected to use the cartesian
coordinates to obtain our transformations. By comparing the
original datum coordinates with the derived mass-centered
coordinates, one derives the "datum shift" for the partic-
ular datum. The '"datum shift" is simpnly the total trans-
formatiqn to be applied to the origin.l datum coordinates .
to obtain the new mass-centered coordinates. Once the

-137-




"datum shift" has been derived for the Baker-Nunn stétion
this shift is then applied in a weighting scheme to derive
the SAO Standard Earth coordinates for tracking stations
that have positions given in the same original datum as
the Baker-Nunn and are connected to the Baker-Nunn station
through conventional surface surveys. A weighting scheme
(which is described below) is used since the Baker-Nunn
stations were allowed to adjust independently and subse-
quently where more than one Baker-Nunn station was located
on a single datum, the individual stations show slightly

different "datum shifts".

As an exémpie of the single station case, con-
sider Baker-Nunn camera station 9005, TOKYO. Its co-
ordinates on the Tokyo (JAP) datum are: '

o

-3,946,554 (meters)

Y: +3,365,774 (meters)

. N

: f3,698,151 (meters)

Its geocentric (mass centered) coordinates on the SAO
Standard Earth are:

X,y : -3,946,703 (meters)
Yg: +3,366,291 (meters)

Zg: +3,698,849 (meters)
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'The_transformation to be applied to tracking stations
on the Tokyo datum is therefore:

X -X = AX -149 meters

Y «Y = AY = +517 meters

‘7 -1 = AZ

+698 meters

- The AX, AY, AZ is applied to the tracking station co-
ordinates on Tokyo datum. This in effect then furnishes
an a priori estimate of the coordinates of the tracking
station in the SAO Standard Earth reference sy;tem.

As.mentioned above, the coordinates of the
Baker-Nunn camera stations are furnished in both the
ellipsoidal and three-dimensional cartesian coordinate
systems. However, the coordinates of the various track-
ing stations may-belgiven‘in ellipsoidal coordinates
only, thereby requiring the calculation of the three-
dimensional cartesian coordinates. This is done using
the following standard formulation:

X

= _(v + h 4+ N) cos ¢ cos A
Y = (v+h+N)cos ¢ sin
Z = [(1-e2)v+h+N] sin¢
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where: :
¢ = geodetic latitude

A = geodetic longitude
/2

Av = a/Q - e? sin2¢)!

-

a_ = semi major axis of reference ellipsoid

»”

e? = eccentricity squared of reference ellipsoid
h = height of station above the geoid (mean
sea level elevation)
N = height of the geoid above or below the spheroid.

In the case where the tracking station information only
contains mean sea level elevations, the geoid height is
derived from geoid contour charts for the_particula}
reference spheroid. These charts are based on gravi:
tational coefficients derived from satellite observ-
ations.

Having derived the a Rriori estimates of the
tracking station positions on the SAO Standard Earth
we now derive estimates of the uncertainties of these
positions relative to the earth's center of mass.
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3.4 A Priori Uncertainty Derivation

~ In order to derive a priori estimates of the
uncertainty in the tracking station positions, use is
made of an empirical formula derived by Lansing Simmons,
USC § GS, to describe the accuracy of first order tri-
angulation. The formula states that the relative accuracy

‘between two noints connected by conventional first-order

triangulation (1 part in 25,000) is approximately:
©1/20,0003/M,

where M is distance.between the two stations in statute
miles. As an example consider two stations 1000 miles
apart, and connected by standard triangulation. The
proportional acéuracy would therefore be 1 part in
200,000 or approximately 26.4 ft. This means that the
relative uncertainty between the two stations caused by
the surface survey errors is approximately 26 ft. or 8
meters. Acceptlng the stated accuracy of the Baker-Nunn
stations relative to the center riass as - 20 meters, one
can then take the root sum square of the uncertainty in
the Baker-Nunn station relative to the center of mass and
the surface survey uncertainty between the Baker-Nunn and
the tracking station as derived by ‘the Simmons formula as
a conservative estimate of the urcertainty of the tracking
station relative to the center of mass. The formula then
becomes: | ‘ A ‘

= ’z 2
?g cs + 20
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where

o. = uncertainty of the tracking station
relative to the center of mass.

6. = survey uncertainty as computed by
Simmons formula.

3.5  Weighting Scheme for Multi-Station Connections.

In the case where a tracking station is located
on a datum which contains more than one Baker-Nunn °
station, we use a weighted average of the geocentric
coordinates of the tracking station derived from the

~general formula

P =lyg7—— P + P
W1+W2.i.wh 1 1+t?...wn 2

.. wa L
* (W‘TW'_"W") Fn

1 2 n
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where: -
P is the weighted position
W‘...W are the weights

P is the station position derived from
Baker-Nunn Station 1

P _is the station position derived from
Baker-Nunn Station 2

P .is the station position derived from
Baker-Nunn Station n

The weights used are inversely proportional to the
distances between the Baker-Nunn stations and the track-
ing station to be transformed. This weighting scheme
allows us to take into consideration the varying shifts
of the Baker-Nunn stations while placing proper emphasis
on the contribution of individual stations upon the
transformation. As an example, consider the case where
the tracking station is located close to one of the
Baker-Nunn stations in the datum. One can rightfully
expect that the tracking station would shift approxi-
mately the same amount and in the same direction as

the co-located Baker-Nunn and that the effect of the

. other Baker-Nunn stations would be minimal. 1In the

case where the tracking station were located equi-
distant from several Baker-Nunn stations one would
assume equal contribution to the transformation from

" each of the Baker-Nunn shifts.
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While the above weighting scheme is apparenfly
quite adequate, investigations are continuing into other
weighting schemes. Foremost of these is the computation
of the weights (Wn) as being inversely proportional to the
square of the distances between the Baker-Nunn stations
and tracking station to be transformed. Another procedure
being investigated is the distance cut-off, whereby a very
distant Baker-Nunn coordinate shift will have essentially
no effect on the station to be transformed. This cut-off
distance is being presently considered in the range of
5000 km. |

The transformed station coordinates derived using
" these weighting schemes are being compared in separate NO-
NAME data reduction runs. Identical observational data are
being reduced in each run, and the observational resid-

uals are being compared. -

. 3.6 - 1Isolated Datums

An ellipsoidal transformation is performed for a
tracking station on an isolated datum such as the Tananarive
datum. For these station positions, the AU, AV, and AW
shifts are unknown and considered to be zero. The shifts
are computed as follows: |

AN = (a Af + £ Aa) Sinz ¢ -A4a

A6 .= 206265[(a Af + £ Aa) sin 261/R

144
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where

Aa

Af

a(l-ez) : 7
[(1-e?sin$)1/2)7"°

6378165, meters

1/298.25

6378165. minus original survey ellipsoid
value of a.

1/298.25 minus origiral survey ellipsoid
value of F. o '

Latitude of tracker in original system

2f - £2
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THE DETERMINATION AND COMPARISON
OF THE GRARR MADGAR SITE LOCATION

Francis J. Lerch

Clarence E, Doll

Samuel J. Moss
Brian O'Neill

ABSTRACT

Improved coordinates for the MADGAR range and range rate site have been
estimated from GEOS-I data sets using the NONAME orbit determination pro-
gram. These coordinates have been compared with a preliminary estimate
obtained umder contract with Goddard Space Flight Center by the Applied Physics
Laboratory using thirty-nine passes of SRN-9 Doppler data from three satellites.

Two independent estimates were obtained using the NONAME orbit deter-
mination program; one estimate was obtained from optical flash sequence data
taken at 1 TANAN (MOTS 40" camera) during July 1966 and the other from range
measurements taken at MADGAR during November 1965. These two estimates
of the site location are within five meters of each other; whereas the Applied
Physics Laboratory estimate is separated by fifty meters, mainly in longitude.

The comparison of the Applied Physics Laboratory MADGAR location es-
timate with the optically determined NONAME estimate is shown by plots of the
residual differences of the range and range rate measurements from five refer-
ence orbits. The five reference orbits were determined solely from optical
flash sequence data, and they had a maximum root mean square of fit of less
than two seconds of arc. The residual difference for both range and range rate
measurements cle~rly indicate that a significantly better set of MADGAR coor-
dinates was obtained from the NONAME orbit determination program.

Table 1

Estimated MADGAR C-5 Station Coordinates
(GRARR S-band Antenna)

Latitude East Longitude Spheroid Height
Optical estimate ~19° 1' 19.5" 47° 18' 7.9" 1380.0 meters
GRARR estimate -19°1' 19 4" 47° 18' 8.0" 1382.6
APL estimate -19°1' 19.5" 47° 18' 6.2" 1381.0

(The C-5 ellipsoid semi-major axis is 6,378,165 meters and the flattening is
1/298.25)

iii
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THE DETERMINATION AND COMPARISON
OF THE GRARR MADGAR SITE LOCATION

1.0 INTRODUCTION

The coordinates of the two STADAN tracking stations in Tananarive, Mada-

gascar were estimated separately using two independent data sets. The stations
are the MOTS 40" camera station 1 TANAN, and the GRARR station MADGAR.

The new locations were estimated using the NONAME Orbit Determination

Programl; the data used in the estimation process was tracking data from SAO
Baker-Nunn cameras, STADAN MOTS 40" cameras, and a STADAN Range and
Range Rate instrument. The location of each station was estimated separately
using independent data sets; a data set from July, 1966, was used to estimate
1TANAN, and another from November, 1965, was used to estimate MADGAR.

The estimated locations are shown in Table II; the shifts between the origi-

nal and estimated coordinates were 6.9 seconds in latitude for 1 TANAN and 6.8

Table I
Coordinates of 17TANAN and MADGAR
1TANAN MADGAR
Latitud
© Deg. Min. Secs. | Deg. Min. Secs.
Original location -19 0 26.4 -19 1 12.6
Estimated location -19 0 33.6 <19 1 194
Shift + 6.9 + 6.8
East Longitude
Original location 47 17 59.2 47 18 8.2
Estimated location 47 17 58.9 47 18 8.0
Shift -03 - 0.2
Spheroid Height
(Meters)
Original location 1305.5 1329.5
Estimated location 1355.9 1382.6
Shift 50.4 53.1

1The NONAME orbit determination program was developed under NASA contract by Wolf Research
and Development Corporation for the Mission and Trajectory Analysis Division (Reference 1).
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seconds for MADGAR, in East longitude -0.3 seconds and -0.2 seconds, respec-
tively, and in spheroid height 50.4 meters and 53.1 meters, respectively. Thus,
the relative location of the two stations has only changed slightly. The shifts be-
tween the orizinal coordinates and the estimated coordinates of I7TANAN were
applied to the original MADGAR coordinates to obtain the optical estimate of the
MADGAR location.

2.0 DETERMINATION OF STATION LOCATIONS

Orbits were estimated from two data sets using the NONAME Orbit Deter-
mination Program, operating in the data reduction mode. The program used a
Bayesian least squares technique to estimate six orbital parameters and the
three coordinates of the station being estimated.

The following data sets were used:

(1) July 9, 10 and 11, using 730 measurements,
(2) November 28 and 29, using 598 measurements,

The majority of the measurements were from SAO Baker-Nunn camera
stations; the remainder were from STADAN MOTS 40" camera stations and
MADGAR GRARR.

The coordinates of 17TANAN were estimated using data set (1), and the co-
ordinates of MADGAR were esiimated using data set (2). A representation of
the geometry of the passes over 1T TANAN and MADGAR is given in Figure 1.
Summaries of the data sets are given in Tables III and IV.

3.0 COMPARISON OF STATION LOCATIONS

To compare the new locations, the original, NONAME, and APL coordinat:es2
of MADGAR were used in turn to obtain the residual differences for ten passes
of GRARR observations from five reference orbits.

The reference orbits were estimated using optical data only, and they all
had an rms of fit of 2 seconds of arc or less. The following periods and data
sets were used:

(1) November 23 and 24, 1965 using 519 measurements,
(2) November 27, 28 and 29, 1965 using 826 measurements.

2This is a preliminary result obtained by APL under a NASA contract from the Mission and
Trajectory Analysis Division.
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Table III

Summary of Data by Station for July 9, 10, and 11

No. of Measurements
Statlon Right Ascension Declination
1TANAN 14 14
1ROSMA 7 7
1COLBA 14 14
1BPOIN 14 14
1DENVR 20 20
1JOBUR 14 14
10RGAN 91 91
10LFAN 28 28
1SPAIN 21 21
1QUIPA 28 28
1CURAC 28 28
1JUPTR 35 35
1VILDO 7 7
AUSBAK 14 14
1IMAUIO 28 28
EDWAFB 2 2
TOTAL 365 365
Table IV
Summary of Data by Station for November 28 and 29
No. of Measurements
Station
Right Ascension Declination
10RGAN 59 59
10LFAN 1 1
1SPAIN 1l 1
1QUIPA 2 2
1CURAC 96 96
1JUPTR 127 127
1VILDO 1 1
TOTAL 287 287
Range
MADGAR 24
4

~156-

F’M‘ I

-

£

4““1“5

Pt
o

o yp
Wi ¢

=3



I;!m "ﬂl lmnmm-ﬂt [ l

M |

(3) November 28 and 29, 1965 using 574 measurements.
(4) July 17 and 18, using 780 measurements.
(6) July 22, 23 and 24, using 641 measurements.

Summaries of these data sets are given in Tables V-IX,

Table V
Summary of Data by Station for November 23 and 24
No. of Measurements
Station
Right Ascension Declination
1EDINB 17 10
1FTMYR 41 44
1PURIO 19 19
1BPOIN 11 13
BEDFRE 13 13
10RGAN 62 55
1CURAC 59 51
1JUPTR 34 34
1COLBA 4 2
10LFAN 3 2
1SPAIN 2 2
1QUIPA 1 1
1VILDO 3 3
AUSBAK 0 . 1
TOTAL 269 250

The geometry of the ten GRARR passes during these periods is shown in
Figures 2 and 3. The residual differences obtained using the three locations are
summarized in Figures 4-23. The range residuals in these figures have been
corrected for refraction, transponder delay, and known cable bias; no correc-
tions were applied to the range rate residuails. Figures 4-23, clearly indicated
that the NONAME estimated coordinates are a significant improvement on the
other two sets.

The residuals obtained using the NONAME location are smaller in sixteen
out of the twenty plots, by as much as 46 meters in range and 50 cm/sec inrange
rate in some cases. In three of the plots the size of the residuals is approxi-
mately equal, and in one plot the residuals obtained using the APL location are
slightly smaller. The sizes of the differences between the two sets of residuals
correspond to the 50 meter separation in the longitude coordinate in combination
with the pass geometry.
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Table VI

Summary of Data by Station f. November 27, 28 and 29

No, of Measurements

Station
Right Ascension Declination
1EDINB 12 14
1FTMYR 21 21
1COLBA 10 11
1JUM40 6 ]
10RGAN 88 73
1SPAIN 1 1
1QUIPA 133 128
1JUPTR 169 148
1VILDO 2 2
AUSBAK 1 1
TOTAL 422 406
Table VII

Summary of Data by Station for November 28 and 29

No, of Measurements

-158-

Station
Right Ascension Declination
10RGAN 60 60
10LFAN 1 1
1SPAIN 1 1
1QUIPA 2 2
1CURAC 96 96
1JUPTR 127 127
1VILDO 1 1
TOTAL 288 288
6



Table VIII

Summary of Data by Station for July 17 and 18

No. of Measurements
Station
Right Ascension Declination
1JOBUR 13 13
10RGAN 73 73
10LFAN 31 31
1SPAIN 48 48
1QUIPA 21 21
1JUPTR 112 112
1VILDO 14 14
1MAUIO 29 29
AUSBAK 49 49
TOTAL 390 390
Table IX
Summary of Data by Station for July 22, 23 and 24
No. of Measurements
Station
Right Ascension Declination

10RGAN 145 163
10LFAN 31 35
1SPAIN 31 35
1QUIPA 27 27
1VILDO 21 21
1MAUIO 15 13
AUSBAK 49

TOTAL 319 322

7
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PRECEDING PAGE SUMMARY

This report presents some of the results of an evalua-
tion of the range measurements of the Goddard Range and
Range Rate (GRARR) Tracking System at Rosman, North Carolina,
Optical reference orbits were taken as a standard for the

.comparison of the accuracy of the range measurements. The

optical reference orbits utilized GEOS-I flash sequence data
sets and some optical passive data from five major geodetic
optical tracking networks. The networks and camera types
consisted of the SAO-Baker-Nunn, GSFC STADAN and SPEOPT

MOTS 40" and 24", USAF PC-1000, and the US C§GS BC-4.

Thirty passes of range and range rate measurements
consisting of all GRARR passes from the GEOS-I satellite,
during two periods in January 1966, were evaluated. The
observed range measurements were compared with values cal-
culated from the optically determined reference orbits.

For each pass,'zero-set errors, timing errors, and random
errors were estimated from the residual differences between
the observed and calculated ranges.

The GEOS-I satellite carried two range and range ;ate
transponder channels, denoted A and C. Twenty-six of the
passes evaluated were from the A channel, and four were
from the C channel. A summary of the zero-set and timing
error estimates is presented in the following table for
the two periods considered both separately and combined.
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Summary of Rosman GRARR Zero-Set and Timing

Error Estimates

Zero-Set Error Timing error
Transponder (meters) (m.s.)

Period Channel Mean S.d, Mean S.d.

1 A -10.1 | 8.8 2.4 2.4
C 18.1 -1.4

2 A -5.6 11.6 ~1.9 5.1

1 and 2 A -7.8 10.3 -2.11}1 4.0
C 25.0 -0.6

These estimates are based on long arc orbital solutions

of approximately three to six days in arc length. The results

are supported by several overlapping shorter arc solutions

which vary in arc length from two hours to two déys.
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Table 1

Summary of Orbital Solutions

Period 1

Solution | Approximate Time of 1st Time of final

iV A?c Length Measurement Measurement

1 5-1/2 days 12/31/65 01 hr 01/05/66 06 hr

2 2-1/2 duys 01/01/66 01 hr | 01/03/66 .08 hr

3 2-1/2 days | 01/03/66 01 hr | 01/05/66 06 hr

4 2 days 01/02/66 01 hr 01/04/66 06 hr

5 1 day 01/02/66 06 hr 01/03/66 08 hr

6 2 hrs 01/02/66 06 hr | 01/02/66 08 hr
Period 2

1 4 days 01/11/66 01 hr 01/15/66 05 hr

.2 3 days 01/12/66 03 hr 01/15/66 05 hr

3 2 days 01/13/66 05 hr| 01/15/66 05 hr

4 2 days 01/15/66 04 hr| 01/17/66 05 hr
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METHOD OF EVALUATION

The data used in the analysis was taken from the

GEOS-T1 satellite, the first in a series of flashing light
geodetic satellites launched by the National Aeronautics

~and Space Administration (NASA) as part of the National
Geodetic Satellite program. The satellite was equipped
with a flashing light beacon synchronized with an on-board
clock, laser reflectors and a variety of electronic track-
ing instrumentation.

