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FOREWORD

This volume contains a number of papers of general interest
to the geodetic program as well as a series of papers relating
to GEOS-C. This satellite will be the third active satellite
in the National Geodetic Satellite Program and is planned for

a launch in calendar year 1973.

The general interest papers are presented in Section I of
this volume and those relating to GEOS-C are presented in

Section II.
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SECTION I

General



Perturbation of GEOS-1 Orbit by Solar Radiation Pressure

L. Wong
R. Prislin

Aerospace Corporation
El Segundo, California

June .15, 1970

Prepared for

National Aeronautics and Space Administration
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Perturbation of the GEOS-I Orbit by Solar Radiation Pressure

The geometry of solar illumination on the GEOS-I orbit for January 2,
1966 is illustrated in figures la, b, and ¢. For this date the pertinent
parameters for calculating the perturbations due to radiation pressure

are given in table 1.

Table 1 Eclipse Elements

GEOS Elements Equatorial Ecliptic
semi-major axis (a) = 8067 km
eccentricity (e) =,071
inclination (i) = 59. 30 39. 6°
ascending node (Q) = 3320 -39°
argument of perigee (W) = 187° 204°

Position of Sun

right ascension (%) = -78°
obliquity of ecliptic (€) = 23.4°
longitude (A) : = -85°

Angles (refer to figure 1)
a; = 46° B
a, = 27°
a; = 39°

e
o)
1

243°

(sl




at entrance at exit

into shadow from shadow
ecliptic longitude 105, 40 195.99°
true anomaly (9) -104. 6° .30
B+ 6 138.4° " . © 243.3°

Radiation pressure produces both periodic and secular perturbations

on the GEOS orbit. In figure lc, the solid arc over which the element
of work, dW = F . ds, is positive exceeds the dashed part over which
dW is negative. Hence energy is added to the orbit and there is a net

change in the semi-major axis, a. The rate of change of a is given

by Moulton (1914)

= ——[e sin 8 R + (l+e cos 9) S]
2

where P is the period, R and S are respectively the accelerations
along and perpendicular to the radius in the orbit plane, e is the
eccentricity, and 9 the true anomaly. Wryatt (1963) has shown that

the change in period is given by



o .
exit
AP _ j,40x 107" DSKZ (1te) oin g [EP—S-—(-B—T-S-);] (1)
6

P (1-e) l+e cos ©
enter
where for the GEOS satellite:
Dg = area/mass = 1.23 m2/175kg = .07 cmz/gm
K = a(l-e)/earth radius = 1.17, KZ = 1.38
(1+e)/(1-e) = 1.15
sin i = sin (9O-a2) = .89
e "
exi
cos (B+6) - 34
l+e cos © 8
enter
Substituting into (1) results in the dimensionless ratio
AP~ y.4x1077 = 4.7 -
- = .4x107" (L07). 1.38 (1.15) (.892) (.34) = 4.75x 10

9

(2)



Comparison with Numerical Integration

Figure 2 shows the perturbations inthe osculating semi-major axis
obtained by numerically integrating the variational equations (for

y = 10_8, dimensionless)

~

.
—

AT = yge . nGy V= P __S

—
[
~—

el

where G is the graviational acceleration and e is a unil vectlor
away from the sun, Cp the radiation pressure constant at the
earth, and g the conversion factor from mass to weight. A large
periodic oscillation superimposed on a much smaller seculiar
change of , 036 meters per revolution is observed. The secular

change in period is

L - —;— % - 1.5 (L042m)/8x 10° = 7.9x 1077 (&

~—

The value of v corresponding to D, = .07 cmz/gm is 5.8 x 10.9 and

S
not 10_8 as had been assumed in the integration of equation (3).

Taking .58 times the right side of (4) gives the value from numeri-

cal integration



- 58 x7.9%10"° = 4.6x 107 (5)

which should be compared with the result of equation (2).

As a further comparison, the along track perturbation, T, from
numerical integration (again with vy = 10'8) for the last 3 revolutions
of a 6-day interval is shown in figure 3. The secular change over
one period is seen to be approximately 26 meters/revolution. From

(4) the expected change is

AT = Ng{}v

where N is the total number of revolutions in 6 days, v is the orbital
velocity. Using v = 6600 m/sec, N = 70, andgéi =7.9x% 1077 (7200 sec)
one obtains AT = 26. 3 meters/rev which agrees rather well with the

graphical results.

Conclusions

It appears that the perturbation calculation agrees with the numerical
integration to within 5 or 10 percent which is quite good. It is interesting
that the periodic effects on the major axis are much larger than the

secular effects per revolution.
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The Orbit of Pageos through March 13870

B. Chovitz
J. Lucas

ESSA - CEGS
Rockville, Maryland 20852

Presented to the GE0S-2 Review Conference, NASA Goddard Space
Flight Center, Greenbelt, Maryland, June 22 - 24, 1870
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The Orbit of Pageos through March 1970

B. Chovitz
J. Lucas
ESSA - CE&GS

1. This study was motivated by the need for precise pre-
dictions for Pageos. Geodetically, Pageos has served as a
target for concurrent observations by cameras placed at
stations in the geometric worldwide satellite triangulation
network. To point the cameras correctly, the stations re-
quire orbital predictions which, for logistical reasons, must
be computed 14 to 21 days in advance. The difficult part of
a prediction is the determination of the position of the
satellite along its orbit--that is, the timing of the pre-
dictions. Because the Earth is rotating, an error of 1
minute in time moves a station by an arc of (15') cosg¢,

or about 10' of arc for a station at 45° latitude. On a
photograph taken by a 450mm camera, this would cause the
trail of the satellite to miss the center of the plate by
1.3 mm--a non-negligible amount. For this reason, it is im-
portant to obtain the time of the satellite's predicted
position to within a few seconds. Tor a satellite like Geos
this is a fairly trivial problem, but for a 100 ft. diameter

balloon it is not.