The range accuracy of the Goddard Range and Range
Rate (GRARR) system was evaluated by comparing the actual
measurements with values calculated from reference orbits
that best fitted sets of optical tracking data. Right as-
cension and declination measurements from camera tracking
stations were used to determine the reference orbits be-
cause they are known to be unbiased and relatively free
of systematic errors.

The orbits used for this evaluation were estimated
from the orbit determination program NONAME [1]. The
foilowing earth and force models were used in this eval-
vation: ' ‘

*SAO C5 Standard Earth [Appendix A4]

*SAO M1 Gravity Model! [Appendix A3]

*Perturbations due to solar and lunar gravity
[Appendix A3]

-196-
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*Perturbations due to solar radiation pressure
[Appendix 3]

Ten reference orbits were fitted to data sets
from two periods in January 1966; the first period was
December 31, 1965 to January 5, 1966, and the second
was January 11 to January 17, 1966. Nine of the orbits
vere fitted co long arcs (greater than 6 revolutions)
and the other orbit was fitted to a medium arc (1/4 to
6 revolutions). Several of the orbits were fitted to
overlapping data sets. This was done to assess the ef-
fects any errors in the orbits were having on the eval-
vation of the GRARR system. G-« majority of the ob-
servations used to determine the orbits were taken in
North America, and the only observations around the
world were passive,vi.e., were camera observations of

the satellite whea the beacon was not flashing. Summaries

of the orbital solutions and root mean squares of fit are

given in Tables I and II. A complete description of the
orbital solutions ind data sets is given in Appendix Al.
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Table II

Root Mean Squares about the Orbital Solutions

Period 1 . | %g
. n Rms of fit
Orbital Sol No. of Obs. (secs. of arc) é
1 1057 3.08 !
2 631 2.58 P
3 532 2.74 a
4 644 2.45
5 444 2.33 ;
6 236 2.17 - %
Period 2 |
1 1133 3.16 5
2 956 2,94 /
3 704 2.80 | {
.4 853 2,80

J198- | | t



EVALUATION OF THE GRARR MEASUREMENTS

The GRARR measurements used in this evaluation
have been smoothed over two minute intervals using a
sixth order polynomial; smoothed values were computed
every thirty-two seconds within an interval. The re-
sidual differences between the actual smoothed GRARR
range measurements and the values computed from the
.reference orbits were used to obtain estimates of known
systematic errors in the system. For the purposes of
this evaluation,no observations taken when the elevation
of the satellite from the station was less than 20° have
been used; however, there did not appear to be any sig-
nificant deterioration in the quality of the observations
at these low elevations. The GRARR passes are summarized
in Tables III and 1IV. '

The following error model was fitted to the range
residuals:

3

AR = AB + AtR + F(R) + - 9.7
Sin E
where
AR = observed range minus calculated range,
AB = error in the zero-set value of the range;'
At = error iq the timing,

-199-




n

F(R) error due to the transponder deiay [2],

elevation angle of the satellite,

tr
n

and

9.7

known bias in the system at Rosman [2].

This model was fitted independently to the range
residuals from each pass using the method of least squares
to solve for the unknown parameters, AB and At. The esti-
mates of these parameters are summarized in Tables V-VIII.
The random errors or the standard deviations of the resi-
dual differences about the error model fit are summarized
in Tables IX and X.

The zero-set error estimates for the A channel passes
from period 1 had a mean value of -10.0 meters and a standard
deviation of . 8.8 meters, and the three C channel passes had a
mean value of 18.1 meters. The A channel passes from period
2 had a mean zero-set error estimate of -5.6 meters and a
standard deviation of 11.6 meters, and the one C channel
pass had a zero-set error estimate of 45.3 meters. The
overall mean zero-set error estimates were -7.8 meters with
a standard deviation of 10.3 meters for the A channel
passes, and 25.0 meters for the C channel passes.

The timing-error estimates for many passes were
larger than would be expected, and it is probable that
other systematic error sources are contributing to these
estimates. The A channel passes for period 1 had a mean

-200-
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value of -2.4 milliseconds and the C channel passes had
a mean value of +1.4 milliseconds. The A channel passes
for period 2 had a mean value of -1,9 milliseconds and
_the one C channel pass had a timing-error estimate of

2.0 milliseconds, The overall mean timing error estimate
for the A channel passes was -2.1 milliseconds with a
standard deviation of 4,0 milliseconds.

A timing error of up to 2 milliseconds can possibly
be attributed to the orbital solution, however, the con-
sistent results obtained from the shorter overlapping solu-
tions indicate that these errcrs are due to other sources,
either the GRARR system itself, or station survey errors, etc.
Further analysis and a possible expansion of the error model

is necessary before a complete explanation of these errors
is possible.
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Table III

SUMMARY OF GRARR PASSES AT ROSRAN FROM PERIOD 1

Pass Transponder No. of Obs, in Pass Elr:s:’;ion
No. Channel - Date Time “R/R Optical Angle
652 12/31/65 | 06" 18 18 31.3°
653. A 12/31/65 | o8t 28 30 65. 4°
664 A 1 H °
/1/66 06 28 78 36.6
665 A 1/1/66 ogH 32 95 51.8°
673 A 1/1/66 23H 34 0 53,59
676 A 1/2/66 06! 32 106 43,3°
677 A 1/2/66 ogH 28 138 40.2°
685 A 1/2/66 23H 34 - 10 46.5°
688 1/3/66 06! 30 101 52.2°
689 1/3/66 ot 14 79 30.1°
697 A 1/3/66 23H 44 0 40.8
700 C 1/4/66 06" 36 100 62.7°
708 C 1/4/66 211 48 0 84.2°
709 C 1/4/66 231 42 14 35.8°
712 A 1/5/66 06! 36 66 76.6°
—202-




Table IV

SUMMARY OF GRARR PASSES AT

ROSRAN FROM PERIOD 2

Pass Transponder | . No. of Obs. in Pass Elgszéion
No. Channel Date Time R/R Optical Angle
803 A 1/12/66 201 68 0 87.7°
204 A 1/12/66 22M 22 0 33.1°
806 A 1/13/66 02H 44 4 26.4°
807 A 1/13/66 04t 46 91 83.7°
815 A 1/13/66 20H 46 0 77.2°
818 A 1/14/66 02t 42 0 30.2°
819 A 1/14/66 04t 32 60 74.3°
827 c 1/14/66 20t 38 0 67.6°
831 A 1/15/66 04! 48 115 60.6°
839 A 1/15/66 20t 44 0 58.8°
842 A 1/16/66 02 52 81 40.8°
843 A 1/16/66 04l 50 68 47.9°
850 A 1/16/66 180 48 0 57.5°
854 A 1/17/€6 02H 50 59 48.3°
855 A 1/17/66 05" 26 81 37.4°
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Table V

Summary of Zero-Set Error Estimates from Period I

(meters)
Trans- . .
P;ss ponder Orkbital Solution
©:| Chan- 1 2 3 4 5 6
nel é
652 A -16.5 !
653 A - 6.1 y
664 A - 5.0 -8.0 5
665 A - 2.0 2.8 ey
673 A -19.1 -13.9 !
676 A 2.3 6.6 2.7 4.2 5.2 H
677 A 0.2 1.4 6.0 7.4
685 A -29.5 -24.2 -25.4 | -20.7 é
683 A - 3.3 1.0 | -9.4 |-2.7 |-1.0
689 A -14.9 -14.3 -12.6 - 8.6 - 7.7 @
697 A -16.0 -18.4 -11.5 ‘
700 C 20.6 15.8 21.5
708 o 16.8 19.0
709 C 17.0 14.1 |
|
712 A - 9.5 -13.0
Mean A | -10.0 {
S.d. A 8.8
Mean C 18.1 g
=
]
~204-
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Table VI

Summary of Timing Error Estimates

from Period 1
(milliseconds)

ey ema—— oot ot
L . - . .

Trans- . ]
Pass |nonder L Orbital Solution
No. |Chan- RIS
nel 1 2 3 "4 S 6
652 A -2.0
653 A .5
664 A -3.9 -5.0
665 A 1.0 0.9
673 A -3.4 -0.6
676 A -6.3 -6.1 -6.4 -6.9 -3.5
677 A -0.2 -0.4 -0.1 -0.3 -2.3
685 A -3.5 0.4 -3.1 -0.6
688 A -5.9 -5.1 -4.8 -6.6 -5.3
689 A 0.1 0.6 1.4 -0.3 1.2
697 A -3.0 -3.4 -3.1
700 C -5.4 -4.8 -6.5
708 C -2.3 -2.4
709 C 3.4 2.2
712 A -2.8 -2.9
Mean A -2.4
S.d. A 2.4
|Mean C -1.4
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‘Summary of Zero-Set Error Estimates from Period 2

Table VII

(meters)

Pass ggigz; Orbital Solution
-No. Chan-
nel 1 pA 3 4
803 A 8.7 10.7
804* A 21.4 27.3
806 A -14.4 - 8.6
807 A -14.8 -15.1 -16.9
815 A - 3.1 - 0.4 - 1.7
818 A -12.8 - 7.4 - 7.1
819 A 10.8 .1 6.1
827 C 45,3 48.6 44.8
831 A 13.5 10.5 8.1 8.8
839 A 10.5
842 A -19.3
843 A -13.8
850%* A 2.1
854 A - 9.1
858 A -18.4
Mean A - 5.6
S.d. A 11.6

* Passes 804 and 850 were omitted from the mean value
calculations since pass 804 had a maximum elevation
angle of 33°, and no optical data was available within

approximately 8 hours of these passes.
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Table VIII

Summary of Timing Error Estimates from Period 2

(milliseconds)
Trans- Orbital Solution
sts ponder
o Chan-
nel 2 3 4
803 A 5.4 6.1
804* A 13.5 14.1
806 A 8.8 - 9,2
807 A 2.7 - 3.1 .
815 A 6.4 7.4 .
818 A 7.8 - 8.0 .1
819 A 1.9 - 2.0 .6
827 C 2.0 3.1 2.0
831 A - 3.3
839 A 5.8
842 A - 6.3
843 A 0.7
850* A 12.4
854 A - 7.7
855 A - 2.C
Mean A 1.9
S.d. A 5.1

* Passes 804 and 850 were omitted from the mean value
calculation since pass 804 had a maximum elevation angle
of only 33°, and no optical data was available within
approximately 8 hours of these passes.
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Summary of Random Error Estimates from Period 1

Table IX

(meters)
Trans- : fans
gzss ponder Orbital Solutions
o [ N B IR
652 A 3.3
653 A 3.6
664 A 3,2 3.1
66°% A 4.5 5.2
673 A 2.6 2.2
676 A 2.9 3.0 2.9 3.0 2.9
677 A 3.2 3.5 .8 4.0 .5
685 A 2.5 2.3 2.5 2.3
688 A 4.5 5.2 4.1 4,7 5.3
689 A 4.1 4.0 4.1 3.9 3.8
697 A 3.4 3.4 3.4
700 C 5.8 4.7 6.4
708 C 4.5 4.9
709 C 3.1 3.2
712 A 6.0 4.8
Mean A 3.7
!Mean- C 4.5
-208-~
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Summary of Random Error Estimates from Period 2

Table X

(meters)

Pass
No.

Trans-
ponder
Chan-
nel

Orbital Solution

803
804

10.

(=)

~
. .

806
807
815

-
~N
. )

818
819
827

NN OO0 N
L I B L Y I

O NN O N O e

831
839

10.

Wi O NN 00w

oI O N W
.

11.6

842
843
850

854
855

NN O O wv wn
. . . .

Mean

>l e > > O P> > >

6.

6
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APPENDIX A-1

Summary of Data Sets and Orbital Solutions
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1.1 OPTICAL DATA

The optically determined reference orbits that are
used as standards in this report were determined from
right ascension and declination measurements taken with
STADAN and SPEOPT MOTS 40" and 24" cameras, SAQ Baker-Nunn
and Geodetic 36" cameras, USAF PC-1000 cameras and United
States Coast and Geodetic Survey BC-4 cameras. The loca-

tions of some of these cameras are shown in Figures 1 and 2.

These figures serve to illustrate that the majority of the
observations were taken in North America.

Observations from two periods in January 1966 were
used . The two periods were:

1. December 31, 1965 to January 5, 1566

2. January 11 to January 17, 1966

The complete data sets that were used from each period

are summarized in Tables I and II, and Figures 3 and 4.
Tables I and II summarize the observations by tracking
station, and Figures 3 anu 4 indicate the data coverage
by time.

Six overlapping orbits were estimated using subsets
of data from Period 1, and four overlapping orbits were
estimated using the data from Period 2. These orbital
solutions are summarized in Tables III - V and Figures
5 and 6. The lengths of the arcs in these solutions range
from two hours to approximately 5-1/2 days in length, and
root mean squares about the orbital solutions are given
in Table VI.
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Figure 2
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TABLE 1

L

SUMMARY OF OPTICAL MEASUREMENTS BY STATION

FOR PERIOCD 1

NETWORK

STATION | CAMERA TYPE | NO. OF OBSERVATIONS
SAD 10RGAN BAKER-NUNN 2
1JUPTR BAKER-NUNN 26
INATQL BAKER-NUNN 8
“OSLONR BAKER-NUNN 4
AUSBAK BAKER-NUNN 4
1SHRAZ BAXER-NUNN 2
1SPAIN BAXER-NUNN 6
1TOKYO BAKER-NUNN 12
IVILDO BAKXER-NUNN 2
1IMAUIQ BAKER—NUNN_ T2
AGASSI [Geodetic 36" 10
" TOTAL: 78
SPEOPT 1COLBA MOTS 40" 164
1JUM40 MOTS 40" 22
1BERMD MOTS 40" 84
1PURIO MOTS 40" 14
1DENVR MOTS 40" 70
1JUM24 MOTS 24" 26
TOTAL: 380
STADAN 1FTMYR MOTS 40" 82
1BPOIN MOTS 40" 53
1GFCRK MOTS 40" 26
1IMOJAV MOTS 40" 265 .
TOTAL: 186
USAF HUNTER PC-1000 59
SWANIS | PC-1000 14
GRDTRK PC-1000 7
ANTIGA PC-1000 26
SEMMES PC-1000 60
CURACO PC-1000 40
HOMEST PC-1000 94
JUPRAF PC-1000 17
BEDERD PC-1000 22
ABERDN PC-1000 74
TOTAL: 413
1057

TOTAL OF ALL OBSERVATIONS'=
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SUMMARY OF OPTICAL MEASUREMENTS BY STATION FOR PER1OD 2

TABLE 1I

NETWORK | STATION | CAMERA TYPE | NO. OF OBSERVATIONS
SAO 10LFAN BA'JIR-NUNN 6
1TOKYO BAKER-NUNN 4
1JUPTR BAKER-NUNN 84
1VILDO BAKER - NUNN 8
AUSBAK BAKER-NUNN 8
. AGASSI Geodetic 36" 63
OSLONR BAKER-NUNN 1
TOTAL 174
SPEOPT | 1EDINB MOTS 40 109
1COLBA MOTS 40 92
1BERMD MOTS 40 10
1PURIO MOTS 40 34
LGSFCP MOTS 40 40
1DENVR MOTS 40 82
1JUM24 MOTS F24 62
1JUM40 MOTS F40 70
1JUBC4 BC4 65
TOTAL 654
STADAN | 1BPOIN MOTS 40 41
1FTMYR MOTS 40 168
1IMOJAV MOTS 40 87
1COLEG MOTS 40 "30
1GFORK MOTS 40 74
1ROSMA MOTS 40 34
TOTAL 434
USAF ANTIGA PC-1000 52
BEDFRD PC-1000 85
SEMMES PC-1000 60
GRDTRK PC-1000 74
CURACO PC-1000 21
TRNDAD PC-1000 21
HUNTER PC-1000 12
JUPRAF PC-1000 73
ABERDN PC-1000 74
HOMEST PC-1000 108
TOTAL 580
x {US C&GS TIMINS BC4 14
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TABLE 111

Summary of Orbital Solutjons

Period 1

Solution | Approximate Time of 1st Time of final

1 5-1/2 days | 12/31/65 01 hr | 01/05/66 06 hr
2-1/2 days | 01/01/66 01 hr | 01/03/66 08 hr
2-1/2 days | 01/03/66 01 hr | 01/05/66 06 hr
2 days . | 01/02/66 01 hr | 01/04/66 06 hr

(=T 7 B~ V]

2 hrs 01/02/66 06 hr 01/02/66 08 hr

1 day 01/02/66 06 hr { 01/03/66 08 hr

i
|
I
|
. No. " | ATELengin | Nessuremsat |  Heasurement
i
!
|
|

[E ~ Period 2
1 4 days 01/11/66 01 hr | 01/15/66 05 hr
2 3 days 01/12/66 03 hr | 01/15/66 05 hr
3 .| 2 days 01/13/66 05 hr | 01/15/66 05 hr
4 | 2 days 01/15/66 04 hr | 01/17/66 05 hr
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TABLE IV

e —

Subsets of Optical Measurements used in Orbital Solutions

'from»PeriOd 1

No, of Observations -
Network Station Arc 2 Arc 3 Arc 4 Arc § Arc 6
SAO 10RGAN 2 H
1JUPTR 26 26 26 26 ;
1NATOL 4 2 2 2
OSLONR 4 3
AUSBAK 2 :
1SHRAZ 2 2 2
1SPAIN 4 4 -
1TOKYO 6 2 4 4 i
1VILDO 2 -
AGASSI 10 N
TOTAL 40 26 38 34 26 EE
SPEOPT| 1COLBA 71 164 136 71
1JUM40 16 16 16 16 T
1BERMD 64 40 50 36 10 :
1PURIO 14
1DENVR 42 14 28 14 14 .
1JUM24 21 21 21 21 1
TOTAL 212 232 251 158 61
STADAN| 1FTMYR 82 42 54 54 12 %}
‘| 1BPOIN 46 26 Ly
1GFORK 26 9 9 9
1IMOJAV 25 25 25 25 7
TOTAL 133 97 113 91 37 Ry
USAF HUNTER 59 14 47 47 23" .
SWANIS 14 14 14 14 i
GRDTRK 7 7 =
ANTIGA 12 14 14
SEMMES 50 36 36 36 §
CURACO 26 28 40 26 12 ? ]
HOMEST 66 28 38 24 24
JUPRAF 17 17 17 17
BEDFRD 22 14 §]
ABERDN 50 14
TOTAL 244 177 241 164 112 {}
GRAND TOTAL 631 532 644 444 236 i:

e
.
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Subsets of Optical Measuremecnts Used in Orbital Solutian

TABLE V

from Period 2

No. of Observations
Network | Station| Arc 1| Arc 2 | Arc 3| Arc 4
SAQ 10LFAN 6 4
1TOKYO 4 2 2
1JUPTR 84
1VILDO 8 6 6 2
AUSBAK 6 4 4 2
AGASSI1 63 46 12 12
OSLONK 1
TOTAL 87 62 24 101
SPEOPT 1EDINB 72 48 20 65
1COLBA 92 92 92 38
1BERMD 10
1PURIO 20 14 14 14
1GSFCP 40 40 26
- 1DENVR 56 56 56 26
1JUM24 22 22 22 54
1JUM40 28 28 28 56
1JUBCY 38 38 38 41
TOTAL 368 338 296 304
STADAN 1BPOIN 37 37 18 8
1FTMYR 103 103 75 78
IMOJAV 52 52 52 42
1COLEG 17 17 17 13
1GFORK 40 14 14 34
1ROSMA 22 12
TOTAL 271 223 176 187
USAF ANTIGA 38 83 24 24
BEDFRD 58 58 26 27
SEMMES 50 26 10
GRDTRK 46 34 34 38
CURACO 21 21 21 10
TRNDAD 11 11 10
HUNTER 12
JUPRAF 38 38 38 53
ABERDN 68 42 14 20
HOMEST 51 S1 51 69
TOTAL 393 319 208 261
USC§GS TIMINS 14 14 .
GRAND TOTAL 1133 956 704 853
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TABLE VI

Root Mean Squares about the Orbital Solutions

Period 1

n Rms of fit
Orbital Sol No. of Obs. (secs. of arc)
1 1057 3.08
2 ' 631 2.58
3 532 2,74
4 644 2,45
S 444 2,33
6 236 2.17 .
Period 2
1 1133 3.16
2 956 2.94
3 704 2.80
4 853 2.80
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Figure 3
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Figure 4
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Figure 5
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1.2 GRARR DATA

The Goddard Range and Range Rate (GRARR) system was
designed as a high-precision tracking system able to
accurately determine the range and radial velocity of a
spacecrafit by measuring phase shift and Doppler. Each
~station uses an S-band and a VHF system. Only the S-band
system was used in this evaluation.

The GRARR observations used in this evaluation had been
smoothed using a sixth order polynomial smoothing program,
The data was smoothed over two minute periods and smoothed
valuecs were obtained at 32 second intervals within these
periods. |

The GRARR passes evaluated in this report are summarized
in Tables VII and VIII. These tables indicate the data and
time of each pass, number of GRARR observationé, number of
simultaneous optical observations maximum elevation of pass,
and the satellite transponder channel. The geometry of
these passes is represented in Figures 7 - 13,
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TABLE VII

SUMMARY OF GRARR PASSES AT ROSRAN FRQM TERIOD 1

, . . h‘léx .
Pass | Transponder No. of Obs, in Pass. Elevation
No. | Channel . . Date . Time | R/R | Optical Angle
652 12731765 |06l 18 18 31,3°
653 12/31/65 | os! 28 30 65. 4°
664 A 1/1/66 06! 28 78 36.6°
665 A 1/1/66 ogH 32 95 51.8°
673 A 1/1/66 238 34 0 53.5°
676 A 1/2/66 o6H 32 106 43,3°
677 A 1/2/66 | os" 28 138 40.2°
685 A 1/2/66 230 34 " 10 46.5°
688 A 1/3/66 06! 30 101 52.2°
689 1/3/66 | 08" 14 79 30.1°
697 A 1/3/66 23t 44 0 40,8

700 c 1/4/66 o6 36 100 62.7°
708 c 1/4/66 21H 48 0 84, 2°
709 c 1/4/66 23H 42 14 35.8°
712 A 1/5/66 o6 ‘36 66 76.6°
-226-
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TABLE VIII
SUMMARY OF GRARR PASSES AT ROSRAN FROM PERIOD 2--

Pass Transpondé_r ' : No. of Obs. in.Pa'ss: E1§3§£10n
No. - Channel Date ~ | Time - R/R | Optical - Angle
803 A £ 1/12/66 20t 68 0 87.7°
804 A 1/12/66 22t 22 0 "33,1°
806 A 1/13/66 02H s | 4 26.4°
807 A 1/13/66 | - o4 46 | 91 83.7°

i ss A 1/13/66 | 200 46 0 - 77.2°
818 A 1/14/66 02" 42 o | ‘30.2°
819 A 1/14/66 04!l 32 ‘60 | 74.3°
827 c 1/14/66 20 38 0 . 67.6°
831 A 1/15/66 | o4 48 | 115 | e0.6°
839 A 1/15/66 | 20t 44 0 58.8°
842 A 1/16/66 | o2 52 81 40.8°
843 A 1/16/66 04H 50 68 47,90
850 A 1/16/66 188 s o | s7.5°
854 A 1/17/66 02t 50 59 48,30
855 A 1/1?/66 0sh 26 81 37.4°
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Figure 8
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Figure 9
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APPENDIX A-2
Preprocessing of Optical Observations
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2.1 Preprocessing of Optical Data

The first step in the processing of optical ob-
servations is usually performed by the obécfving source.
This consists of developing a plate or film, identifying
the image or images of the satellite and the images of
several reference stars whose right ascensions and de-
clinations are well known. The initial measurements
of both satellite images and reference stars consist
of linear rectangular coordinates. From the knowledge
of the spherical coordinates of the reference stars;
the right ascensions and declinations of the satellite
images hay be calculated. These coordinates as received
by the preprocessor may be referred to the mean equator
and equinox of date, true equator and equinox of date,
or mean equator and equinox of some standard epoch.

The preprocessor then transforms these observations

to a common coordinate system. Currently, the preprocessor

transforms all right ascensicns and declinations to the
true equator and equinox of the epoch of the elements being
processed. If the observations were originally referred

to the mean equator ‘and equinox of a particular epoch, it
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is only necessary to precess froh that epoch .to the epoch
of the elements. Howéver, if they were referred to the
true equator and equinox of a particular epoch, it is
necessary first to transform them to the mean equator

and equinox of that same epoch and then precess to the
epoch of the elements.

Finally, a transformation must be made from
the mean equator and equinox of the epoch of the elements
to the true equator and equinox of the epoch of the elements.

2.2 Nutation

_ ‘The transformations from the true equator and
equinox of date to the mean equator and equinox of date is

Y = NX
where

cos 6m cos o

Y = cos Gm sin o .
L-sJ.n Gm |
cos GT cos Op

X = cos 5T sin og
sin §
L T i
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R .
l chosem. waslnem ‘
N = -A‘pcose:'n ' 1 +Ae ‘
:Aw51nem - -he 1 | y .
3
where
am,Gm = right ascension and declination re-
ferred to mean equator and equinox
cf date '
aT’GT = right ascension and declination re- ]
ferred to true equator and equinox ]
of date '
€n = mean obliquity of date
AY = nutation in longitude F
Ae = nutation in obliquity

The inverse transformation is simply:

x = NIx = nNx L | ]

!m‘1 M
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2.3 Precession

The transformation from the mean equator and
equinox of 1950.0 to the mean equator and equinox of an
arbitrary epoch tl is

where
cosd.y cosay,
, Y = Jcosé,, sina.,
| _51n6t1 J
o | €0s63950.0  ©°5%1950.0
i : = . ; ‘
/ X = cosdyg59,9 SiMojgg0.9
51187 950.0 .
[ —_ : _ . . —_
L (coszcosecos;-sinzsin;)(-coszcosésinc—sinzcos;)(-coszsine)
P = . |(sinzcosBcosg+coszsing) (-sinzcosBsing+coszcost)(-sinzsinb)]
» 4(sin6cosc) . (-sinésing) (cos8) _
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The inverse transformation is.

Since the expression for z, 8, ¢ are tied to
1950.0 as an epoch, the precession between 2 different
eﬁochs, neither of which is 1950.0, must be performed
in two steps, using 1950.0 as an intermediary epoch.




- APPENDIX A-3
1 Force Models used in NONAME
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3.1 Force Models

The data reduction program in its present form
incorporates four foice models. These are:

"1, The earth gravitational field

2. The solar and lunar gravitational
perturbations

-3, Solar radiation pressure

4. Atmospheric drag
. ¢
The program is‘designed such that the gravitational
coefficients and pertinent physical characteristics of
satellites, such as reflectivity, cross-sectional area
mass, and drag coefficient can be simply changed through
card input or block data statgmeﬁt. ' ‘

32 The Earth's Gravitational Field’

The formulation of the_geopotentiai used is:
k n n _ .
- GM a\ ,m . .
u = 54 a
= {l + nzz mfo(;) Pn (51n¢)[Cnmcosmx+8nm51nmkl} (1)
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where

G is the universal gravitational constant
M is the mass of the earth

Y is the geocentric satellite distance

a is the earth's mean equatorial radius

¢ is the sub-satellite latitude

A is the sub-satellite east longitude

n A
Bm(sin¢) is the associated spherical harmonic
of degree n and order m.

The design of the potential function requires tuat de-

normalized gravitational coefficiences Cn m and Sn n be
3 ’

used. The program is presently capable of accepting

coefficients up to (20,20) or any sub-set of these.

The denormalized gravitational coefficiences de-
termined by SAO are listed in table 2. These coef-
ficients have been used extensively in NONAME for
the reduction of optical data. The same data have
been reduced by NONAME using various other gravity
models. An intercomparison of the results is being
prepared for publication in the near future.

The transformation of the geopotential in earth-
fixed coordinates (r,¢,\) to gravitational accelerations

in inertial coordinates (x,y,z) is accomplished as follows:

@
Q
.3
o
@

-©-
Y
c

A
ar 9x 3¢ 9x 8X 3x

55.=-—--—-+-—-—+——;5;',§. (2)
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€(2,0)

s(z2,0)
€(2,2)
s(2,2)

.€(3,0)

$(3,0)

.C(3,1)
.'5(3’1)
.€(3,2)

$(3,2)
€(3,3)

.8(3,3)
€(4,0)

5(4,0)

C(4,1)

5(4,1)

C(4,2)
- 5(4,2)
.C(4,3)
- 5(4,3)
-C(4,4)
- §(4,4)

c(5,0)
S(5,0)

.C(5,1)
. 85(5,1)

C(5,2)
$(5,2)
€(5,3)
§(5,3)

-1082.645+
0
+1.536°10"
-0.872+10"
+2.546+10"
0
+2.091-10
+0.287-10
+0.251-10
-0.184+10
+0.782+10
+0.226+10
+1.649-10
0
-0.543°10
-0.445+10
+0.738-10
+0.148-10
+0.509°10
-0.113-10
-0.112-10
+0.486°10
+0.216+10
0
-0.677-10"
-0.882-10
+0.102+10
-0.375-10
-0.172+10

*+0,231-10

-
-
-

-
-
-
-
-
-
-

-
-

-
-
-
-

TABLE 2

1076

6

€(5,4)

5(5,4)

C(5,5)

6
6

6
6
6
6
7
6
6
6
6
7
6
7
7
8
8
6

7

7
6
7
7
9

'S(5,5)
- €(6,0)

$(6,0)

C(6,1)
§(6,1)

C(6,2)
S(6,2)
C(6,3)
S(6,3)
C(6,4)
S(6,4)
€(6,5)
S(6,5)
C(6,6)
5(6,6)
c(7,0)
S(7,0)
c(7,1)
s(7,1)

- c(7,2)

5(7,2)
C(7,3)
$(7,3)

C(7,4)-

5(7,4)

-C(7,5)
‘s(7,5)

SAO DENORMALIZED COEFFICIENTS M-1

-0.206+10"
+0.498-10"
+0.384+10"
-0.146°10"
-0.64610"
0
-0.370-10"
-0.212+10
+0.858+10"
-0.455+10
-0.112-10°
+0.643+10°
-0.167+10"
-0.196+10"
-0.253+10"
-0.370+10"
-0.932:10"
-0.36110"
+0.333.10°
0
+0.144-10°
+0.114-10"
+0.362+10"
+0.162+10"
+0.352+10"
+0.254°10"
-0.323+10"
-0.217-10"
+0.269+10"
+0.191-10"

8
9
9
8
6

7
7
8
7
8
9
9
8
9
9
11
1¢
6

6
6
7
7
8
9
9
9
10
10
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- C(7,6)
1 5(7,6)
- C(7,7)

$(7,7)

.C(8,0)
- §(8,0)
-C(8,1)

S(8,1)
C(8,2)

S(8,2)

C(8,3)
5(8,3)
c(8,4)

'S(8,4)
'C(8,5)
'8(8,5)

C(8,6)
S(8,6)
C(8,7)
S(8,7)
C(8,8)
S(8,8)
€(9,0)
$(9,0)

- €(9,1)
$(9,1)
.€(9,2)
- 8(9,2)
- €(10,0)

$(10,0)

TABLE 2 (Cont'd)

-0.145°10"
+0.43710"
+0.102-10"*°

+0.178-10
+0.270-10
0
-0.515-10
+0.447-10
+0.214-10
+0.320-10
-0.374-10
+0.404-10

- -0.277-10
-0.157-10"

-0.959-10
+0.214-10
-0.475°10
+0.888+°10
-0.444-10
+0.158+10
-0.316-10
+0.130-10
+0.532+10
0
+0.760+10
+0.780+10

-0.277-10

+0.242.10
+0.541-10
0

-

10
11
11
11
6

7
7
8
8
9

10
9

10
11
10
12
11
13
12
12
12
7

8
9
8
7

.€(10,01)
*$(10,01)
€(10,02)

S$(10,02)
€(10,03)

5(10,03)
.C(10,04)
+S(10,04)

C(11,0)
$(11,0)

.C(11,01)
‘§(11,01)

c(12,0)
S(12,0)

-C(12,01)

${(12,01)

€(12,02)

S(12,02)

€(12,12)
'$(12,12)
-C(13,0)

S$(13,0)

€(13,12)
. $(13,12)
€(13,13)

$(13,13)

-C(14,0)

S(14,0)

.C(14,01)
. '8(14,01)

.649+10°
.779-10° -
.624-10"
.250-10"
.379-10
.17510°
43610
.654-10"
.302°10"

.313-10°
.885-10"
.357+10"

.923+10
.402+10"
.470-10
.233-10"
.278°10
.718-10"
.114-10°

.126+10"
.117-10°
.216°10"
.282-10"
.179-10°

.788+10"
.280°10"

W W o 0w N

10
10

O o g W

18
20

18

18
19
19
6
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C(14,11)
5(14,11)
C(14,12)
5(14,12)
C(14,14)
S(14,14)
C(15,09)
S(15,09)
€(15,12)
S(15,12)
C(15,13)
S(15,13)
C(15,14)

©5§{15,14)

TABLE 2 (Cont'd)

.947-10"
L473+10
.140+10°
.132-10°
.193+10°

.414+10
.241:10°
.483+10°
.138+10"
.190-10"
.117-10°
.927-10"
.114-10°
.558+10

21
21
20
19
21
22
18
18
19
20
20
21
22
22
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where the subscript '"e" denotes accelerations due to
the earth's field.

AN
3.3 Solar and Lunar Gravitational Perturbations

The pertufbations caused by a third bbdy, e.g.,
the sun or moon, on a satellite orbit are treated by
defining a disturbing function R[1] which can be treated
as the potential function U. For the solar perturbation
Ro takes the form

GMn 2y V2
_ [} 2r T T

Re = 7 |t 5*=)  -7v| O

' e e T e

@
where S = cos (r, rc) ;

m is the mass of the sun in earth masses
LI is the geocentric distance to the sun
T is the geocentric distance to the satellite
G is the universal gravitational constant

M is the mass of the earth

The acceleration of the satellite due to the sun is then

oR .
% = @ 9dr , . " _ _
° sr -3x °? ye’ ?o ) (4)

[1] Kozai, Y, Smithsonian Astrophysical Observatory
Special Report 22, pp. 7-10.
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The lundr perturbations are found from equation (3) by
substituting the lunar mass and distance for those of
the sun. o

The lunar and solar ephermerides are computed
internal to the program. These positions are computed
at ten equal intervals over each fivelday period and
least squares fit to a fourth order polynomial in time
about the midpoint of the five day period. The positions
of these bodies are then determined at each data point
by evaluating the polynomial at the observation time.

3.4 Solar Radiation Pressure

The acceleration acting on a satellite due to
solar radiation pressure is formulated as follows [2],

AP
[0 - - o . e Yy
a0 = " 7m Y7 Lyd Yraps Zrap (5)
where

L is the inertial unit vector from the

~geocenter to the sun and whose components
b i ‘

are Lx’”y’Lz'

A is the cross sectional area of the
sateoite

m is the satellite mass

Yy  is a factor depénding on the reflective

characteristics of the satellite

[2] H. Koelle, Handbook of Astronautical Engineering,
pp. 8-33, McGraw-Hill, 1961.
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Y is the eclipse factor such that:

0 when satellite is in earth's shadow

v o= ! when satellite is illuminated by
the sun
P is the solar radiation pressure in the

vicinity of the earth,

4.5 x 1078 ———-Newgm

m

At present, it is assumed that the satellite
is specularly reflecting with reflectivity, p, and

" thus

y = (1+5p). - (6)

The vector D and the eclipse factor are de-
termined from the solar ephemeris subroutine previously
described, the satellite ephemeris, and involve the
approximation of a cylindrical earth shadow.

3.5 Atmospheric Drag

The atmospheric decelerations are computed as
follows:

. pCD~Avvx .
Xprpac = " 2m—— 5 Yprag’ Zprag (7

_2149_
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where
p is the ambient atmospheric density
D is the satellite drag coefficient

A is the projected arca of the satellite on
a plane perpendicular to direction of motion

m is the satellite mass.