The Keplerian element which is crucial in determining
the prediction of the satellite's position is the semi-major
axis, a. This study has therefore concentrated on this par-
ticular element. The history of a is, of course, equivalent
to that of the period P, or the mean motion n, since they
are constrained together by Kepler's third law. If this
history can be explained satisfactorily by physical mechanisms,
then twofold benefits will accrue: predictions can be made
more accurate, and knowledge of the satellite's environment

will be augmented.

2. Pageos was launched on June 24, 1966 in an almost circular
orbit at an inclination of 87°. 1Its semi-major axis, starting
at 10615 km, has regched a minimum of 10545 km and is currently
(1 June 1970) 10558 km. A near zero initial eccentricity
built up to about 0.2, and is now 0.1H4.

The chief influence on the semi-major axis of Pageos
is direct solar radiation pressure (s.r.p.). If the satellite
is sunlit during an entire revolution, the perturbation is
short-periodie with no buildup--thus effectively zero. How-
evew, if the satellite is in the Earth's shadow part of the
time, the perturbation will build up at a rate depending on
the eccentricity, the orientation of the sun's rays to the
orbital plane, and the assymmetry of perigee with respect to

the shadow interval. Because of the regularity of change

14



of these conditicns, the part-shadow and total-sunlit revolu-
tions fall exclusively within well-defined intervals. Pageos
was launched within an all-sunlit interval, and has gone
through 9 complete cycles of all-sun and part-shadow. On
June 3, 1970, it entered its 10th part-shadow interval.

The above remarks on the effect of direct solar radiation
pressure on a hold under the assumptions that the solar force
is constant, and acts on a surface whose characteristics
do not change--in particular the cross-sectional area per-
pendicular to the sun's rays. It is now fairly well established
[1] that Pageos has the form of a prolate ellipsoid which

is not only rotating but wobbling as well.

3. Empirical determinations of the Pageos orbit have been
performed weekly by the Coast and Geodetic Survey since
December 1966, using optical observations provided by the SAO
Baker-Nunn, C&€GS BC-4, and the NASA MOTS cameras. These
seven-day arcs are internally consistent to about 1 minute of
arc topocentric, but in many instances adjacent arcs failed
to meet. Therefore, it was necessary to readjust the available
data in longer arcs using a more complicated empirical model.
The available tracking data consisted of 61,572 optical
observations of the so-called "field-reduced" type c%vering

the period from 16 July 1966 through 3 April 1970. Of these

15



29,822 were obtained by the NASA cameras, 16,834 came from

SAO, and 14,916 from CEGS. These data were divided into
tractable segments, 89 in all, covering time spans which varied
from 15 to 35 days with at least seven days overlap between
adjacent segments.

A differential orbit improvement program similar to that
of SAO was used to obtain 25 polynomial parameters which de-
scribe the variations in the orbital elements w, £, e, i, and
M in order to obtain the best fit, in the least squares sense,
to the tracking data. The mean motion n results from ex-
tracting the derivative of M, and the semi-major axis was then
computed from Kozai's formula. Eight of the 25 parameters
were allocated to M, this being the maximum number of parameters
that the program will permit for any single element, so that
the derived semi-major axis is expressed by a 6th degree
polynomial in time. During intervals when the satellite was
constantly in sunlight this representation was adequate to
fit all observations over 35 day arcs, and longer arcs could
probably have been used. Most of the part-shadow intervals
were fitted in 21 day arcs, but the most recent shadow period,
December 1969 to March 1970, showed such an increased frequency

of variations in a that 15 day arcs had to be employed. The



mean of the standard deviations of all fits was 95 seconds
of arc topocentric.
The semi-major axis obtained by this method is dis-

played in Fig. 1 .

4. The theoretical orbit (Fig. 2) is obtained by numerical
integration from initial conditions without adjustment to
observations. The orbit program employed is a revision and
extension of ROPP (Rapid Orbit Prediction Program) prepared
originally by TRW for NASA. ROPP computes by means of a
variable step size Adams-Moulton integration technique which
is very fast. For a stable orbit like Pageos step sizes are
from 1/4 of a day to over 2 days. The ROPP physical models
account for the following effects:

oblateness: J J

2
2> 72

other gravitational terms: J
sun and moon

S.T.p.
Although ROPP contains a drag model, the density values
are assumed zero above 1000 km altitude, so any possible drag

effect i1s not taken into account.

17



Only s.r.p. during the part-~shadow periods causes any
fluctuations in the semi-major axis.
The exact expression for the change in a over a satellite

revolution is well-known (e.g. [2D and can be expressed as:

Aa = Kl cosd [cosR(cos EZ ~ COS El)
Li/2 0 . N .
- (1 - ey ging (31n£2 - 51nE1)] (1)

where Ky is a constant (based on the previously stated as-
sumptions of constancy of solar force, and isotropy of sat-
ellite), J is the angle between the sun's rays and the orbital
plane, B 1s the angle between satellite perigee and the sun's

rays projected on the orbital plane, and E and E2 are the

1
eccentric anomalies of the satellite at shadow exit and en-
trance. This is the expression programmed into ROPP.

For a low eccentricity satellite (which includes

Pageos) it is reasonable to develop (1) to the first-order in

e, obtaining [3]

ha = - K, e sinB f(a,J) (2)

where K, 1s a positive constant, and f(a,J) a positive quantity
based on the dependence of the shadow intersections on the

scale of the orbit (i.e., a) and on the inclination of the

sun's rays to the orbital plane. (2) indicates that Aa has

18
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its maximum decrease (increase) at B = 90° (=270°). Further~

more [3] (with a expressed in units of earth radii)

a2 -1 )1/2

a“cos J

fa,J) = gla) (1 -

where J varies from some value J, (0 < J, < 90°) at shadow
intersection to 0 when the sun's rays are parallel to the

orbital plane. The essential point is that f(a,J) changes
in the same direction as cos J as J decreases from J, to O,

so that we can write
Aa = - h(a,J) e sinB cos J (3)

where h is a positive quantity.