N The velocity vector v given in inertial co-
ordinates by '
> A AN
v o= vad vy; + viﬁf (8)
can be chosen to be either the velocity relative to
the atmosphere which implies that the atmosphere rotates
with the earth or the inertial velocity which assumes

that the atmosphere is static. Presently, the former
assumption is made. .

The density, p, is computed from the 1962 U.S.
Standard Atmosphere.
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APPENDIX A-4
Station Position Transformations
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4.1 Station Position Transformations

The analysis‘of "long arc" passes of the GEOS-A
satellite requires that the various tracking station a priori
positions be available on a uniform world geodetic system in
order that the results not be biased by interdatum uncertainties.
The world geodetic system selected for these analyses is the

" SAO Standard Earth (C-5 datum).

A priori estimates of the tracking station _.ositions
and their uncertainties relative to the geo-center (earth's
center of mass) are derived from the knowledge of the following:

a. Baker-Nunn camera station positions
on the original datums.

b. Baker-Nunn camera station positions
on the SAO C-5 datum.

c. The positions of the various tracking
sites in their original datums.

d. Intra-datum survey connections between
the Baker-Nunn sites and the various
tracking sites.

e. Empirical formulae for the estimation of

surface survey uncertainties between the
Baker-Nunn sites and the tracking sites.
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The method used to effect this transformation
is simple and straight forward and has been checked to
ascertain its compatibility with the more rigorous and
arduous transformation formulae commonly used to compute
datum shifts. It should be noted that this method can
be used only when the type of information that has been
calculated for the Baker-Nunn sites is available. That
is to say, one must have available the positions of the
control stations (Baker-Nunn sites) in the original datum
and in the new reference system, and a direct survey tie
between the control stations and the tracking stations
which are to be transformed.

4.2 v SAO Standard Earth Reference System

The reference system used in the derivation
of the a priori positional information is the SAO Standard
Earth as described in [1]. The ellipsoidal parameters are
a, = §,378,165 meters and f = 1/298.25. This system is
the best available geocentric (earth's center of mass) ter-
restrial system. The Z axis is oriented in the direction
of the mean pole of 1900-1905 and the X axis in the direc-
tion of the mean observatory. Since the definition of UT-1
was based on the U. S. Naval Observatory's time determination
the X axis is directed toward the meridian 75%9-031-55"94 East

of the U. S. Naval Observatory.

The uncertainty related to this system is defined
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(by [1] to be about 10 meters for the origin (geocen-
tricity), O0Y2 for the direction of the axes, and a few
parts per million in scale. The scale actually depends
on the adopted value for GM which in this instance is
3.986032 x 102°cm®sec”?. The absolute coordinates of

the Baker-Nunn stations are given to .an accuracy of %15
to 20 meters. The fact that this system is oriented to
the mean pole of 1900-1905 must be taken into consider-
ation wher station positions as derived from the tracking

" data are obtained. Unless corrections for polar motion

are applied, the positions derived from the tracking data

. will be based on the instantaneous pole at the time of

observation.

4.3 Coordinate Transformations

All of the Baker-Nunn camera stations are con-
nected to individual major geodetic datums and their co-
ordinates in these datums are known. The coordinates of
the Baker-Nunn camera stations on the SAO Standard Exrth
are also known, having been derived by SAO through the re-
duction of approximately 35,000 satellite observations with
wide orbital variety. The coordinates of the Baker-Nunn

camera stations are given in both the ellipsoidal and three-
dimensional cartesian coordinate systems. For ease and sim-
plicity of calculation, we have elected to use the cartesian
coordinates to obtain our transformations. By compaiing the

original datum coordinates with the derived mass-centered

coordinates, one derives the "datum shift" for the partic-
ular datum. The "datum shift" is simply the total trans-

formation to be applied to the original datum coordinates

to obtain the new mass-centered coordinates.  Once the _



"datum shift" has been derived for the Baker-Nunn station
this shift is then applied in a weighting scheme to derive
the SAO Standard Earth coordinates for tracking stations
that have positions given in the same original datum as
the Baker-Nunn and are connected to the Baker-Nunn station
through conventional surface surveys. A weighting scheme
(which is described below) is used since the Baker-Nunn
stations were allowed to adjust independently and subse-
quently where more than one Baker-Nunn station was located
on a single datum, the individual st:+tions show slightly
different "“datum shifts".

As an exéﬁpie of the single station case, con-
sider Baker-Nunn camera station 9005, TOKYO. 1Its co-
ordinates on the Tokyo (JAP) datum are:

X: -3,946,554 (meters)
Y: 43,365,774 (meters)

2: +3,698,151 (meters)

Its geocentric (mass centered) coordinates on the SAO
Standard Earth are:

Xg: -3,946,703 (meters)

Yg: +3,366,291 (meters)

Zg: +3,698,849 (meters)
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The transformation to be applied to tracking stations
on the Tokyo datum is therefore:

AX = -149 meters

X - X =

Xg

‘ Yg -~ Y = AY = +517 meters
ZgA- Z = AZ' = +698 meters

The AX, AY, AZ is applied to the tracking station co-
ordinates on Tokyo datum. This in sffect then furnishes
an a priori estimate of the coordinates of the tracking
station in the SAO Standard Earth reference system.

As mentioned above, the coordinates of the
Baker-Nunn camera stations are furnished in both the
ellipsoidal and three-dimensional cartesian coordinate
systems. However, the coordinates of the various track-
ing stations may .be given in ellipsoidal coordinates
only, thereby requiring the calculation of the thi-e-
dimensional cartesian coordinates. This is done using
the following standard formulation:

X = _(v + h+ N) cos ¢ cos A

Y = (v+h+N)cos ¢ sin A

Z = [(1-e?)v+h+N] sing - !

E Y



where:

-3
1

geodetic latitude

>
1

geodetic longitude

1/2

v = ae/(l - e? sin?$)

a, = semi @ajor axis of reference ellipsoid
e? = ecéentricity squared of reference ellipsoid
h = height of station above the geoid (mean
sea level elevation)
N = height of the geoid above or below the spheroid.

In the case where the tracking station information only
contains mean sea level elevations, the geoid height is
derived from geoid contour charts for the particular
reference spheroid. These charts are based on gravi;
tational coefficients derived from satellite observ-
ations.

Having derived thte a Eriori estimates of the
tracking station positions on the SAO Standard Earth
we now derive estimates of the uncertainties of these
positions relative to the earth's center of mass.

~-



4.4 A Priori Uncertainty Derivation

In order to derive a priori estimatcs of the
uncertainty in the tracking station positions, use is
made of an empirical formula derived by Lansing Simmons,
USC § GS, to describe the accuracy of first order tri-
angulation. The formula states that the relative accuracy
between two points connected by conventional first-order
triangulation (1 part in 25,000) is approximately:

- 1/20,0003%/¥,

where M is distance.between the two stations in statute
miles. As an erample consider two stations 1000 miles
apart, and connected by standard triangulation. The
proportional acéuracy would therefore be 1 part in
200,000 or approximately 26.4 “t. This means that the
relative uncertainty between the two stations caused by
the surface suri«: errors is approximately 26 ft. or 8
meters. Accept1ng the stated accuracy. of the Baker-Nunn
statlons relative to the center mass as - 20 meters, one
can then take the root sum square of the uncertainty in
the Baker-Nunn station relative to the center of mass and
the surface survey uncertainty between the Baker-Nunn and
the tracking station as derived by the Simmons formula as
a conservative estimate of the uﬁéertainty of the tracking
station relative to the center of mass. The formula then
becomes: -



- - ——

b IR ]

where

o, = uncertainty of the tracking station
relative to the center of mass.
o, = survey uncertainty as computéd by

Simmons formula,

4.5 Weighting Scheme for Multi-Station Connections.

In the case where a tracking station is located
on a datum which - contains more than one Baker-Nunn °
station, we use a weighted average of the geocentric
coordinates of the tracking station derived from the

general formula

( W1 ( W )

P =|l+—7mr<n—1P + ~—02 P
coe W ...W

W1+W2 | Wn) 1 w1+ ) ¥ n 2

: wn'
MBRREY (- e Tv_) Py
1 2 n

-28Q



where:
P is the weighted position
w‘...wn are the weights

P is the station position derived from
Baker-Nunn Station 1

P ~is the station position derived from
Baker-Nun: s3tation 2

P -is the station position derived from
Baker-Nunn Station n

The weights used are inversely proportional to the
distances between the Baker-Nunn stations and the track-
ing station to be transformed. This weighting scheme
allows us to take into consideration the varying shifts
of the Baker-Nunn stations while placing proper emphasis
on the contribution of individual stations upon the
transformation. As an example, consider the case where
the tracking station is located close to one of the
Baker-Nunn stations in the datum. One can rightfully
expect that the tracking station would shift approxi-
mately the same amount and in the same direction as
the co-located Baker-Nunn and that the effect of the
other Baker-Nunn stations would be minimal. In the
case where the tracking station were located equi-
distant from several Baker-Nunn stations one would
assume equal contribution to the transformation from
each of the Baker-Nunn shifts.
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While the above weighting scheme is apparenily
quite adequate, investigations are continuing into other
weighting schemes. Foremost of these is the computation
of the weights (Wn) as being inversely proportional to the
square of the distances between the Baker-Nunn stations
and tracking station to be transformed. Another procedure
being investigated is the distance cut-off, whereby a very
distant Baker-Nunn coordinate shift will have essentially
no effect on the station to be transformed. This cut-off
distance is being presently considered in the range of
5000 km.

The transformed station coordinates derived using

‘these weighting schemes are being compared in separate NO-

NAME data reduction runs. Identical observational data are
being reduced in each run, and the observational resid-
uals are being compared.

4.6 Isolated Datums

An ellipsoidal transformation is performed for a
tracking station on an isolated datum such as the Tananarive
datum. For these station positions, the AU, AV, and AW
shifts are unknown and considered to be zero. The shifts
are computed as follows:

AN (a Af + £ Aa) Sin2 ¢ -Aa

B¢ .= 206265[(a Af + £ Aa) sin 2¢]/R_



where

Aa

Af

a(l-ez) 77
[(l-ezsin2¢)1/2]

6378165. meters

1/298.25

6378165. minus original survey ellipsoid
value.of a.

1/298.25 minus original survey ellipsoid
value of F. ‘ '
Latitude of tracker in original systenm

2f - £2
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PRECEDING PAGE BLANK NOT FILMED.

This paper prescnts one particular phase of our current
investigation of the capahility of the Minitrack tracking system
by utilizing a GEOS-I long arc trajectory determined by optical
observations only. We felt that there would be some merit in
analyzing the Minitrack data before they had been corrected for
refraction and other effects. The geometry of the Minitrack
antenna reception nattern and the method of tracking suggests
that it may be possible to separafe out the relative effect on

the residuals of those phenomena which are not refraction depen-
dent,

The data as obtaired from the NASA Space Science Data
Center consist of 1 to 3 observation pairs of direction co-
sines per station pass. These data obtained from the Data
Center have been reduced by Goddard from approximately 30
observation pairs of phase difference measurements per station-
pass as transmitted to Goddard by the tracking station. Goddard
transforms these data to direction cosines and rcduces them to
approximately 1 to 3 data pairs by means of a polynomial smooth-
ing process. This is the only pre-processing performed on the
data before it is transmitted to the Data Center or used by
Goddard's own differential correction program. [The R.M.S.
fit of the polynomial smoothing process averages ].

During normal operations the Minitrack stations do not
track below 70° elevation except during early launch phases
before an orbit is well determined. In the case of GEOS-I, an
exception was made and tracking was performed almost down to
the horizon. For the current analysis we have observatious
available down to about 15° elevation.

The optical orbit used as a reference trajectory is
almost identical to the one labeled '"period 1" used by Mr. Marsh
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in his analysis of the GRARR system at Rosman. We have
included one additional SAO flash sequence from Jupiter,
Florida. This reference orbit extends 5 174 days from
December 31, 1965 to January 5, 1966. The 1059 optical
observations available for that period are more descriptive
of the availablc station coverage if they are described in
terms of '"Station-Passes'". With this method of description,
the 1059 optical observations can be summarized as a total
of 91 statircn-passes.

Of the 91 station-passes, 21 were pussive -- all
from the SAO Network. Seventy station-passes consisted of
active flash sequence observations, only two ‘of which came
fron the SAO Network. The remaining 68 active station-
passes were distributed as follows:

30 passes USAF Network PC-1000 camecras
24 passes SPEOPT Network MOTS 40" cameras
14 passes STADAN Network MOTS 40" cameras

As can be seen from the first slide, the 68 passes from the .
Air Force, STADAN, and SPEOPT networks were all located on
North American continent or its near vicinity. In addition,
the only two active passes from SAO, at Agassi and Jupiter,
are also on the North American continent. The only world
wide optical coverage came from passive SAO observations
from the stations shown in the next slide. At least one
observation was obtained from every station shown except
Clifantsfontein in South Africa. The orbital fit for the

S 1/4 days of optical observations was 3V0 using the SAOQ
M-1 gravity model modified by the GEOS-I resonant harmonics



as redetermined by SAO. All tracking station locations were
transformed to the SAO C-5 systemn,

A summary of Minitrack observations used in the
analysis is shown in the next slide. Tiiis data summary
consists oi 158 station-passcs compared to 91 station-
passes of optical data. For the Minitrack data also, the
orientation is strongly towards the North American continent
with 29 passes at Blosscir Point, Maryland, 26 passes at
St. Johns, Newfoundland and 25 _:sses at Moiave, California.
The next slide shows the locations of these stations. At
least one observation was obtained from every station shown
except Tananarive.

An arbitrary cut-off point of .5 x 10'3 in directicn
cosine residuals was used in the rejection of data to be used
in the analysis. A »sroximately 5% of all Minitrack data avail-
able from the NASA Data Center during the period of analysis
exceeded this figure. For this purpose, the Minitrack resi-
duals were calculated on the basis of the orbit determined by
ontical data only. A subsequent orbit described at the end
of ‘his paper, determined from unpre-processed Minitrack data
only, gave an orbital fit of .19 x 10-3. On the basis of this
figure then, 5% of the Minitrack data available from the NASA
Data Center exceeded approximately 2.5 times the Minitrack
orbital fit, where the data was actually rejected or the basis
of their residuals calculated from an orbit determin.d on the
basis of optical data only.

Also, for the purposc of analyzing the Minitrack data,
the residuals were calculated on the basis of the orbit deter-

N



mined by optical observations only. The following analysis
depends upon the geometrical configuration of the Minitrack
antenna pattern shown in the next slide. There are two pos-
sible modes of tracking. In the Equatorial Mode, the so-
called "fine-beam" is oriented in a North-South direction,
with the long portion of the beam stretching 50° on each
side of the zenith and only 5° on each side of the zenith

in the East-West dircction. When tracking in the Polar
Tracking Mode, the long portion of the beam is oriented
East-West and the narrow portion oriented North-South. The
particular mode of tracking is usually determined by the
direc+ion in which the satellite is approaching the station.
It is possible to switch electronically from one mode to the
other fairly quickly and we had several passes of GEOS-I
tracked in both modes during the same pass.

The observations available as data are the direction
cosines & and m. The directicn cosine % is equal to the
cosine of the angle o measured from the East axis. The
direction cosine m is equal to cosine of the angle B meas-
ured from the North axis. A vector directed towards the
satellite is indicated in both the Equatorial and Polar
tracking modes. The 100° by 10° wedge shaped pattern is
defined by the locus of points where the signal from the
satellite's Minitrack beacon drops 3 decibels from the
zenith signal. Under normal conditions, the satellite is
only tracked when it is locaied within this wedge shaped
beam which is called the "fine-beanm".

By considering the geometry of the antenna pattern
more carefully, we see that when in the Equatorial tracking

¥ I T

Wifoibii. b

Bl

F e 3 Riituisiil



mode, the angle o will never be less than 85° and the angle

B will be approximately equal to the clevation angle. In

the polar tracking mode, the situation is reversed and we
have a configuration where B is always greater than 85°

and o is approximately equal to the elevation angle. For
analysis purposes, we are going to make the assumption that
any systematic errors duc to refraction are not nresent in
the residuals of the direction cosine % when tracking in the
Equatorial mode. Whatcver systematic effect may be present
in Aleq’ we will call a '"beam only" effect, i.e., systematic
errors due to position in the long part of the beam only. We
will assume that thc residuals Ameq con;ains both systematic
"beam only" effects and systematic "refraction" effects. In
the Polar tracking mode, again, the situation is reversed

and we assume that any residual Af polar contains both 'beam
only" and "refraction" systematic effects while Am polar con-
tains only systematic '"beam only" effects. We are neglecting
any systematic effects which may be due to position across the
narrow part of the beam.

The next slide shows on the left side the direction
cosine £ residuals plotted versus elevation angle for
Blossom Point, Maryland. On the right is a similar plot
for the direction cosine m residuals versus elevation angle
for Blossom Point, Maryland. The residuals have been scaled
by a factor of 103. If the residual resulted from an observa-
tion obtained while tracking in an Equatorial mode, tle resi-
dual is. plotted as a dot. If the residual resulted from an
observation obtained while tracking in a Polar mode, the
residual point has a circle around it. One observation was

-

obtained from tracking in a side lobe, i.e., outside the



“"finc-beam'". This residual is marked with a triangle.

In the Am plot, the "beam only" and "b-ram only +

refraction" effects are pronounced. As we would expect,

the dots flair out towards larger values at low elevation
angles, whereas the circles remain relatively closer spaced
about the abscissa regardless. of elevation. In the A% plots
on the left, we expect the dots to be more closely spaced as
a function of elevation while the circles flair out at the
lower elevation angles. The expected trend is present al-
theiigh not to the degree that we see in the m residual'plot.

In order to obtain an overall picture of the "beam
only" effect versus the "beam only + refraction" effects,
we have summarized in the next slide the total effect of
the residuals from all stations ty mecans of a 3 dimensional
histogram showing relative frequency as a function of poth

magnitude of the residual in stcps of .1 x 103

and by ele-
vation angle in steps of 20°. The histogram labeled "beam
only" effect is obtained from the frequency of Azeq and Ampolar.
The "beam only + refracti»>n" effect is obtained from the

frequency of A2 and bm residuals. The mean value and

standard deviatggigrof the residuals in the elevation dimension
are printed at the top. For the "beam only" effect, the mean
values in the different elevation dimensions remain fairly
close to 0. In the "beam only + refraction" histogram at

low elevations, there is a definite shift of the mean value

of the residuals to the negative. In the 10° to 30° ele-
vation dimension, the shift amounts to -.2 X 1073 which is

of the order of magnitude to be expected due to refraction

effects only, and is in the correct direction.



In order to illustrate other statistical properties
of the data, we have summarized the residuals in the
next slide into histograms by station neglecting the partic-
ular mode of tracking. The station name and number of ob-
servations appears at the bottom of the page. The £ resi-
duals for each station appears at the top graph and the
n residual as the bottom graph. We see that in the case
of Mojave, there is a programmed positive bias of the ¢
direction cosine residuals, and a negative bias of the m

direction cosine residuals. A strong bias in the opposite

direction occurs rfor College, Alaska with a negative bias
on the £ residuals and a positive bias on the m residuals.

In order to obtain an estimate of the "position in
space'" differences between orbits as obtained by Minitrack
data only and optical data only, trajectories obtained from
the two solutions were calculated, differenced, and resolved
into along track, cross track, and radial differences. The
orbital fit from Minitrack data only, not corrected for re-
fraction or other effects, was .19 x 10™3 for the 5 1/4 day
arc. The orbital fit from optical data only was 3V0. In
both this calculation and the previous analysis, the start
and end points of the Minitrack data were chosen to cor-
respond to the equivalent times of the optical data so that
there would be no systematic orbital shift due to overlap

effects. In the next slide, we see that the trajectory differences

were most pronounced in the along track direction. The along
track difference takes the approximate form of a sine curve
of a 2 hour period (the period of GEOS-1 )with an amplitude
of approximately 110 meters superimposed upon a small secular
term. In the upper plot, representing differences during



the first S hours of the arc, the sine curve minimum occurs
at approximately -50 meters. During the final 5 hours of
the 5 1/4 day arc shown in the bottom plot, the minimum
occurs at approximately +30 meters. This represents a
secular term in the differcnces of approximately 80 meters/
5 days or 16 meters day.

Among other plans for our future analysis of the
Minitrack observations, we intend to do the following:

1. Apply accurate tropospheric § ionospheric refraction
corrections based upon best available data.

2. Adjust the STADAN station locations dynamically,
particularly for those stations where there is
a pronounced bias in the £ and m residuals.

3. Improve the timing of our observations by making
use of the "Final Times of Emission" bulletins
which are now becoming available from the Naval
Observatory for our particular period of interest.
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INTERCOMPARISONS FOR THE PERIOD 1

SUMMARY OF MINITRACK OBSERVATIONS
USED IN

h 3g™ 12/31/65 to 6 45™ 1/5/66
(approximately 63 Orbital Revolutions)

No. of Obscrvations
Station 4 yﬂpggégé Location L
1. BPCING 46 46 29 Blossom Point, Maryland
2. COLFG6 21 21 18 College, Alaska
3. FT. .R6 17 17 | 12 Fért Myers, Florida
4. GFORK6 27 27 |19 East Grand Fork, Minncsota
5. JOBURG 2 2 2 Johannesburg, South Africa
6. LIMAPG6 6 6 4 Lima, Peru
7. MOJAV6 36 36 25 Mojave, California
§. NEWFL6 36 36 26 St. Johns, Newfoundland
9. OOMER6 4 4 4 Woomera, Australia
10. QUITO6 4 4 3 Quito, Ecuador
11. SNTAG6 4 4 4 Santiago, Chilg,
12. WNKFL6 15 15 | 12 Winkfield, England
158 Total Station-Passes
" TOTAL 218 4 218 = 436 -

R.M.S. Orbital Fit Using Minitrack Data Only = .19 x 1073

All Minitrack Data Rejected Whose_gesiduals From Optically
Determined Orbit Exceeded .5 x 10 (5% of Smoothed DNata
Available from Data Center)
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Sgecial Note

Since the results of this paper were first obtained and presented at
the GBEOS NASA Headquarters Meeting on December 12-14, 1967, the Army Map
Service has reported to the authors that the SECOR data analyzed in this
report is faulty and not truly representative of the SECOR tracking system,
Also all the GBOS-I SECOR data in the Geodetic Satellite Data Service of
the National Space Science Data Center is being replaced by data reprocessed
by the Army Map Service. It is felt, however, that this paper has the
following merit, It demonstrates the wide differences in results that may
be obtained between certain short arc and long arc methods for evaluating
and intercomparing tracking data when the data contains unexpectedly large
systematic errors and biases.

The paper compares SECOR and GRARR data results based upon SECOR
short arc vs. optical long arc reference orbits. The evaluation of the
SECOR data based upon the optical long arc reference orbits, although valid
for these faulty data sets, should not reflect on the capability of the
SECOR tracking system, It should be emphasized, however, that certain
short arc reference orbits based on optical data have produced results
consistent with the optical long arc reference orbits.

In reviewing the paper the Army Map Service indicated that the
relative timing errors (when associated with the clock) between the SECOR
stations in a given quad pass cannot be as large as 10 milliseconds if the
data is preprocessed correctly, The paper points out that these timing
errors may arise from other sources.

Statements referring to the evaluation of the SECOR system within
the paper should only apply to the evaluation of the specific preprocessed
data sets defined in the paper.
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SUMMARY

This repori presents some of the results of the
evaluation of the range measurements from the U. S. Army
SECOR Tracking System. The data considered here were
taken on the GEOS-1 satcllite by stations in the Eastern
United States, at Herndon, Virginia, Greenvillc, Mississippi,
Homestead, Florida and Ft., Stewart, Georgia, in the period
December 31, 1965 to January 5, 1966.

Optical rcference orbits were taken as a standard
for this evaluation and compared with results obtained
using SECOR short arcs as reference, The optical reference
orbits utilized GOLS-I fliash sequence data and some passive
observations from five major geodetic optical tracking net-
works. The networks and camera types consisted of the
SAO Baker-Nunn, the GSFC STADAN and SPEOPT MOTS 40" and
24", USAF PC-1000, and the U.S.C. and G.S. BC-4. The SECOR
data consisted of fourteen station passes during four "quad"
passes over the United States. Simultaneous data from the
Goddard runge and range rate system (GRARR) was also avail-
able during these four passes affording the opportunity to
intercompare the evaluation of this instrument based on an
optical reference orbit with earlier results obtained using
the SECOR data as a standard.(l)

The results presented here were obtained by com-
paring measured ranges from both the SECOR and GRARR systems
with those computed from the optical reference orbit. For
each station pass, estimates of the zero-set, timing, and

(DEyvaluation of Range Accuracy for the Goddard Range and
Range Rate System at Rosman, X-514-66-513 by John Berbert,
Robert Reich, and John Stephenson. o



random crrors were made based on the residual differ-

ences between the obscrved and calculated range. Wherceas
SECOR zero-sct crrors ranged from +17 meters to -13 meters
as determined from a short arc SECOR refcrence orbit, thesec
same errors had values ranging from +60 meters to -6 mecters
referenced to the long arc optical orbit. Significantly,
the GRARR A-channel -zecro-set errors, which ranged from -8
meters to -17 meters using the SECOR orbit were between

+2 and -2 meters using the optical orbit. The data used

in this evaluation were obtained from Mr. John Berbert,
GEOS Principal Investigator, and is identical with that
used in refercnce (1). '

SECOR data available in the second week of Jsnuary
were also investigated. Preliminary results indicate that
some of these data contained ambiguities of 256 meters and
512 meters and associated timing errors of approximately
fifty milliseconds. These data were obtained from the
Geodetic Satellite Data Service (GSDS), National Space
Science Data Center. This report does not address itself
to the evaluation of this data set primarily because the
large timing errors are believed to be due to an improper
time indicator on the data submitted to GSDS. It is there-
fore recommended that this data be re-evaluated at the pre-
processing level before any further detailed analysis be
performed on it.
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1.0 METHOD OF EVALUATION

The range accuracy of the U. S. Army SECOR sys-
tem was evaluated by comparing the observed measurements
with values computed from reference orbits. This report
compares the SECOR calibration results obtained using
long arc optical reference orbits and those obtained
from SECOR short arcs. The data evaluated were in the
period December 31, 1965 through January 5, 1966 taken
on the GEOS-I satellite.

The SECOR data consisted of fourteen station
passes during four satellite passes over the United States.
Four SECOR stations were involved in taking these data;
they were located at: Herndon, Virginia, Greenville,
Mississippi, Homestead, Florida and Ft. Stewart, Georgia.
In addition to the simultaneous SECOR and optical data
during these four passes, GRARR measurements from Rosman,
North Carolina were available. These data previously
analyzed by Berbert(l) were evaluated for this document
in exactly the same manner as the SECOR measurements.

The four passes are summarized in Table I and Figure 1.

SECOR data in the second week in January, 1966
were also investigated. Preliminary results on this
data indicate that these data still contained ambiguities
of 256 and 512 meters and associated timing errors of
approximately fifty milliseconds.,



TABLE 1

SUMMARY OF GRARR AND SECOR PASSES

MAXIMUM ELEVATION ANGLE
PASS S

NO. | DATE | TIME |HOMEFL | FTWART | GREENV |HERDN | ROSRAN
665 | 171766 | 08" |64.3° |N/A 80.7° |32.5° | 51.8°

676 |1/2/66 | o6® 27.5° [38.0° |28.4° |68.0° |43.3°

677 | 1/2/66 | o08® 148.3° |40.8° |69.6° |25.3°|40.2°

700 | 1/4/66 | o6® |N/A 55.4° |1 33.7° 170.2°|62.7°

Pass 700 over ROSRAN was from the C channel transponder,
the other three passes were from the A channel.
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1.1 Intercomparison with Long Arc Orbital Solutions

The reference orbits used for this evaluation were
estimated from optical data using the orbit determination
program NONAME.(Z) The optical data used are flash sequence
data and some passive observations madec from five major geo-
detic optical tracking networks. The networks and camera
types consisted of the SAO Baker-Nunn, the GSFC STADAN and
SPEOPT MOTS 40" and 24", the USAF PC-1000, and the U.S.C.
and G.S. BC-4.

The following carth and force modecls were used in
this evaluation:

*SA0 C5 Standard Earth [Appendix A-4]
*SA0 M1 Gravity Model [Appendix A-3]

*Perturbations duec to solar and lunar gravity
{Appendix A-3]

*Perturbations due to solar radiation pressure
[Appendix A-2]

Six reference orbits were fitted to data sets from
the period analyzed, five of the orbits were fitted to long
arcs (greater than six revolutions) and the other was fitted
to a medium arc (1/4 to 6 revolutions). The orbital solu-
tions were fitted to overlapping data scts in order to assess
the effects any errors in the orbital solutions were having

(2)"Interim Status Report on Program Development and
GEOS-A Data Analysis (NAS 5-9756-44A,55,71)"
Wolf Research and Development Corporation



on the evaluation, Summaries of the orbital solutions
and root mean squares of fit are given in Tables II and
III. A more complete description of the data sets is
given in Appendix A-1,



TABLE I1

SUMMARY OF ORBITAL SOLUTIONS

Solution | Approximate | Time of 1st Time of Final
No. Arc Length | Measurcment Mecasurement

1 5-1/2 days .12/31/65 01 hr., | 01/05/66 06 hr.

2 2-1/2 days |[01/01/66 01 hr. | 01/03/66 08 hr.

3 2-1/2 days 01/03/66 01 hr. | 01/05/66 06 hr.

4 2 days 01/02/66 06 hr. | 01/04/66 06 hr.

5 1 day 01/02/66 06 hr. | 01/03/66 08 hr.

6 2 hrs. 01/02/66 06 hr. | 01/02/66 08 hr.

TABLE III

ROOT MEAN SQUARES ABOUT THE ORBITAL SOLUTIONS

Rms. of Fit
Orbital Sol” No. of Obs. (Secs. of Arc)
1 1057 3.08
2 631 2.58
3 532 2.74
4 644 2.45
5 444 2.33
6 236 2.17
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1.2 Intercomparison with Short Arc Orbital Solutions

Several intercomparisons for the evaluation of
the SECOR range measuremcnts have been conducted using
short arc orbital solutions and intervisible techniques.
These are: '

(1) Short arc orbital solutions (up to 15 minutes
duration) determined from optical observa-

[4]

tions.

(2) Short arc orbital solutions determined
from SECOR and GRARR range measurements.ll]

(3) Comparison of SECOR range measurements
with those determined from intervisible

[4]

optical observations,

The GRARR data used in the above analyses was
not subjected to any smoothing.

(4)Unpublished
Berbert et al.
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2.0 EVALUATION OF THE RANGE MEASUREMENTS

The SECOR and GRARR range mcasurements were
corrected for refraction [Appendix A-2] and the GRARR
measurements were in addition corrected for transponder
delay and known cable bias at Rosman(s) [Appendix A-2].
The GRARR measurements evaluated in this report have
been smoothed over two minute intervals using a sixth
order polynomial. For the purposes of this evaluation,
no observations taken when the elevation of the satel-
lite from the station was less than 20° have been used.

The following error model was fitted to the
range residuals:

AR = AB + AtR

where
AR = Observed range minus calculated range,
AB = error in the zero-set value of the range

At = error in the timing,

This model was fitted to the range residuals from
each station for each pass separately using the method of
least squares to solve for the unknown parameters AB and
At.

S)vgvaluation of thé Goddard Range and Range Rate System
at Rosman by Intercomparison with GEOS-I Long Arc
Orbital Solutions'", NASA Report X-

-301-
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2.1 Results from the Long Arc Orbital Solutions

The zero-set, timing and random error estimates
obtained from the 5 1/2 day reference orbit are summarized
in Tables IV-VI, and the range residuals from this orbit
are summarized in Figures 2-5. These results indicate
that although the random error estimates for the SECOR
and GRARR systems are comparable (an average of ~3  for
SECOR and GRARR A channel), the SECOR system displays
significantly larger and less stable zero-set biases than
the GRARR svstem A channel. Similarly the estimates of
the timing errors are uniformly larger for the SECOR sys-
tem than for the GRARR systen.

The estimates obtained from the five overlapping
reference orbits are summarized in Tables VII-IX, in

general these results agree reasonably well with the estimates

obtained from the 5 1/2 day arc. The only estimates that
show appreciable variation when estimated from different
orbital solutions are some of the extrapolated zero-set
error estimates,
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TABLE 1V

SUMMARY OF ZERO-SET ERROR ESTIMATES (METERS)

Station
PASS -
NO. HOMETL FTWART GREENV HERNDN ROSRAN
X3
665 36.6 N/A 60.1 43.1 - 2.0
676" 20.9 8.3 29.7 - 3.7 2.3
677 17.0 -1.8 33,5 3.5 0.2
LE 3 RN 1 13 *
700 N/A 9.7 46.9 i1.3 20.6
TABLE V
SUMMARY OF TIMING ERROR ESTIMATES (MILLISECS)
Station
PASS
NO. HOMEFL FTWART GREENV HERNDN ROSRAN
665 0.2 N/A - 6.4 3.8 1.0
676 - 8.1 -3.2 -12.3 -3.2 -6.3
677 - 2.4 1.6 - 3.6 2.6 -0.2
*
700 N/A -2.7 -12.9 -2.2 -5.4
TABLE VI
SUMMARY OF RANDOM ERROR ESTIMATES (METERS)
Station
PASS
NO, HOMEFL FTWART GREENV HERNDN ROSRAN
665 3.0 N/A 2.0 1.1 4,5
676 1.5 5.1 2.6 3.1 2.9
677 1.6 6.3 2.2 1.0 3.2
%
700 N/A 2.9 1.2 2.0 5.8

*This pass is a C channel pass; the other three are from the

A channel.

**These are extrapolated estimates since the station did not
track until the satellite was moving away from the station.
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SUMMARY OF ZERO-SET ERRORS FOR OVERLAPPING ARCS

TABLE VII

Station:

HOMEFL

g
i
3
(&
,

ORBITAL SOLUTION
PASS
NO. 2 3 4 5 6
665 39.1 _—- - oo ..
676 25.8 --- 21.0 - 21.0 22.6
677 19.3 --- 27.3 | 27.3 22.5
700 N/A N/A N/A .- -

Station: FTWART

ORBITAL SOLUTION
PASS
NO. 2 3 4 5 6
665 N/A _—-- . - -
676 13.3 --- 10.0 10.0 11.1
677 - 0.1 . 6.6 6.6 3.1
700 --- 2.0 13.8 --- .-
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TABLE VII

Station:

GREENV

SUMMARY OF ZERO-SET ERRORS FOR OVERLAPPING ARCS

PASS
NO.

ORBITAL SOLUTION

665
676 -
677
700

59.0
35.5
36.4

Station:

HERNDN .

PASS
NO.

. ORBITAL SOLUTION

T

5

665
676
677
700

43.0
0.8
4.8

- 0.1
12.0
19.8

- 0.1

12.0

© -309-
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TABLE VII

SUMMALY OF ZERO-SET ERRORS FOR'OVERLAPPING ARCS

Station: ROSRAN

ORBITAL SOLUTION

PASS
NO. 2 4 5 6
665 - 2.8 O D S .-

676 6.6 - | 2.7 4.2 5.2
677 1.4 - 6.0 7.4 4.4
700 --- 15.8 21.5 --- me-

T Cm S I N O [ pe ey g pes pae pe e e e e e
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= TABLE V111
B SUMMARY OF TTHMING ERRORS FOR OVIRLAPPING ARCS

2 Station: HOMELL
ORBITAL SOLUTION
| .| PAss

NO. 2 3 4 5 6

665 1.0 7 --: ie- — o
676 . | - 8.2 S -e- |- 9.0 - 9.0 |- 5.3
677 - 2.3 S - 2.3 |- 4.2
700 --- N/A N/A - -

- ‘ Station: FTWART

L. | . ORBITAL SOLUTION
PASS - : ;
NO. 2 3 4 5 6

— 665 - N/A --- --- --- == . .
8 676 - 2.8 --- - 3.7 - 3.7 |-0.1 : E
677 1.7 .- 1.6 1.6 - 0.2 ' i
700 .- - 2.3 - 2.1 _ --- ---

-311=
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TABLE VIIT

SUMMARY OF TIMING ERRORS FOR OVERLAPPING ARCS

Station: GREENV

ORBITAL SOLUTION

PASS

NO. 2 3 4 5 6
665 - 4,7 -l ce- .- -
676 . -12.1 --- -12.9 ° -12.9 - 9,5
677 - 3.6 --- - 4.0 - 4.0 - 5.6
700 --- -12.0 -12.6 _——— -

Station: HERNDN .
- - ORBITAL SOLUTION
PASS ‘

NO. 2 3 4 5 6
665 5.4 --- --- - .
676 - 2.8 --- - 3.4 - 3.4 0.0
677 2.8 --- 3.0 3.0 1.0
700 --- -2.9 |-3.0 .- .-
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SUMMARY

TABLE

Station:

VIIT

ROSRAN

OF TIMING LRRORS FOR OVERLAPPING ARCS

- PASS
NO.