5. TFig. 3 (the combination of Figs. 1 & 2) indicates
emphatically the inadequacy of the theoretical model. The
discrepancies are better displayed on Fig. 4 in which the
long-term drift is eliminated by running independent theoretical
models over a single shadow-sun cycle, assuming coincidence
with reality at the start of each cycle. There are three
main discrepancies of the real curve with respect to the
theoretical curve:

(I). the downward slope of the real curve during the

sunlit period.

19



(I1). the "shrinkage" of the real curve during shadow,
and height of the curve at shadow end.

(ITIT). the bumps on the real curve during shadow
(which show up better as high-frequency variations on the
da/dt curve),

There are three possible causes for these discrepancies:

{(a) Earth-reflected radiation pressure (e.r.p.)

(b} Atmospheric drag.

{(c¢) Non-isotropy of the satellite with respect to s.r.p.

E.r.p. 1s very difficult to model adequately. Wyatt has

given a formula [4] which can be written as:

Aa = - K, e cosJd sinB (u)

3
and Prior [5] obtained similar results by employing an empirical
expression. The correspondence of this formula with (3)
should be noted. Both are in the same direction. Wyatt es-
timated that e.r.p. was about 10% of s.r.p. Prior has been
the only one to try to explain observed orbital changes by
e.r.p., but he did not attempt this for a because he feared
contamination by drag.

The explication of a physical mechanism for drag at
Pageos height is probably even more difficult than for e.r.p.
Dengity variations with time are much more extreme than at

lower altitudes, and whatever drag effect exists is undoubtedly



quite small compared to the unmodelled variations in s.r.p.
The most exhaustive study carried oﬁt thus far on this sub-
ject [6] is pessimistic on obtaining an atmospheric density
model at this altitude.

The consequences of the non-isotropy of Pageos have
been discussed in detail by Smith and Fea [7]. 1In brief, the
ellipticity of the balloon, its rotation, and the precession
of the rotational axis all combine to make the quantity Ky
in (1) vary periodically with time.

Figure 4 begins a few days after launch at the start of
the first shadow period. The shape of Aa in the shadow is
basically determined by B. For each shadow period starting
with the third, B begins larger than 180°, and decreases to
a value less than 180° at the end of the shadow interval.

The curve changes direction at B = 180°.

According to (4), during the sunlit periods e.r.p. should
round out horizontal parts of the curve in accordance with
the value of B, but the effect will be flattened somewhat
due to J which attains a maximum in the middle of the sunlit
period. During the shadow periods, comparison of (4) with (3)
indicates that e.r.p. should manifest itself by augmenting the
change in a due to s.r.p. Prior [5] has pointed out this
should be equivalent to increasing K, in (1). Thus the

1
effect of (4) can be simulated by increasing Kl'



10

The application of e.r.p., either by applying (4), or

>

by increasing K is not successful in explaining the bulk

19
of discrepancies (I) and (II). TFor example, the first sunlit
interval in Fig. 4 shows a convex shape which is exactly
opposite the effect e.r.p. should produce over the first half
of the interval in accordance with the current values of 8.
The tvpe (II) discrepancies in the 6th, 8th, and 9th shadow
intervals go counter to the expected e.r.p. effect; if Kl is

increased, the discrepancy becomes worse. In the 5th shadow

interval, an increase in K1 will cause the real and theoretical

T

eaks to approach coincidence, but the difference at the end
of the shadow period is increased.
E.r.p. apparently fails to deliver any help as a pos-

3 -

ible physical mechanism for either of the following reasons:

)

ot

he present application of e.r.p., either through (4) or by
adjusting Kl is not a sufficiently accurate model; or, e.r.D.

is effectively masked by other perturbations. (4) is probably
not a realistic model for e.r.p. because the Earth's albedo
treated there as a constant, and albedo varies with position
and time. However, Wyatt [3] has shown that all of the

various e.r.p. models he has drawn up tend to produce the same
amplitude. Furthermore, Prior [5] has satisfactorily correlated

i

[N

5]

crepancies in argument of perigee and eccentricity of Pageos

s

L

ased on this e.r.p. model. Hence, it appears more natural

[A]
B
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to blame the failure of e.r.p. in explaining the variations
in a on the masking by either drag or non-isotropic s.r.p.

Of these, only drag acts in the sunlit intervals. In
the large, that is, over the whole 3-1/2 year period, the
separation of the real and theoretical curves (Fig. 3) points
to drag. Some of this, however, may be ascribed to the in-
fluence of the changes in the other orbital elements. The
fact that the two curvés begin to diverge appreciably only
after perigee height has lowered to about 2200 km would be
a natural consequence of drag. On the other hand, over in-
dividual intervals, drag is even less successful as an ex-
planation. Although the type (II) discrepancies of the 6th,
8th, and 9th shadow intervals could be ascribed to drag, the
2nd, 5th and 7th interval discrepancies reverse themselves
in this respect. It is difficult to conceive of a mix of e.r.p.
and drag mechanisms to account for these apparent contra-
dictions.