ORBITAL SOLUTION

4

5

665
676
677
700

0.9
- 6.1
- 0.4

---

- 6.4
- 0.1
- 6.5

- 6.9

- 0.3
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TABLE IX
SUMMARY OF RANDOM ERRORS FOR OVERLAPPING ARCS

Station: HOMEFL

ORBITAL SOLUTION
PASS :
665 3.1 .- ce- - .-
676 1.4 --- 1.5 1.5 1.5
677 1.6 --- 1,7 1.7 1.6
700 --- N/A N/A .- .-
Station: FTWART
, ORBITAL SOLUTION
PASS
NO, 2 3 4 5 6
665 N/A --- - --- -
676 5.3 - 5.2 5.2 5.2
. 677 6.0 --- 5.6 5.6 5.9
700 --- 2.8 2.8 .- .-

i
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TABLE IX

SUMMARY OF RARNDOM ERRORS FOR OVERLAPPING ARCS

Station: CRELNV

ORBITAL SOLUTION
PASS

NO. 2 3 4 5 6
665 302 e - - - - - - -
676 . 2.6 —-- 2.6 2.6 2.6
677 2.5 .- 2.9 2.9 2.5
700 --- 1.1 1.2 .- ..

Station: HERNDN .
: ORBITAL SOLUTION
PASS ,

NO. 2 3 4 5 6
665 1.8 .e- - .- —--
676 2.5 --- 2.5 2.5 2.7
677 0.9 .- 0.8 0.8 0.9
700 --- 2.2 1.8 ——- -




TABLE IX |
SUMMARY OF RANDOM ERRORS FOR OVERLAPPING ARCS

Station: ROSRAN

PASS

ORBITAL SOLUTION

NO. 2 3 4 5
665 502 ':"" "‘"_,
676 3.0 2.9 3.0,
677 3.5 --- 3.8 4.0

700 4.7 6.4

oy [
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2.2 Results from Short Arc Orbital Solutions

A number of short arc and geonctric inter-
cemparisons using optical data as a rcference were
performed by Berbert et al.(4) These results are
generally in agreement with the long arc optical
evaluation of the SECOR system,

The zero-set, timing and random error esti-
mates obtained using short arc orbital solutions deter-
mined from SECOR and GRARR range measurements are sum-
marized in Tables X-XII. These are found to be in gross
disagrcement with those obtained in the prescnt analysis.
This disagreement is in part due to the lack of synchro-
nization betwecn the SECOR stations and any universal
time system. In addition, the magnitude of the SECOR
biases found using optical reference data would preclude
the use of these range measurements to determine the
reference orbits.




Table X

Summary of Zero-Set Error Estimétes (meters)

QU T et el s (R G R G a ts

i Ty e N [y B

Pass Station
No. | powpri |FTWART | GREENV |HERNDN | ROSRAN
665 -4. N/A 17 -13 -17
676 8. -11 -2 9 -8
677 5 -5 10 -3 -13
700 N/A 2 -3 2 -4%
Table XI

Summary of Random Error Estimates (meters)
Pass Station
No. HOMEFL FTWART | GREENV | HERNDN | ROSRAN
665 3.2 N/A 3.5 2.1 11.3
676 1.7 2.7 3.4 1.8 11.9
677 2.4 1.9 2.7 2.3 10.9
700 N/A 1.7 4.6 2.4 14.1%*
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Table XII

Summary of 7Timing Differcnces for Rosman Relative

to SECOR Master Station at Herndon

Pass

No. Timing Differences (milliseconds)
665 +0.4

676 +1.0

677 -1.6

700 +0.9

-319=
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3.0 CONCLUSIONS

There are significant discrepancies between the
results obtained from the long arc optical reference orbits
and those from the short arc SECOR reference orbits. Whereas
the SECOR zero-set errors ranged from +17 to -13 meters as
determined from a SECOR reference orbit, these same errors
had values ranging from +60 to -6 meters when referenced
to an optical orbit. Significantly, the GRARR A channel
zero-set errors which ranged from -8 to -17 meters when
evaluated with a SECOR orbit were between +2 and -2 meters
in the optical solution.

The results of the present analysis indicate that
the SECOR system has the larger zero-set and timing errors,
and these remain of some coicern. It is possible that some
of this error may be due to other socurces such as survey.
It should be noted that, at the time these data were ob-
tained, the SECOR data was being referenced to a station
clock which was not carefully synchronized to WWV, since
this was not necessary for the normal SECOR operation.

In any case, further investigation including expanded
error models and other data sets are likely to be nec-
essary in order to identify the sources of these errors.
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a 1.1 - OPTICAL DATA

u The opticzally determined reference orbits that é;e
used as standards in this report were determined from
right ascension and declination measurements taken with
STADAN and SPEOPT MOTS 40" and 24" camcras, SAO Baker-Nunn
and Geodetic 36" cameras, USAF PC-1000 cameras and United
States Coast and Geodetic Survey BC-4 cameras., The loca-

‘X * - o) *

F i . tions of some of thesc cameras are shown in Figures 1 and 2.
- These figures serve to illustrate that thc majority of the
o observations were taken in North America.

o - Observations from two periods in January 1966 were
B used . The two periods were:

1. December 31, 1965 to January 5, 1966

2., January 11 to January 17, 1966

The complete data sets that were used from each period
arc summarized in Tables I and II, and Figures 3 and 4.

— Tables I and Il summarize the observations by tracking
3 station, and Figures 3 and 4 indicate the data coverage
- by time.

-

» Six overiapping orbits were estimated using subsets
L of data from Period 1, and four overlapping orbits were

| estimated using the data from Period 2. These orbital
solutions are summarized in Tables III - V and Figures

S and 6. The lengths of the arcs in these solutions range
from two hours to approximately 5-1/2 days in length, and

: root mean squares about the orbital solutions are given
- in Table VI. ‘ '

’
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TABLE 1T

SUMMARY OF OPTICAL MEASUREMENTS BY STATION

FOR PERIOD

NETWORK STATION CAMERA TYPE NO. OF OBSERVATIONS
SAO 10RGAN BAKER-NUNN 2
1JUPTR BAKLER~NUNN 2€
INATOL BAKER-NUNN 8
"OSLONR BAKER-~-NUNN 4
AUSBAK BAKER-NUNN 4
1SHRAZ BAKER-NUNN 2
1SPAIN BAKER-NUNN 6
1TOKYO BAKER-NUNN 12
1VILDO BAKER-NUNN 2
IMAUIO BAKER-NUNN 2
AGASSI |Geodetic 36" 10
TOTAL: 78
SPEOPT 1COLBA MOTS 40" 164
1JUM40 MOTS 40" 22
1BERMD MOTS 40" 84
1PURIO MOTS 40" 14
1DENVR MOTS 40" 70
1JuM24 MOTS 24" 26
TOTAL: 380
STADAN 1FTMYR MOTS 40" 82
1BPOIN MOTS 40" 53
1GFORK MOTS 40" 26
1M0JAV MOTS 40" 25
- TOTAL: 186
USAF HUNTER PC-1000 59
SWANIS PC-1000 14
GRDTRK PC-1000 7
ANTIGA PC-1000 26
SEMMES PC-1000 60
CURACO PC-1000 40
HOMEST PC-1000 04
JUPRAF PC-1000 17
BEDFRD PC-1000 22
ABERDN PC-1000 74
TOTAL: 413

TOTAL OF ALL OBSERVATIONS = 1057
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TABLE I1 »
= SUMMARY OF OPTICAL MEASUREMENTS BY STATION FOR PERIOD 2
B .-
n : - , -
NETWORK| STATION | CAI'GRA TYPE | NO. OF OBSERVATIONS-
. SAO 10LFAN | BAKER-NUNN 6
- 1TOKYO BAKER-NUNN 4
; 1JUPTR BAKJER-NUNN 84
" 1VILDO BAKER-NUNN 8
AUSRAK BAKER- NUNN 8
= AGASSI Geodetic 36" 63
- OSLONR BAKER-NUNN 1
g | TCTAL 174
g - v
= SPEOPT | 1EDINB | MOTS 40 109
- . 1COLBA | MOTS 40 92
] 1BERMD | MOTS 40 10
- 1PURIO | MOTS 40 34
’ 1GSFCP | MOTS 40 40
i] 1DENVR | MOTS 40 82
1J0M24 | MOTS F24 62
1JUM40 | MOTS F40 70
1JUBC4 BC4 65
TOTAL 654
?f STADAN | 1BPOIN | MOTS 40 41
— 1FTMYR MOTS 40 168
- IMOJAV | MO 40 87
B 1COLEG | MOTS 40 : 30
| ; 1GFORX | MOTS 40 74 -
1ROSMA | MOTS 40 34
- . ——
| TOTAL 434
- USAF ANTIGA PC-1000 52
L BEDFRD | PC-1000 85
: SEMMES | PC-1000 60
. GRDTRK | PC-1000 - 74
: CURACO PC-1000 ‘ 21
TRNDAD PC-1000 21
HUNTER | PC-1000 12
B JUPRAF PC-1000 73
; ABERDN | PC-1000 74
HOMEST | PC-1000 . 108
TOTAL . 580 2
x lus C&GS TIMINS | BC4 . 14

TOTAL OF ALL OBSERVATIONS = 1856

¢ . ¢
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Figure 3
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TABLE 111

Summary of Orbital Solutlons

- *Period 1
Solution | Approximate Time of 1st ATime.of final
No. Arc Length Measurement Measurement
1 5-1/2 days 12/31/65 01 hr | 01/05/66 06 hr
2 2-1/2 days | 01/01/66 01 hr | 01/03/66 08 hr
3 2-1/2 days | 01/03/66 01 hr | 01/05/66 06 hr
4 2 days © 01/02/66 01 hr | 01/04/66 06 hr
5 1 day 01/02/66 06 hr | 01/03/66 08 hr
6 2 hrs 01/02/66 06 hr | 01/02/66 08 hr.
Period 2
1 4 days 01/11/66 01 hr | 01/15/66 05 hr
2 3 days 01/12/66 03 hr | 01/15/66 05 hr
3 " 2 days 01/13/66 05 hr | 01/15/66 05 hr
4 2 days 01/15/66 94 hr | 01/17/66 05 hr
F""‘é
’ ;
r'-; .




TABLE IV

-
-

Subsets of Optical Mcasurements uéep in Orbital Solutions
| " from Period 1

-2W -

e Rl e Bl e

No. of Observations
Network | Station | Arc 2 | Arc 3§ Arc 4] Arc 5 | Arc 6

SAO 10RGAN 2

1JUPTR 26 26 26 26

INATOL 4 2 2 2

OSLONR 4

AUSBAK 2

1SHRAZ 2 2 2

1SPAIN 4 4

1TOKYO 6 2 4 4

1VILDO 2

AGASSI 10

TOTAL 40 26 38 34 26
SPEOPT{ 1COLREA 71 164 © 136 7i

1JUM40 16 16 16 16

1BERMD 64 40 50 36 10

1PURIO 14 )

1DENVR 42 14 28 14 14

1JUM24 21 21 21 21

TOTAL 212 232 . 251 158 61
STADAN| 1FTMYR 82 42 54 54 (12

1BPOIN 46 26

1GFORK 26 9 9 9

1MOJAV 25 : 25 25 25

TOTAL 133 97 113 91 37 .
USAF HUNTER 59 14 47 47 23

SWANIS 14 14 14 14

GRDTRK 7 7

ANTIGA 12 14 14

SEMMES 50 | 36 36 36

CURACO 26 28 40 26 12

HOMEST 66 28 38 24 24

JUPRAF 17 17 17 17

BEDFRD 22 - 14 .

ABERDN 50 14

TOTAL 244 177 241 164 112

GRAND TOTAL 631 532 644 444 236
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Subsets of Optical Mcasurcments Used in Orbital Solution

fro

TABLE V

m Period 2

. No. of Observations

Network | Station| arc 1 Arc 2 | Arc 3| Arc 4
SAO 10LFAN 6 4
1TOKYO 4 2 2
1JUPTR 84
1VILDO 8 6 6 2
AUSBAK 6 4 4 2
AGASSI 63 46 12 12
OSLONR 1
TOTAL 87 62 24 101
SPEOPT | 1EDINB 72 48 20 65
1COLBA 92 92 92 38
1BERMD 10
1PURIO 20 14 14 11
1GSECP 40 40 26
. 1DENVR 56 56 56 26
1JUM24 22 22 2 54
1JUM40 28 28 28 56
1JUBC4 38 38 38 41
TOTAL 368 338 296 304
STADAN| 1BPOIN 37 37 18 8
1FTMYR 103 103 75 78
1MOJAV 52 52 52 42
1COLEG 17 17 17 13
1GFORK 40 14 14 34
1ROSMA 22 : 12
TOTAL 271 223 176 187
USAF ANTIGA 38 83 24 24
BEDFRD 58 58 26 27
SEMMES 50 26 10
GRDTRK 46 34 34 38
CURACO 21 21 21 10
TRNDAD 11 11 10
HUNTER 12
JUPRAF 38 38 38 53
ABERDN 58 42 14 20
HOMEST 51 51 51 69
TOTAL 393 319 208 261
USC§GS| TIMINS 14 14 '
.GRAND TOTAL 1133 956 704 853

-

-
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TABLE V1

Root Mean Squares about the Orbital Solutions

-

Peried 1
n _Rms of fit
Orbital Sol No. of Obs. (secs, of arc)
1 1057 3.08
2 631 2.58
.3 532 2.74
4 644 2.45
S 444 2.33
6 236 2.17
Period 2
1 1133 3.16
2 956 2.94
3 704 2.80
4 853 2.80

[e9 0 e e g

Al

5 momM EmOEm ED I M omm o s o



i
™
o
)
N
LWD SHNOH
e 8. 4| 9 4 81 al 9 0
A -_ ..... .-»-_. .rpr-“!-.— _.pb.. ..-__.-.»-
o~ — - L : )
ﬂ_[”‘ T D o Ol DooocD V31140
o JUY o
i € 0uY
~ : | Juyvy
S NV ¥ 'NVP
[ P S W edodag .._.-..-—-.-._-...-_-.-p.
== o -5 , i Pl "1 - avaiLdo
" .
o it § UV
~ - G oMV
s ¥ ouv
i, _ £ ouv .
] . - 2 JNv
m ! ouv
| € 'Nvp S 'Nvd
.,..._M_.._. ~...._—_.-_. AR A ___._.!..m__... .
C L] O3 0 aOg S|CSCco g woud
¢ Juvy - >
I OV - _ >
i I Ny , . 1€ '03a
. , 1 qoT¥Id 203

SNOILATIOS TVLIBHdO dO AYVWANS

s vt R vt [ s N S S S B k

-
S
H
A Y

.
Y
z
3

3 .
Y
-

L

H



I §.§§§§§§3§§.§.§.§§.&

LT'WD  SHNOH
YA 9 0 81 Z1 9 0 ST A S 9 0
! 4y 4991 TN TR W W | (WG W0 TN U0 ALY T VR WY W | PO SN | Lt b kod b..h._._w_. [T O | a1
o . — © b -tesmado
0 R .A . . ’Mﬂ U.‘< .
- p 04Vl e -
. . .7 2ay
-l
. T 24y :
LT "uepf : 91T -uep : g1 cuep , -
i1 201 [ [N WO ST I | [T S O Y [N W O TR I I | Ly L.l [N W I I |
— 0 1e213do
r....l:lw U.H< . S
Z 2y :
© 1 2xy :
5 ¥1 cuep © &1 ‘uep A
&)
: [T B | [ R Y . la 1 Lt sl Lol ._-_."....;. »-....
| =
ﬁ . sl an 0| ﬂ C 0 1e213dQ
Z 24y - )
1 2y . = X
Z1 -uep : ‘ 11 ‘uep
, . , z QoIy¥dd 103

'SNOILATOS TVLIGYO 0 AYVWKWAS

-334-




P

!w-«--w"

y } H b h i

i

I,}‘
P

1.2 GRARR Data

The Goddard Range and Range Rate (GRARR) systenm
wvas designed as a high-precision tracking system able to
accurately determine the range and radial velocity of a
spacecraft by measuring phase shift and Doppler. Each
station uses an S-band and a VHF system. Only the S-band
system was used in this evaluation.

The GRARR observations used in this evaluation
had been smoothed using a sixth order polynomial smoothing
program. The data was smoothed over two minute periods
and smoothed values were obtained at 32 second intervals
within these periods.

-335-




It

I

st TR L L)

HNWml!ﬁlnﬂlﬂﬁmmHHHHMimmmmmmnmwmmmmmmmmmmmmmmw '

TABLE VI1I

SUMMARY OF GRARR ANu SECOR PASSES '

MAXTMUM ELEVATION ANGLE

o | pats | tom |mowrn FTWART | GREENV | HERDN | ROSRAN
665 |1/1/66 | 08" . |64.3° [nya 80.7° |32.5° | 51.8°
676 | 1/2/66 | 06" |27.5° |38.0° | 28.4° |68.0° | 43.3°
677 |1/2/66 os"  |48.3° |40.8° |69.6° |25.3° |40.2°
700 | 1/4766 | 06" |N/A 55.4° | 33.7° [70.2° | 62.7°

l

I

Pass 700 over ROSRAN was from the C channel transponder, |
the cther threc passes were from the A channel,

PITL TY

FHHg ) [T T BRI

J LTI

LT

Ji

P, Py P

I

s T Y

f
f
[




e e a s s

s N s

e |

)

1.3 SECOR Data

The SECOR system which is operated by the
Army Map Service, operates on the principle of "tri-
lateration", Three or four ground stations make range
observations, which are in effect simultaneous, by
means of a transponder in the satellite. A representa-
tion of the geometry of the four '"quad" passes analyzed
is given in Figure 7.
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APPENDIX A-2

Prer.ocessing of Observations
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2.1 Preprocessing of Optical Data

The first step in the processing of optical ob-
servations is usually performed by the obéefving source.
This consists of developing a plate or film, identifying
the image or images of the satellite and the images of
scveral reference stars whose right ascensions and de-
clinations are well known. The initial measurements
of bcgh'satcllite images and reference stars consist
‘of linear rectangular coordinates. From the knowledge
of the spherical coordinates of the reference stars,
the right ascensions and declinations of the satellite
images hay be calculated. These coordinates as received
by the preprocessor may be referrcd to the mecan equator
and equinox of date, true equator and equinox of date,
or mean equator and equinox of some standard epoch.

%

The preprocessor then transforms these observations

to a common coordinate system. Currently, the preprocessor

transforms all right ascensions and declinations to the
true equator and equinox of the epoch of the elements being
processed. If the observations were originally referred

to the mean equator and equinox of a particular epoch, it
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is only necessary to precess froé that cpoch to the epoch

of the elements. Howcver, if they werc referred to the
truc equator and equinox of a particular epoch, it is.
necessary first to transform them to the sean cquator
and equinox of that same epoch and then precess to the
epoch of the elements. ’

Finally, a transfermation must Lo made from

the mean equator and equinox of the epoch of the elements

to the truc equator and equinox of the epoch of the elements.

!
2.2 Nutation
‘The transformations from the true equator and |

equinox of date to the mean eqﬁator and equinox of date is

{

Y = Nx :
where
j cos Gm cos a
Y = cos Gm sin o .
»s1n Gm |
-; 8 o 1
os &, cos ap
X = cos GT ’ sin o
fln GT )
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% - *
| E" N = -A¢'cosem
’ :A$31nsm
E : where
§. | %8y
QT’ 6T =
sq =
b =
Ae T =

—3“2- . " ) ' ¢

X = NIx = N

Q:”"”‘.
. 1
+A¢cosem_ +A¢slnsm
1 +Ae )
-Ae 1

right ascension and declination re-
ferred to mecan equator and equinox
of date ' '

right ascension and declination re-
ferred to true equator and equinox
of date '

mean oblicuity of date

nutation in longitude

“nutation in obliquity'

The inverse transformation is simply:

Tx
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2.3 Preccession

H—

-

- . The transformation from the mean equator and
equinox of 1950.0 to the mean cquator and equinox of an o

.
!Iumw"-..,,

arbitrary cpoch tl is

"
[}

_PX

] i
4

where

-

-

cos&tl cosa

tl
cos&t1 51nat1‘

..<.
L

_51n6t1

-
-

Y

c0s8;950.0 €°S%3950.0
cosbig50.0  SiMejg50.0

»
]

L51n83950.9 -

(coszcosecosc-sinzsing)(-coszcosésin;—sinzcosg)(-coszsin;]

o B e

P = -} (sinzcos8cosg+coszsing) (-sinzcosfsing+coszcost) (-sinzsinb)}

i b

'(sinecosC) . (-sinbsing) (cos8) _|

il

Mvi

[
-
’
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The inverse transformation is.

X = P°Y = Py

Since the expression for z, 6, £ are tied to

1950.0 as an epoch, the precession between 2 different

epochs, neither of which is 1950.0, ‘must be performed
in two steps, using 1950.0 as an intermediary epoch.
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2.4 Preprocessing of STADAN/GRARR Observations

The complete analysis and derivations of the
various preprocessing corrections made to Goddard range
and range rate obscrvations are contained in the following
references.

Ref. 1: "Tropospheric Refraction Corrections
and their Residual Errors", C. Martin,
C. Carroll, 1964.

Ref. 2: 'NASA-GSFC Final Report on GRARR/GEOS-A
Data Validation", John H. Berbert,
Robert Reich.

Ref. 3: '"Final Report on lonospheric Correction
to Tracking Parameters'", J. J. Freeman
Associates.

Ref. 4: '"Description of the GRARR Data Processing
Program for the CDC-160A", E. R. Watkins,
D. H. Rose, GSFC.
The range and range rate corrections, AR and AR, are to be

added algebraically to the measured values of range, Ro>
and range rate, ﬁm.

1. Tropospheric and Ionospheric (Ref. 1)

k.
ART + RI = -s-i—n—E' meters
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where a nominal value of k = 3 is currently
used.
E = elevation of satellite

Transponder Dealy (Ref. 2)

-18 ¢ 2
ﬁm meters

AR -3.32 x 1074 R~ 7.18 x 10

DA

MRy, = +5.22 x 1070 R+ 8.34 x 1078 & 2

+4,42 x 10”12 R3 + 1.82 x 10°1° ﬁ4 meters

for A and C channels respectively.

Station Bias

AR = 9.7 meters at ROSRAN
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2.5 Preprocessing of AMS SECOR Data

(1)

Refraction

The same refraction mcdel is used in preprocessing
SECOR range data as is used for Goddard STADAN range data
with appropriate allowances for the frequency differences.

(1) "Advanced Techniques for the Reduction of Geodetic
SECOR Observations"
Prepared for U.S. Army GIMRADA Contract No.
DA-44-009-AMC-93X(X), Duane C. Brown.
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APPENDIX A-3

. Force Models usced in NONAME
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t i : - 3,1 Force Models

[ ) ' » ) . » £
‘ ‘ The data reduction program in its present form
.incorporates four force models, Thesec arc:

1. The earth gravitational field

| ' * 2, The solar and lunar gravitational
perturbations

3, Solar radiation pressure

4. Atmospheric drag
: f
The program is designed such that the gravitational
coefficients and pertinent physical characteristics of
satellites, such as reflectivity, cross-scctional arca
F ‘mass, and drag coefficient can be simply changed through
card input or block data statgmeﬁt. ' '

. L.m.m..., L

R 37 The Earth's Gravitational Field"

The formulation of the,geopotentiai used is:_

na\®n o, : . \
Eo(}) Pn (51n¢)[Cnmcosml+snms1nml] 1)

«"“"“'"1"“"""




vhere Lo
G is the universal gravitational constant
M | is the mass of the carth
T ' is the geocéntric satcllitc.distancc
‘a is the carth's mean cquatorial radius
¢ | is the sub-satellite latitude
A is the sub-satellifc east longitude

n
Bm(sin¢) is the associated spherical harmonic
of degrec n and order m.

The design of the potential function requires that de-

normalized gravitational coefficiences Cn B and Sn " be
. ] ’

used. The program is presently capable of accepting

coefficients up to (20,20) or any sub-set of these,

The denormalized gravitational coefficiences de-
termined by SAO are listed in table 2. These coef-
ficients have been used extensively in NONAME for
the reduction of optical data. The same data have
bccn.reduced by NONAME using various other gravity
models. An intercomparison of the results is being
prepared for publication in the near future,

The transformation of the geopotential in earth-

1y R )
11 b

et B o

P p £ ten

by -y

fixed coordinates (r,¢,\) to gravitational accelerations
in inertial coordinates (x,y,z) is accomplished as follows:

g‘gé_u.?_r ., du 3¢ , Bu l&;y,.,i. (2)
" 8r 93X ¢ ax ) S S .
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€(z,0)

- 8(2,0)

€(2,2)
5(2,2)
C(3,0)
5(3,0)
c(3,1)
S(3,1)

c(3,2).

$(3,2)
C(3,3)
.$(3,3)

c(4,0)

S(4,0)
C(4,1)
s(4,1)
c(4,2)
S(4,2)
C(4,3)
S(4,3)
c(4,4)
S(4,4)
c(5,0)
s(5,0)

c(s5,1)

-5(5,1)
c(5,2)
S(5,2)
c(s,3)
S(5,3)

1

]

f

TABLE 2

SAO DENORMALIZED COLFFICIENTS M-1

-1082.645+10"

0
+1.536+10"
-0.872-1¢"
+2.546-10"

0

6
6
6

+2.091-10°6

6
6
6

40.287-10"
+0.251-10°
-0.184-10"
+0.782+1077
+0.226+1078
+1.649+1078

.
-0.543+10
-0.445-10
+0.738-10
40.148-10"

-6
+0.509-10"
-0.113-10°
-0.112-10
+0,486-10"
+0.210-10"
0
-0.677-1077
-0.882-10"7
+0.102-107°
-0.375-10"7

6
7
6
7
7
8
8
6

.0.172-10"7

+0.231-107°

6 c(5,4)

S(5,4)
C(5,5)
$(5,5)
€(6,0)
$(6,0)
.€(6,1)
S(6,1)
C(6,2)
S(6,2)
C(6,3)
S(6,3)
Cc(6,4)
S{6,4)
C(6,5)
S(6,5)
Cc(6,6)
5(6,6)
C(7,0)
S({7,0)
C{7,1)
- 8(7,1)
- c(7,2)
$(7,2)

c(7,3)

S(7,3)

C(7 :4)"

S(7,4)
1 C(7,5)
s(7,5)

4]

it

i

"

n

1

40.144-107

. -0.217-10"

-0.206-10"8
+0.498.107°
+0.384+10"°
-0.146-10"8
-0.646-1078
0

-0.370-10"
-0.212-1077
+0.858-1078
-0.455-10"7
-0.112-1078
+0.643-10"2
-0.167-107°
-0.196-10"8
-0.253-10"°
-0.370-107°
~0.932.10" 11
-0.361-10710
+0.333-107°

0
6

6
7

+0.114-10"
+0.362-10"
+0.162-1077
+0.352-10"8
+0.254-107°

-0.323.1079
9

10
10

+0.269-10"
+0.191+10"

7
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C(7,6)
$(7,6)
Cc(7,7)
$(7,7)
c(8,0)
S(8,0)
C(8,1)
S(8,1)
c(8,2)
S(8,2)
C(8,3)
S(8,3)
C(8,4)
S(8,4)
C(8,5)
5(8,5)
C(8,6)

- §(8,6)

c(8,7)
S(8,7)
C(s,8)
$(8,8)

c(9,0)

5(9,0)
Cc(9,1)

$(9,1)

C(9,2)
$(9,2)

© €(10,0)

S(10,0)

n

-0.
+0.
+0.
+0.
- 40,

0

-0.
+0.
+0.
+0.
-0.
+0.
© -0,
-0.
-0.
+0.
-0.
+0.
-0.
+0.
-0.
+0.
+0.

0

+0.
+0.
-0.
+0.
+0.

0

TABLE 2 (Cont'd)

10
11
11

11
6

145°10°
43710
102+10"
178-10"
270-10°

515-10
447410
21410
320-10
374+10
404-10°
277-10"
15710
959:107 11
214-10710
475+10712
88g-10" 11
444-10713
158-10"12
316-10"12

10
9
10

130-1¢" 12

532-10"7

760-10"7
780-10"8
277-10"
242.10°8
541.10" 7

-7
-7
-8
-8
-9

€(10,01)
$(10,01)
€(10,02)
$(10,02)
€(10,03)

§(10,03)

C(10,04)

. S(10,04)

C(11,0)
S(11,0)

c(11,01)
S(11,01)
c(12,0)

s(12,0)

c(12,01)
s{12,01)
€(12,02)
S(12,02)
c(12,12)

s(12,12)

C(13,0)
s(13,0)

- €(13,12)
. 8(13,12)

€(13,13)
S(13 13)
c(14,0)
S(14,0)
c(14,01)

- 5(14,01)

.649:10"
J779-107 7 -
.624+10"
.250+10°
.379-10°
.175-10°
.436-10
.654+10°
.302-107

.313.10°
.885:10"
.357.10

.923+10°
.402-10"
.470-10°
.233-10"
.278410"
.718:10
.114.10°

.126-10"
.117-10°
.216°10"
.282.10719
.179-10°

.788+10°
.280+10"

= W W 0 0 NN

8

W 00 g ~

10

18
20

18
18
19

ey ey

¥
A
[—

[l e

]

*

!HMW* T

mmmmmh’
i
e

0 Dot T
e

—

=




b

ol

O

C(14,11)
$(14,11)
C(14,12)
S(14,12)
C(14,14)
S(14,14)
€(15,09)

'~ §(15,09)

C(15,12)
5(15,12)
C(15,13)
$(15,13)
C(15,14)
S(15,14)

f

fl

n

TABLE 2 (Cont'd)

.947+10°
4734107
.140-10"
.132+10°
.193.10°
.414+107
.241-10°
.483:10°
.138+10°
.190-10"
.117-10°
.927+10°
.114.107
.558:10"

21
21
20
19
21
22
18
18
19
20
20
21
22
22
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where the subscript "o denctes accelerations due to
the earth's field,

SN e .
" 3.3 Solar and Lunar Gravitational Perturbations

The perturbations caused by a third Yody, e.g.,
‘the sun or moon, on a satellite orbit are treated by
defining a disturbing function R[1] which can be treated
as the potential function U. For the solar perturbation
R takes the form 4

°
GMn 2\ /2

o _2r Y T
Ro = -1 oStz | G
_ © e T )

©
where S = cos (r, ro) ;

m, is the mass of the sun in earth masses
T, is the geocentric distance to the sun
r . is the geocentric distance to the satellite
G is the universal gravitational constant
M "is the mass of the earth

The acceleration of the satellite due to the sun is then

3R . o
¢ : @ or " . _
ko = 3T 3x ) Yor % I (4)

{1) Kozai, Y, Smithsonian Astrophysical Observatory’
Special Report 22, pp. 7-10.
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The lundr perturbations are found from cquation (3) by

subst:tut:no the lunar mass and dlstdncc for those of

the sun.

The lunar and solar cphermerides are computed
internal to the program. Thesc positions arc computed

"at ten cqual intervals over each five day period and

least squarcs fit to a fourth order polynomial in time
about the midpoint of the five day period. The positions
of these bodies are then determincd at each data point
by evaluating the polynomial at the observation time.

3.4 - Solar Radiation iressure

The accelcration acting on a satellite due to

solar radiation pressure is formulated as follows [2].
§ ‘

AP
" . . e Lo o
xRAD = m YV LX’ YRAD’ ZRAD (5)
where -
L is the inertial unit vector from the

~geocenter to the sun and whose components
are L ,L_ ,L . '

Yy’
A is the cross sectional area of the
satellite
n is the satellite mass
¥y ~ is a factor depénding on the reflective

characteristics of the satellite

[2] H. Xoelle, Handbook of Astronautical Englneerlng,
pp. 8-33, McGraw Hlll, 1961.
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v is the eclipse factor such that:

0 when satellite is in earth's.shadow

v = . « s .
1 wvhen satellite is illuminated by
the sun

P is the solar radiation pressurc in the
vicinity of the earth,

4.5 x 10769 . New;on

m

At present, it is assumed that the satellite
is specularly reflecting with reflectivity, p, and

" thus

y = (1+p). | -~ (6)

The vecter T and the eclipse factor are de-
termined from the solar ephemeris subroutine previously
described, the satellite ephemeris, and involve the
approximation of a cylindrical earth shadow.

3.5 Atmospheric Drag

The atmospheric decelerations are computed as‘

follows:

C, AVV. <
. Db x ¥

Xpra¢ = ""2m 3 YDRaG’ ZDRAG (7

e e ey e e

1uumm ¢
i
et L,

AL

Etmmw-

e py g gy’

)

i

-
5

fl!mﬂwﬂli
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wvhere
p is the ambient atmospheric density
is the satellite drag coefficient

A is the projected arca of the satellite on
a plane perpendicular to direction of motion

m is the satellite mass.

N The velocity vector v given in inertial co-
ordinates by ' '

> A /\ AN\
Vo= vt VyJ + vzk. (g)

can be choscn to be either the velocity relative to
the atmosphere which implies that the atmosphere rotates

with the earth or the inertial velocity which assumes
that thc atmosphere is static. Presently, the former

- assumption is made.

The density, p, is computed from the 1962 U.S.

Standard Atmosphere.
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APPENDIX_A-4
Station Position Transformations
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4.1 Statjon Position Transformations

‘'The analysis of "long arc'" passes of the GEOS-A
satellite requires that the various tracking station -a priori
positions be available on a uniform world geodectic system in
order that the results not be biased by interdatum uncertainties,
The world geodetic system sclected for thesc analyses is the

SA0 Standard Earth (C-5 datum),

A priori estimates of the tracking station positions

center of mass) arc derived from the knowledge of the following:

a,

_and their uncertainties relative to the geo-center (earth's

Baker-Nunn camcra station positions
on the original datums.

Baker-Nunn camera station positions
on the SAO C-5 datum.

The positions of the various tracking
sites in their original datums.

Intra-datum survey connections between
the Baker-Nunn sites and the various
tracking sites.

Empirical formulae for the estimation of
surface survey uncertainties between the
Baker-Nunn sites and the tracking sites.
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The method used to effect this transformation

"is simple and straight forward and has been checked to

ascertain its compatibility with the more rigorous and
arduous transformation formulae commonly used to compute
datum Shifts, It should be noted that this method can
be used only when the type of information that has been

_ calculated for the Baker-Nunn sites is available. That

is to say, one must have available the positions of the
control stations (Baker-Nunn sites) in the original datum
and in the new reference system, and a direct survey tie
betwecn the control stations and the tracklng statlons
vhich are to be transformed.

fh.2  ~ SA0 Standard Earth Reference System

The reference system used in the derivation
of the a priori positional information is the SAO Stand~rd

s
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Earth as described in [1]. The éllipsoidal parameters are
= 6 ,378,165 meters and f = 1/298.25. This system is

the best available geocentrlc (earth's center of mass) ter-
restrial system, The Z axis is oriented in the direction

of the mean pole of 1900-1905 and the X axis in the direc-
tion of the mean observatory. Since the definition of UT-1
was based on the U. S, Naval Observatory's time determination
the X axis is directed toward the meridian 75°-03'-55"94 East

of the. U. S, Naval Observatory.

The uncertainty related to this system is defined

-360-"
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(by [1] to be about flO meters for the origin (geocch-

tricity), 0V2 for the direction of the axes, and a fow
parts per million in scale. The scale actually depends’
on the adopted value for GM which in this instance is
3.986032 x 10*%cem®scc™®, The absolute coordinatcs of

the Baker-Nunn stations arc given to an accuracy of 715
to 20 meters. The fact that this system is oriented to
the mean pole of 1900-1905 must be taken into consider-
ation when station positions as derived {rom the tracking

" data are obtained. Unless corrections for polar motion

are applicd, the positibns derived from the tracking data

. Will be based on the instantaneous pole at the time of

observation.