The type (I) discrepancies, which at first glance might
appear the easiest to explain by drag, are actually the ones
which are most mystifying in this respect. The downward
secular trend in each case would seem to be most naturally
attributable to drag. But the slopes of the curve during

the first and second sunlit intervals at perigee heights

23
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2300 km and 2700 km, respectively, are much steeper than at
later sunlit intervals with perigee heights at around 2200 km.
Finally, there remains consideration of the effect of

non-isotropy of the satellite on s.r.p. Since s.r.p. is by
far the predominant effect in the shadew intervals, it is
plausible that variations in this model could effectively
mask all other possible sources of perturbations in a. The
theory of [7] has been proposed specifically in order to ex-
plain discrepancy (III). No definitive results have been ob-
tained yet, but the proposed mechanism is ingenious, credible
and promising. It is the only one of the three mechanisms
which could possibly explain the apparent randomness of the
separation between real and theoretical a at the end of the
shadow period. The end of shadow is arbitrary with respect
to the phase of the high-frequency perturbations due to the
Smith~Fea mechanism, and cut off within a cycle will yield

an addition or subtraction of energy in a rather random
fashion. However, it is difficult to see how this mechanism
can satisfy discrepancy (I) or the overall shrinkage in some

cases of discrepancy (II).

6. At present, the behavior of the semi-major axis of Pageos

cannot be analyzed well enough so that the orbit can be



]
(€8

precisely predicted. Drag and current models of e.r.p. do
not answer satisfactorily any of the observed discrepancies.
The theory of Smith and Fea [7] based on the assumption of
non-isotropy of the balloon to the sun's rays seems to be the
most promising vehicle for explaining the periodic variations
in the shadow interval, and the total change of a over the

shadow interval.

25
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RADIATION PRESSURE EFFECTS ON THE ACCELERATION

OF HIGH ALTITUDE BALLOON SATELLITES

David E. Smith
Mission and Trajectory Analysis Division
Kenneth H, Fea
University of London

England

ABSTRACT

Previous studies of the orbital accelerations of the high altitude balloon
satellites, Pageos and 1963-30D have shown the existence of perturbations that
appear to be related to solar radiation pressure but of unknown mechanism,
The normal method of computing the radiation perturbations assumes the ef-
fective shape of the spacecraft to be spherical but in the present paper an in-
vestigation is undertaken to assess the perturbations that may arise when the
satellite has an ellipsoidal shape and the radiation scattered by the spacecraft
is no longer symmetric about the line joining the satellite and the sun. Consgid-
eration is given to both diffuse and specular reflection. The study indicates
that a slowly precessing rotation axis might explain the anomalous accelera-

tions found in the earlier studies.
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RADIATION PRESSURE EFFECTS ON THE ACCELERATION

OF HIGH ALTITUDE BALLOON SATELLITES

INTRODUCTION

Recent studies by Fea (Reference 1) and Fea and Smith (Reference 2) have
shown the existence of an unexplained perturbation of the acceleration of two
high altitude spacecraft. Both the spacecraft are balloon satellites of large area
to mass ratio and in References 1 and 2 it was suggested that the unexplained
acceleration might be associated with or caused by solar radiation pressure.

Figures 1 and 2, taken from RXeferences 1 and 2, show the predicted and
observed accelerations of Pageos (1966-56A) and Dash 2 (1963-30D). The
difference between the computed and observed accelerations is the unexplained
perturbation. Inspection of Figures 1and 2 indicates several important features
of the perturbation., Firstly, the perturbation is periodic; secondly, the per-
turbation is only present when part of the orbit is in shadow (or the amplitude
is considerably reduced), thirdly, the amplitude of the perturbation is compar-
able to the perturbation by solar radiation pressure, and fourthly, the period of
the perturbation is decreasing.

There is evidence (References 3 and 4) that one of the satellites showing
this anomalous acceleration (Pageos) is no longer spherical and that it is
probably shaped like a prolate spheroid. If this is true, the major assumption

made in calculating the radiation pressure perturbations, namely, that the
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solar radiation scattered by the satellite is symmetrical about the satellite~sun
line, no longer holds. In such circumstances it must be expected that additional

serturbations of the orbit will arise.

3

In the present paper the perturbations to the semi-major axis of the orbil
of a satellite having the shape of a prolate spheroid are developed. The satel-

is assumed to be rotating about the major or 2 minor axis of the spheroid

with a period considerably less than the period of revolution of the satellite
about the Barth, Sunlight scattered by the satellite is assumed to he reflected

liffusely (according to Lambert's law) and specularly.

INCIDENT AND REFLECTED RADIATION
Let the satellife have the shape of a prolate spheroid whose surface is

described by the eguation

where a, is the semi-major axis (polar radius)
b, is the semi-minor axis (equatorial radius)
and the origin of the coordinate gystem is at the center of the spheroid with the

z - axis corresponding to the polar radius and the x and v axes lying in the

equator. Let the angle between the z- axis and the sun be &, then the shape of

the crogs-gection normal to the sun-satellife line is an ellipse of area A(9) where

AM8) = whbyd (2)



where

1 sin? 8 . cos? 8
2 2 (3)
d aq bf

If the satellite is spinning about its major axis then the average cross-sectional
area over one revolution of the satellite is A(9) and the incident solar flux, F

1°

is given by

Foo= A) ¢ (4)

where Sis the solar constant in erg em” % sec”?

c is the velocity of light in cm sec™!
If, however, the satellite is rotating about a minor axis making an angle ¢’ with
the sun-satellite line then A(9) is a function of time and we need its average
value,

Let A(8") be the average value of A(d) then

2m

1

AG'Y = 5 g A(6) dw (5)
(4}

where w is the angle between the sun-rotation axis plane and the major axis of

the satellite-rotation axis plane (see Figure 3). From Figure 3 we obtain

cos & = sin 8’ cos w ()]
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and hence

bo
A"y = L [d) do (7)

Substituting for d from Equation 3 and for & from Equation 6 leads to

AGTY = 3y by 2 dw
( ) 2 o (1 -k Cos260)1/2 (8)
where

a,?
- e — <21
k = b02 sin® @ 9)

The solution to Equation (8) is a hypergeometric function, and can be written as

N = 1 1
A(6") = mayb, F(—Q', 5, 1 k) 10

where

® 2
11 i (2n)! )
F(-:')._’ 7 1, k) - 2 [2“(:1!)2] k (11)

n=g
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The average incident solar flux on a prolate spheroid rotating about a minor

axis can therefore be written

S
F, 5 OAG) ¢ (12)

If the satellite were spherical the solar radiation that is reflected specularly
would be distributed evenly over the entire unit sphere surrounding the satellite.
If, however, the satellite is prolate or oblate there will be a direction about which
the specular reflection will be largely symmetric and which will be the effective
direction of any forces arising from the specular reflection. This direction will,
for reasons of symmetry, lie in the plane containing the rotation axis of the
satellite and the sun. We now make the first major assumption; that the effective
direction of reflection of the specular flux is determined by Snell's law on the
incident ray that passes through the center of the satellite (see Figure 4). We
also make the assumption that the magnitude of the flux reflected in this direction
approximates to that which would be reflected by a sphere of surface area equal

to that of the spheroid. Hence the specularly reflected flux, E_, can be written

E, = a‘%(%) (13)

where

x|
n

A(0) for rotation about the major axis
(14)

>>|
1l

A(8') for rotation about a minor axis



and o _ is the specular albedo of the satellite.

The assumption concerning the direction of the reflection holds for ¢ = 0,
7/2 and 7 (also &), and for 0 <€ <7 /2 and m/2<F<7 the direction of reflection is
moved towards the minor axis direction as indicated by Snell's law. Thus the
assumption is considered adequate for the present study.

Similar arguments can be applied to the magnitude of the reflection; the
magnitude of the flux for ¢ = 0 is probably overestimated but underestimated
for ¢ = w/2, An exact formulation of the magnitude and effective direction of
the specular reflection is extremely complex and is, at present, bzlieved to be
unnecessary for the present study.

Diffusely reflected radiation is normally symmetric abceut Lo v v 1{c the
surface and this is the assumption made here (see Figure 4). The satellite is
assumed to be a uniformly diffuse reflector (Lambert's law) and for the purposes
of calculating the dependence of the magnitude on the phase (not the size) the
satellite is assumed to be spherical.

In Reference 5 the author has derived an expression for diffusely reflected
radiation falling on a unit area distant r from the satellite. By putting r = 1
this expression may be used to give the flux (E; ) reflected diffusely in the direc-
tion of the normal to the surface on the incident ray that passes through the

center of the satellite. We therefore have

A
By = 3o o3 (¢) (7 - ©) cose ¢ sine] (1)
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where a, is the diffuse albedo of the satellite,

e = m- (0t )

and (16)
b 2
tan ¢ = (—%)/ tan 6
3o
for rotation about the major axis, or where
€ - (9: - ¢l
and (17)

b02
tan ¢' = Py tan 0

0

for rotation about a minor axis.
For convenience, we summarize the directions of the incident and emitted
fluxes as follows:
(a) The incident flux, F;, is directed radially from the sun through the
center of the satellite; its magnitude is given by Equations 4 or 12;
(b) The specularly reflected flux, E_, lies in the plane containing the sun

and axis of rotation of the spacecraft and makes an angle 2 € with the
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incident ray through the center of the satellite; the magnitude is given
by Equation 13,

{(c) The diffusely reflected flux, E, lies in the plane containing the sun and
the axis of rotation of the spacecraft and makes an angle ¢ with the
incident ray through the center of the satellite, the magnitude is given by
Eauation 15.

Ag 2 check on the effect of the approximations we have made we can integrate

the specular and diffuse fluxes(Equations 13 and 15) over the entire unit sphere.

This integration leads to

total reflected flux = K(_(S‘_)(,Y. Foo i18)

If (a, + ap) =1, then the total reflected flux is equal to the total inciimt fiux
{Equation 4) which means that the approximations (on average) only afiect the
relative magnitudes of the specular and diffuse components and not the total
flux, If (a  + apy) < 1, the satellite is absorbing some of the incident radiation
and implies we are making the additional assumption that when the satellite re-

emits the absorbed radiation it does so isotropically so that there is no change

in momentium of the satellite,

PERTURBATIONS OF THE SEMI-MAJOR AXIS
The semi-major axis is a measure of the energy of the orbit and hence the
perturbations to the semi-major axis ar- 2qual to the work done by the forces

8
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of radiation pressure on the satellite. The perturbations to the semi-major

axis can therefore be written as (Reference 6)

(19)

2F [ shadow entry
r cos
shadow exit

where
Aa is the change in the semi-major axis per revolution
F is the flux of radiation (F is negative)
n is the mean motion
a is the semi-major axis
m is the mass of the satellite
r is the geocentric radial distance of the satellite
¢ is the angle between the sun and the satellite (see Figure 5)

Applying equation 19 to the incident and reflected fluxes already derived we
obtain
2 shadow entry

3 [r{FI cos ¢, + Ej cos¢, + E_cos qbz}} (20)

n“am .
shadow exit

where ¢, ¢, and ¢, are the angles between the satellite and the incident, diffuse

and specularly reflected flux directions (see Figure 5).
Subsequently, we shall want to allow the spin axis to precess about another

axis so we shall assume we know the direction of the precession axis («, 6)
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with respect to the sun (see Figure 5), the position of the sun (a, 3), the position
of the spin axis (v_0,) with respect to the precesson axis (see Figure 5) and

the position of the satellite (a,, ;).