4.3 Coordinatec Transformations

All of the Baker-Nunn camera stations are con-
nected to individual major geodetic datums and their co-
ordinates in thesc datums are known. The coordinates of
the Baker-Nunn camcra stations on the SAO Standard Earth
are also knoiwn, having been derived by SAO through the re-.
duction of approximately 35,000 satellite observations with
wide orbital variety. The coordinates of the Baker:Nunn
camera stations are given in both the ellipsoidal and three-
dimensional cartesian coordinate systems. For case and sim-
plicity of calculation, we have clected to usc the cartesian
coordinates to obtain our transformations. By compafing the
original datum coordinates with the derived mass-centered
coordinates, one derives the "datum shift" for the partic-
ular datum. The "datum shift" is simply the total trans-
formatiqn to be applied to the original datum coordinates
to obtain the new mass-centered coordinates. - Once the
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"datum shift" has becn derived for the Baker-Nunn station
this shift is then applicd in a weighting scheme to derive
the SAO. Standard Earth coordinates for tracking statioiis

"' that have positions given in the same original datum as

the Baker-Nunn and are connected to the Baker-Nunn station
through conventional surface surveys. A weighting scheme
(which is described below) is used since the Baker-Nunn
stations were allowed to adjust independently and subse-
quently where more than one Baker-Nunn station was located
on a single datum, the individual stations show slightly
different "datum shifts". |

As an exémpie of the single station case, con-
sider Baker-Nunn camera station 9005, TOKYO. Its co-
ordinates on the Tokyo (JAP) datum .re:

bl

-3,946,554 (meters)

Y: +3,365,774 (meters)

Z

43,698,151 (meters)

Its geocentric (mass centered) coordinates on the SAO
Standard Earth are:

Xg: -3,946,7@3 (meters)
Ygz +3,366,291 (meters)

Zg: +3,698,849 (meters)
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[é. The transformation to be applied to tracking stations

on thc Tokyo datum is therefore:

-
-
. : M
" .

'Xg - X = AX = -149 meters -
Y - Y = AY = +517 neters

r— .8 '

7j ‘ Zg.- Z = AZ. = 4698 meters

$

- The AX, AY, AZ is apblied to the tracking station co-
ordinates on Tokyo datum. This in effect then furnishes
an ‘a priori estimate of the coordinates of the tracking
station in the SAO Standard Earth reference system.

As mentioned above, the coordinates of the
Baker-Nunn camera stations are furnished in both the
ellipsoidal and three-dimensional cartesian coordinate
- systems. Howevgr, the coordinates of the various track-

- ing stations may-be_givenxin ellipsoidal coordinates
L only, thereby requiring the calculation of the three-
— dimensional cartcsian coordinates. This is done using
the following standard formulation: '

X

= _(v + h + N) cos ¢ cos A
Y = (v+h+N)cos ¢ sin
2 = [(1 - e?)v+h+N] sin ¢ g




¢ = geodetic latitude

;1 - .geodeti; longitude
v = ae/(l - et siﬁ’¢5‘/2

8, = sem§ Fajor axis of r?ferenge‘ellipsoid
ei‘g eééentr?city squaredvdf reference ellipsoid

h = height of station above the geoid (mean
sea level elevation)

- 4
L

In the case where the tracking station information only
contains mcan sea level elevations, the geoid height is
derived from geoid contour charts for the particular

- reference spheroid. These charts are based on gravi-

.tational coefficients derived from satellite observ-

ations.

Having derived the g_griari estimates of the
tracking station positions on the SAO Standard Earth
we now derive estimates of the uncertainties of these
positions relative to_the earth's center of mass.

- -

¥
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height of the geoid above or below the spheroid.
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4.4 A Priori Uncertainty Derivation

. In order to derive a priori estimates of the
uncertainty in the trackihg station positions, use is
made of an empirical formula derived by lansing Simmons,
USC & GS, to describe the accuracy of first order tri-

angulation, The formula states that the relative accuracy

between two points connected by conventional first-order

_triéngulation (1 part in 25,000) is approximately:

+1/20,000%/M,

where M is distance betwcen the two stations in statute
miles. As an example consider two stations 1000 miles
apart, and connected by standard'triangulation. The
proportional acéuracy would therefore be 1 part in
200,000 or approximately 26.4 ft. This means that -the
relative uncertainty betwecn the two stations caused by
the surface survey errors is approximately 26 ft. or 8
meters. Accepting the stated accuracy of the Baker-Nunn
stations relative to the center mass as - 20 meters, one
can then take the root sum square of the uncertainty in

the Baker-Nunn station relative to the center of mass and
the surface survey uncertainty betwcen the Baker-Nunn and
the tracking station as derived by the Simmons.fo}mula as
a conservative estimate of the uﬁéertainty of the tracking
stafion relative to the center of mass. The formula then

becomes:

= 2 2
?g ‘FS + 20

- =365~
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vhere
Og = uncertainty of the tracking station
' relative to the center of mass.
o, = survey uncertainty as computed by
Simmons formula, '
4.5 - Weighting Scheme for Multi-Station Connections.

In the casc where a tracking station is located
on a datum which- contains more than one Baker-Nunn °
station, we use a weighted average of the geocentric
coordinates of the tracking station derived from the

~general formula
Wl ( W2 )
P = r———————— P +lg—w— }P
v1+w2. . .Wn). 1 Wlﬂ\’2 .o .Wn 2

. W N
+ n P
e iWEW +w2."T‘..1 n

1 n




vwherc:
P - is the weigﬁtcd position
wx..;w are the weights

P is the station position derived from
" Baker-Nunn Station 1

P - is the station position derived from
Baker-Nunn Station 2

P .is the station position derived from
Baker-Nunn Station n

The weights used are inversely proportional to the

distances between the Baker-Nunn stations and the track-

ing station to be transformed. This weighting scheme

allows us to take into consideration the varying shifts
of the Baker-Nunn stations while placing proper emphasis

on the contribution of individual stations upon the

transformation. As an example, consider thec case where

the tracking station is located close to one of the
Baker-Nunn stations in the datum. One can rightfully
expect that the tracking station would shift approxi-
mately the same amount and in the same direction as
the co-located Baker-Nunn and that the effect of the
other Baker-Nunn stations would be.minimal. In the
case where the tracking station were located equi- ‘
distant from several Baker-Nunn stations one would
assume equal contribution to the transformaticn from

. each of the Baker-Nunn shifts.
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While the abovc'wcighting scheme 1is apparenfly
quite adequate, investigations are continuing into other
weighting schemes. Foremost of these is the computation
of the weights (Wn) as being inversely prbportionai to the
squarc of the distances between the Baker-Nunn stations
and tracking station to be transformed. Another procedure
being investigated is the distance cut-off, whereby a very
distant Baker-Nunn coordinate shift will have essentially

" no effect on the station to be transformed. This cut-off

distance is being presently considered in the range of
5000 km.

The transformed station coordinates derived using

'.these weighting schemes are being compared in separate NO-

NAME data reduction runs. Identical observational data are
being reduced in each run, and the observational resid-

uals are being compared.

4.6 ~ Isolated Datums o : N

An ellipsoidal transformation is performed for a
tracking station on an isolated datum such us the Tananarive
datum. For these station positions, the AU, 4V, and AW
shifts are unknown and considered to be zero. The shifts

are computed as follows:

AN = (a Af + £ Aa) 5in’ ¢ -Aa

1

Ab .= 206265[(a Af + £ Aa) sin 20]/R_

Pl . — -y
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where

of

Ry

a(1~ez) o
[(l-czsin2¢)1/2]

6378165, meters
1/298.25

6378165, minus original survey ellipsoid

value of a.
1/298.25 minus original survey ellipsoid

* value of F. _
~Latitude of tracker in original system

2f - £2
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l-, ' REFRACTION CORRECTION INTERCOMPARISONS

| The GEOS Geodetic tracking systems do not have a standard set of refraction formulas,

Different groups using the same data employ different mathematical models of the atmosphere
or different approximations to the same model., Atmospheric refraction profile measursments
Just prior to a tracking operation, then ray tracing by means of a digital conput}r is the
best method of predicting the effects of the atmosphere upon r‘diowave propagation. The
method used by the GEOS Gé@otic tracking systems is to obtain an estimate of the atmoaphere
refraction profile for the trop;shéoro, from a mathematical model based on the surface
[ - refractivity measurements taken just prior to tracking, and rof the ctlccgl of the iono=-
sphere on radiowave propagation an average state of the ionosphere is assumed.

The primary purpose of this paper is to compute values from the different formulas,

80 that the differences can be determined, Range and range rate refraction error values

[

! . Vversus the elevation angles were computed from formulas obtained from the tollowin; GSFC
developed programs:

—

» 1. The Differential Correction Program

2. The Freeman Recommendations

3., The NONAME Progran

.

4, The Laser system by both the GSFC developed program and the SAC developed progranm

5. The GDAP Program ' ,

The fo'lowing assumptions were made to aid calculations in this preliminary study:

The tropospheric surface index of refraction s 232 x 10'°

,,_; Ns’
Ni' The ionosphere index of refraction typical for 2GHZ = 3,941 x 10'6
hil The height of the rz layer of the ionosphere = 400K meters

[ - . h =, The height of the satellite above the surface of the earth = 1333 KM

This particular set of values allows for comparison with those equations, where the

[ ' atzosphere models are a constant,

-
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The refraction comparisons are presented as follows:

Range troposphoric in figure 3

Range ionocapheric in figure &

Range rate tropospheric in figure 3

Range rate ionospheric in figure &

Total range in figure 7

Total range rate in figure &

In summary; Table 1 lists the maximum differences batween models at 30° slevation,

and 1n all cases as the elevation increases the differences decreass,

R R L ] . R ®
T I RT RI, total Rtotg;ﬁ
.8 meters .82 meters .003 u/sec. .008 n/sec. 1.4 neters 01 n/sec,
TABLE 1

while varying the troposphere surface index of refraction, Ionosphere index of refraction,

and the height of the ra layer of ionosphere.

=374~

Maximum Differences Between Models at 30° Elevation

A continuasion of this study will be made to include angle correction differences
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REFRACTION CORRECTION INTZRCOMPARIBONS

The ralraction correction equations for tho GEOS geodotis tracking systems are rot

tandardized,

Different groups using the same data cmploy different correction equations.

Some of these equations are compared to determine the resulting differences in the methods

of making rafraction corrections.

GSFC Differcntial Correction Prozram

The Advanced Orbit Programming Branch, Data Sysiem Division's Differential Correction

ropgran has the following refraction formulas, obtained from "F 1l0e ,? /] "0 f' Corrector

fo>r Ionosphere Refractioa®,

formulas have not been utilized to date,

(1)
(2)
@
(4)

(%)
(6)
(7)
(8)
(9
(10)
(1)

A%e
D Rw
ARs

AR

by Isabella J. Cole,

-C Co. =C /(1-c Cos E)i

..... ® — QO

«(C, /ein E)=Cy /sin B

L e —— —

Dated: November, 1065, Thedpanddp

E-Nio"o?(l-cg 003233] . Esi 81k coss/(ca% ‘Esm CosEE c: /(t-c: co.’:ﬁnﬁcf

N "‘o“/m] E: z eo.;‘uzt]

e
8750 Meters
. 990814

1-C3 cos’s

G4,

C‘ GzA'

Re/(Re + h‘)

. 4
N 1HDC.

(12) By n & [ao - :.zcni-zomj

(13)

us(h 1.h)/ Ew

* = Tropospheric

Cgo08E i/mza T
* .

*¢ = Ionosphere
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(14) V= 1=a°

h= Height of the gatellito above the surface
hi= Height of the Fz layer of the ionosphere
Reg 6375166 Meters = earth radius

e=_ 6.28318331

= %{_M_o)z » Index of refraction for ionosphere
t

As= Tropospheric index of refraction at the surface = 8.
= Satellite transmitting frequency
M°= Maximur usable frequency at zero kilometers
The above formulas have been simplified by assuming that the earth is a spheroid.

[ .

.3_/3 Freeman Recommendations

The following formulas were recoamended for use in making tropospheric gnd ionosperic
celraction corrections by the memorandum, "Interim GRARR Corrections at GSFC" froam John H.
Berbert to the Vorking Committee on the Statistical Combination of Satellite Observational
Data, dated 15 May, 1867, The refraction model was formulated by J.J. Freeman Associates
Inc., in "Final Report on Ionospheric Correction to Tracking Parameters™, NASA coatract

NASS-9782.

(15) 4BR=

o [fre - 525 o mal

(16) A Eeos EU“ um»{(t-a/mzx)/ R}j thﬂ

sinE

For GEOS~-A, which i1g well above the lonosphere, the height of the target,h, can be
assumed to be infinity, giving the following evaluation of equations (15) and (16) for an

exponential reference atuosphere and the atomosphere is spherically symetriec.
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l’ A7) ARe- _°9 [1- cot?z] - | U5 (l-chotzsa
sink Dy J sinZ
— —— -
- (18} A‘.‘%s c,?: cosE |1¢(l- -.--3-2".--)/9 933 cosE 1+D {1=- 3
sinzx . sin B sin E
- C e ——— —w
=
{19) Cg= Ns
N c
e
i (20) Dl = C:e‘ite
(21) 02 = Hx‘ + hi
R
]
7 (22) D, = NHe
- s _ 5 =200,
(23) i, = 3 30K +.2 (h, 200:(:5‘}
: (24) - C_ =-ln (1 + 7);32_& .095577318)
- s
B Ns = As = Troporpheric index of refraction at the surface

Freezan states that these formula are entirsly adequate for E>30°, but for E<30°
equations (15) and (16) should be evaluated by numerical integration,

1,
: R/R_GSFC GOA2 Program

Froxz "4 Users Guide for GEOS Data Adjustment Program" by Joe J. Lynn of D, Brown
vefraction formuias

"' Associates. Dated September l,Aare as follows:
(25) AR= -2 (H) s - MBS
sin B + (sin“E + .00452)
e L , (1-326032‘2)* + Rl—azcoszz)-az(l-b)coszz.] *
° Lo =
(26) AR = 28N E Cos E
r ° s Dual Freguency
sin E (sian + .00452)* + sinzx e .e
*»
[ {27) as Re
Re + ni -336
B * = Tropospheric
: «+ g Jonoshpere

=377~
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{28) b = 25,

a(zz.«»h1 - Sha)
B = Scale height (nominal 7200 Meters)

IhIG = Scale height of ionoshpere (Nominal 50000 Meters )

.
R/R_GSFC NONAME Program

The "Interim Status Report on Program Development and GEQS-A Data Analysis" prepared by
The Applied Sciences Department Wolf Research and Development Corporation gives the following

formulas for total refraction correction,

(20) 4R=- 5 Meters |
. gin B
. -
(30) Aft = XE (2:053 " Meters / second
s8in'E
K=3

R - SAO wnd ESFC LASER

The Laser refraction correction formula is obtained from "An Analysis of the GSFC Lager
Ranging Data" by S, J., Moss and W,T, Wells, also from ™A Ruby- Laser System for Satellite

Ranging" by C.G. Lehr, L.A. Maestre and P.H. Anderson. Dated: Octcter 15, 1987,
-201
sink

(31) 4R =

Assumptions for Intercomparisons

AY

The earth is assumed to be spherical and ctqtionu}y to obtain the approximate magnitude
for each of the refraction formulas listed. In addition a circular ordit with an overhead

pass is assumed; therefore, %EE is determined from the geometry of Figure 1,
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Qo Zfutker simplify the calculation the following values were assumed:

represantive of a

-3
"

=4
L]

>
]

=21

.

SATEUITE
e Sh"
3 =%ocosE sin(fel0d = =t Rolosit STATION
sinwé \‘fz‘:_ Ri - zme Coa(«-‘wt
£=stn [ For-icoswt §
- 7 Y
[r(x‘-Re Cos&t ) + RQ(R.-r COSUtgj‘
r=R +h
° E
Ts= Tc R, * h)é-
G R
@
Tc a 5060,82 seconds
= 2T /e FI6URE L

&00 K reters

3.941 % 10~°
N, = 252 X 10”8

333333 Meters

standard atmospnere will be Investigated,

Values more

Substiiuting these values into equations (1) throug& (33) gives the following set of

equations tiaat were used to deveiope Figures 2 through 8.

Range Refraction Corrections for Troposphere

(34)

(3%)

(36)
(37)

(38)

4Ry =-2.2045Cs B ES 10°
4R, = =2,205/ sin E £ > 10°
LRy = =2 (1-Cot?® £/803.648916) / sin E

LR ==2,1/8inE
ART = =3,6288 / [Bin E e+ (sinz E+ .00452)i] \

D.C.

D. c.

Freenman
Laser
GDAP
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Renpge Refroction Corrections for Tonosohere

)
(39) ARy = =1/(1- .883458 cos? E)¥

{40) ARI = =1/ 8in E E>10°

(41) ARy = =1.2498 (1~ .081 cot? £) / sin E

(42) ARy = =1.5764 / [(1- .92599 cos2 E)¥ + (1- .86778 Cos? E) ﬂ

Range Tat: Refraction Corrections for Troposphere

2

(43) AI:TT = 2.2033 £ sin E Cos g/ (1~ .999228 coszE),é' E£10°
-]
(44) AR_ = 2.205E cos E / sin’ E £>10°
(45) AﬁT = 2Ecos E [h(l-a/sinzz)/aoa.648916 /81an
(46) AR, = 3.6288 cosEZ / [sinE (sin’ E + .00452)% sian]
Range Rate Refraction Corrections for Ionosphere
2 ’ 2 3&_ < [«]
(47) AR, = sinE cosE E |,88545/(1-.885455 cos°E) E<10
o o 2 o
(48) 4 R, = cos E E/sin‘E E>10

(49) & §I = 1,2498 cos E § [1# .082 (1-3/5111239 /31:123

Range and Range Rate Total Refraction Corrections

(s0) 4 Riotal = =3/8inkE

[ 4 [ 4
(51) AR, .= 3cos £ E/ sin’E

1

i
W
o
(=]
[

D.c.
D.C.

Freeman

GDAP

D.C,
D.C,.
Freeman

GDAP

D.C.
n.C.

Freeman

NONAME

NONAME
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If in ccuations (15) and (16) the integerals 5 Nhdh were deleted then equations
°

(38), (41), (45), and (49) would bs;

(36&) A RT = -Z/BinE

(4da) A Ry = =1,2498 / 8in E

L [ 2
(45a) ART 2E cos E / sin‘E

’
(49a) AﬁI = 1,2498E cosE / BinZE

and for the weather conditions and satellite height assumed there is little difference

betwaen the Zormulas for E>10°.
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FIGURE 3
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