With the aid of Figure 5 we can derive the right ascension (@) and declination

( §) of the precession axis from

sin® = cosfsind + sin @ cos § cos @
(21)
- sinfsinw
sin (a — a) cos S
and the spin axis (@, &) from
sin §_ = cos Gssin—g + sin ?S cos 5 cos w,
(22)

_ sin 93 sina)S
sin (cLs - a) cosSs

We can also derive the position of the spin axis («,, ) with respect to the sun

from

cos & = sindsind_+ cos dcosé cos (a - a)

(23)

cos §_sin (a  — a)

sin @ = :
0 sin @

10



and the right ascensions and declinations of the diffuse (o,, 3,) and specular

(a,, 3,) reflections from

sin 8, = sindcos(f+€) + cos & sin (6 + €) cos w,

(24)
sin (0 + €) sinw,

sin (a, ~a) = cos 8,

sin 8, = sindcos (6 t 2¢) + cosdsin (F+2€) cosw,

(25)
sin 59 +2¢)

sin (CL2 -a) cos 52

The above equations have been derived for rotation about the major axis of the
satellite. For rotation about a minor axis we replace fwith ' and € with -¢ in
Equations 24 and 25.

We are now in a position to determine qS'l and ¢2 from

cos$, = sin 8, sin 8, * cosd,cosd cos (ay~a,) (26)

cos ¢, = sind; sind, + cosd;cosd, cos(a;, ~ a,) 27

which, together with,

cos ¢, = sind;sind + cosd, cosdcos (a,~a) (28)

11
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enables equation 20 to be evaluated. Equations 20 through 28 therefore represent
the perturbation to the semi-major axis due to incident, diffuse and specular

radiation.

EXAMPLE

The magnitude and form of the perturbation can best be demonstrated by an
example. Let us assume we have a circular orbit with inclination 90 degrees,
and the sun on the equator. Because the shadow entry and exit points are

symmetric about the Earth-sun line Equation 20 reduces to

~ shadow entry
ba = - — [ED cos ¢, + E_cos ¢2J o {29)
m s shadow exit

For this particular example it is preferable to use slightly different formula-
tions for cos ¢, and cos ¢,. Let ¢, be the value of ¢, at the pnint of entry and

exit into the shadow, then we can write (see Figure 6)

cosg,y = cos(f+€) cos Py *+ sin (6 +€)singy cos (v, tw,) (30)

cosp,, = cos(f+te€) cos ¢y * sin (6 te€) sing; cos w, (31)
and

cos¢,, = cos(O+2) cosdy | sin(f+ 2)sing) cos(w; tw,) (32)

12
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cos¢,, = cos(8+2) cosgy * sin (6 + 2€)singy cosw (33)

1

where ¢, &,y Pons Py aTE the shadow entry and exit values of ¢, and ¢, .

The angles «; and «, are defined in Figure 6.

We can now write

4 , . “y )
NAa = 51n¢0 sin (w1 +"2“)sin -5 [ED sin (6 +¢€) +ES sin (8 +-2€)] (34)

n?m

The sin¢, term changes slowly as the orbit moves with respect to the sun but
its sign is always positive. The sin w,/'2 term is zero when there is no shadow
on the orbit and the perturbation vanishes. When non-zero, the term is always
positive. The term containing E; and E_, changes only slowly as the spin axis
moves and is normally of constant sign. However, for an oblate satellite the ’
sine terms can change sign if 2 €>¢. The sin («; + «,/2) is also positive
unless w; is negative, implying that the spin axis lies near the equatorial plane
and between the sun and the shadow points on the orbit.

Let us further simplify our example by having the precession axis on the
equator, so that « = 7/2 on § = 0, and let the spin axis rotate slowly about the
precession axis. The sin (w, + w, /2) term in equation 34 will then oscillate
about zero with a period equal to the precession period and produce a quasi-
periodic perturbation about the mean value. This situation could have existed
for the Pageos satellite in July 1968. Reference 4 indicates that the spin axis of

Pageos was near the equator on July 4th and if the axis was precessing about
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a point even nearer the equator we should expect to observe a quasi-periodic
perturbation in the semi-major axis. The predicted maximum magnitude of

this perturbation of Pageos, assuming a specular albedo of 0.86 (Reference 4)
and negligible diffuse albedo, a mass of 55 kg, 2 mean motion of 8 revolutions/
day is about 1 km/day or an acceleration of 8 x 10”* revolutions/day 2 in mean
anomaly. The observed amplitude of the acceleration shown in Figure 1 is about
1 %10 * revolutions/day?. When account is taken of the trigonometric terms in
equation 34 and of smoothing in the observational data; the amplitudes of the

computed and observed perturbations are about egual.

CONCLUSIONS

Expressions have been developed for the perturvation of tae semi--major
axis of the orbit of a satellite with elliptical cross-section due fo solar radia-
tion pressure when both specular and diffuse reflections are taken intc account,
The theory has been applied to a very simplified example reszmbling the crbit.
of the Pageos satellite in July 1968 and it has been shown that if the spin axis
is permitied to rotate about a fixed precession axis a perturbation of the semi-
major axis is predicted which has approximately the same form and amplitude

that is actually observed in the Pageos orbit.

ok

"he foregoing theory and example do not necessarily explain the perturba-
tions in the Pageos and 1963~30D orbits but do suggest that a mechanism of the
type described here could be the explanation. A more detailed examination of

the theory and its application to these two satellites is being undertaken.
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Figure 3. Rotation of Satellite About a Minor Axis.
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Air Force Use of
Geodetic Satellite Data

The Aeronautical Chart and Information Center has been using the
data obtained from the Geodetic Satellite Program (GSP) in a number
of ways. Our investigations are divided into two separate categories
which support the development of a World Geodetic System (WGS) both
directly and indirectly. The geometric application of the data has
been directed toward specific-point positioning on the Eastern Test
Range (ETR), Bermuda, and Johnston Island using the AF PC-1000 camera
systems, We have also undertaken the densification of the Passive
Geodetic Satellite (PAGEOS) network in South America for the purpose
of linking the single arcs of triangulation into a unified geodetic
system. Observational data from ANNA 1B, GEOS I and II, ECHO I and II,
and PAGEOS have been and are being used in these efforts, We are also
working with data from other acquisition systems such as Baker-Nunn,
STADAN (MOTS), BC-4, and SECOR.

The dynamic application of the GSP data is concerned primarily
with the determination of an earth gravitational model and tracking
station location from a combination of Baker-Nunn and Doppler data
supplemented with existing surface gravity anomalies, To date, Kaula's
analytic procedures, as outlined in ACIC Technical Report 112, have
been used for computing an earth gravitational model,

1. Geometric Satellite Positioning

While observational data from active satellites can often be
applied as it is received from the NASA Geodetic Satellite Data Center

or other sources, the passive GSP data must be preprocessed for



geometric geodesy purposes, Details concerning our plate reduction
procedure and processing techniques for both passive and active
satellites are included in an ACIC report nearing completion, The
Ohio State University (0SU) has already published two reports (No 82
and No 100) treating the preprocessing of optical and electronic
satellite observations, respectively., DBriefly, the procedures used
in processing passive optical satellite data at ACIC involve:

1., A phase angle reduction which refers the observation to the
geometric center of the satellite,.

2. A propagation delay correction which accounts for the travel
time of light reflected from the satellite to the camera,

3. A procedure of fitting third degree time series polynomials
o produce computed "simultaneous" observations where shutters are
not synchronized,
(For both active and passive satellite observations, ACIC applies a
correction for parallactic refraction, This fact was omitted in the
0SU Report No 82 noted above, )

Several computer programs are used at ACIC to determine the quality
of reduced optical and electronic data, The principal ACIC program for

screening simultaneous optical data computes satellite coordinates and

the assoclated error estimates for each individual image, It will handle

simultaneous data from two to six camera statiocns, The error estimates
include the standard errors of the computed x, y, z coordinates and the
spherical standard error of the satellite's spatial position, The slant

ranges are determined from each observing station to the satellite., The
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equivalent angular error, which is the relationship between the range
and spherical standard error, is also computed,

Another program -- polynomial adjustment -- is used only for passive

satellite data, Each residual from the adjustment indicates how well an
observed Right Ascension (RA) or Declination (DEC) agrees with the RA or
DEC computed from the respective polynomial for the same time, The
relative magnitudes of the residuals indicate gross errors in individual
points,

The goemetric triangulation adjustment program accomplishes a

triangulation adjustment of the "unknown" and the constrained camers
station positions, They are related to one or more camera positions
already referenced to a particular geodetic datum.

The short arc program uses orbital constraints to adjust observations
made by geodetic tracking nets, The input data includes both optical
systems and electronic ranging systems such as LASERS, SECOR, Geoceiver,
and C-Band Radar systems.

The computational processes Jjust noted have been and are being used
in connection with a variety of Air Force projects ranging from radar
calibration to densification of geodetic control, The following tabu-
lations represent current results for the ETR, Bermuda, Johnston Island,
and South American densification effort. The items shown include stations,
satellites observed, periods of observation, as well as the amount of
data, adjusted coordinates, and the relative accuracy with respect to
the North America Datum, In Table 1, the figures given under the heading
"Observations Available" indicate the number of events observed, Each

event may include as few as one or as many as nine satellite images,

according to the type of satellite.



TABLE T

OBSERVATIONS

OBSERVATIONS AVAILABLE

PERIOD OF
PROJECT STATTON A oI E P ol OBSERVATTON
ETR Swan Is., U.S, 16 16 May 65 - Jun 66
(PC-1000) Grand Turk, U,K, 18 12 May 65 - Jun 66
Curacao, Neth, 2 27 8 May 65 - Jun 66
Antigua, UK. 9 18 May 65 - Jun 66
Trinidad 1 8 8 May 65 - Jun 66
*Semmes, Ala, 2 9 May 65 - Jun 66
*Hunter AFB, Ga, 2 6 May 65 ~ Jun 66
*Homestead AFB, Fla, 20 May 65 - Jun 66
Bermuda Kindley AFB, Ber, 3 17 Oct 66 ~ Apr 67
(PC~-1000) *Hunter AFB, Ga, 1 9 Oct 66 - Apr 67
*Aberdeen, M3, 2 8 Oct 66 - Apr 67
Johnston Is, Johnston Is. 5 17 Jul 67 - Sep 67
(PC-1000 and *Maui Is, (BC-4) 1 7 Jul 67 - Sep 67
BC-4) *Wake Is, (BC-k4) 1 8 Jul 67 - Sep 67
*Christmas Is, (BC-4) L 9 Jul 67 - Sep 67
SA Paramaribo, Sur, 3k 3 Sep 67 - Feb 69
(PC-1000 and Bogota, Col, 36 5 Nov 67 - Feb 69
BC-L4) Manaus, Bra, 6 Nov 68 - Dec 68
*¥Curacao, Neth, . 60 1 Sep 67 - Feb 69
**Trinidad 45 8 Sep 67 - Feb 69
**Quito, Ecud,t 16 1 Sep 67 - Jan 69
**Villa Dolores, Arg.2 21 Sep 67 - Dec 68
*Beltsville, Md,° 10 Oct 67 - Dec 68
*¥Paramaribo, Sur.? 29 Sep 67 - Dec 68
1Bk, PC-1000 A - ANNA P - PAGEOS
N GI - GEOS I GII - GEOS II
EI - ECHO I

*Stations held fixed in their respective adjustments.
**Station positions constrained,

accuracies (one sigma) with respect to the fixed stations used in the

ad justment,
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Table 2 shows the horizontal and vertical coordinates and relative
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Table 3 is a tabulstion of the data in the current short arc

adjustment of the ETR project,

I

TABLE 3

SAGE READJUSTMENT OF ETR

OBSERVING

STATION SYSTEM SATELLITE OBSERVATIONS
Swan Is PC~1000 ANNA 17
PC-1000 GEOS I 11
Grand Turk PC=-1000 ANNA 15
PC-1000 GEOS I 12
Curacao PC-1000 ANNA 3
PC-10C0 GEOS T 23
PC-1000 PAGEOS 7
Antigus PC-1000 ANNA 9
PC=1000 GEOS I 14
Trinidad PC-1000 ANNA 2
PC-1000 GECS I 5
PC-1000 PAGEOS T
Semmes PC-1000 ANNA 6
PC~-1000 GEOS I 11
Hunter PC~1000 ANNA 5
PC-1000 GEOS I 3
SECOR GEOS I 7 (arcs)
Homestead PC-1000 ANNA 15
PC-1000 GEOS I 17
SECOR GEOS I 6 (arcs)
Ft, Meyers MOTS GEOS I 19
Herndon SECOR GEOS I 6 (arcs)
Greenville SECOR GEOS I 7 (arcs)

Table 4 lists other observation systems which may have observed

in the same short arcs as the USAF PC-1000 cameras in South America

from Sep 67 to Jan TO.
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TARLE L4

OBSERVATION SYSTEMS

NO, OF

SYSTEM STATIONS
Doppler 9
NASA STADAN 6
C-Band Radar and Optical Calibration Stations 22
SECOR 3
BC-k4 9
NASA Special Optical 9
SAO Optical 8

Total 66

2, Dynamic Satellite Positioning

During the past several years, ACIC has been engaged in Farth
Gravitational Model (EGM) development from satellite orbital tracking
data, surface gravity observations, and combinations of both data
sources, FExtensive studies have been made to determine the weighting
schemes and the relative merits of combining Baker-Nunn and Doppler
tracking data for EGM development from GSP satellites supplemented by
other available tracking data (see Table 5), Current efforts are
directed toward supplementing satellite tracking data with surface
gravity anomalies to determine an expanded set of harmonic coefficients,

At present, tracking data is belng processed for 15 satellites
as contrasted with the twelve described in TR 112, The additional
satellites are 1965-63A (SECOR 5), 1966-5A, and 1965-32A (Beacon-C),
excluding Explorer 19, The arcs in the data set are 18 days in duration
except for those from 1966-5A which are 15 days in length because of

limited tracking data, While fewer arcs are being used in the current
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solution, those selected are considered the best in terms of data
distribution, ete, The satellites, orbital characteristics, and
number of arecs are shown in Table 5,

Where both Baker-Nunn and Doppler data were available the two
were merged as were ANNA and GEOS I data, Where merging was not
possible, as with Beacon B (Explorer 22) and Beacon C (Explorer 27),
the number of arcs was expanded so that both Baker-Nunn and Doppler
data from the satellites would be included in the solution, A total

)

of 350 geophysical parameters -- station latitude, longitude and
¥ 5

N

height (above reference ellipsoid) for 31 Doppler and 13 Baker-Nunn
stations; gravity model consisting of all tesseral terms through 13,
13; and 19 pairs of resonance terms -- will be determined in addition
to the arc parameters, Since each set of arc parameters will be
uncorrelated with the other sets, the normal equation matrix will be
partitioned so that the maximum matrix to be inverted will be 350 x
350, Because a larger variety of orbits was used than would be
available from either data type alone, we expect the solution will

produce a consistent set of station locations for the Baker-Nunn and

Doppler tracking networks and an improved EGM,



SATELLITE #

TABLE 5

SATELLITE ORBITAL CHARACTERISTICS

NAME

1960
1961
1959
1965
1960
1962
1965
1961
1965
1964
1964
1966
1963
1961
1968

13A
31A
1A

32A
OB

60A
89A
15A
63A
01A
6UA
5A

L9B
28B
02A

Courier 1B
Transit 4B
Vangd 2
Beacon C
Echo Rock
ANNA 1B
GEOS I
Tran LA
SECOR 5

Beacon B
63041

MIDAS
GEOS II

Semi-major

axis (km}

4T3
T415
8307
7512
7977
7514
8079
7323
8165
7306
7367
Thoo
THTT
10008
7708

inclination Perigee Apogee # of
e (deg) (km) (km)  ARCS
LO1T 28.3 977 1278 3
.010 32.4 970 1166 2
.16k 32.9 560 3Lko 3
. 025 .2 973 1365 6
.010 yr.2 1500 1750 3
007 50,1 1080 1213 3
073 59.4 1153 1690 3
. 008 66.8 880 1038 3
.080 69,2 1170 2508 1
.00k 69.7 938 %3 3
.012 79.7 915 1115 b
.024 89.7 893 1260 2
. 00k 90.0 1108 1150 3
.012 95.9 3500 3873 2
.032 105.8 1084 1576 3

Determining an earth gravitational model from satellite tracking

data requires that orbital perturbations resulting from a particular

harmonic coefficient be greater than the noise level (observational

error) of the tracking data.

Computations have been made with current

estimates of the coefficients to estimate the magnitude of the perturba-

tions through degree and order 2k,

The results indicate that most

perturbations are less than 10 meters for coefficients from degree 1k

through 24 except for the resonance terms,

Consequently, 1f the higher

degree and order coefficients are to be determined, extreme precision

will be necessary in future tracking data and/or satellites at lower

altitudes will be necessary.
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Since lower altitude satellites would complicate the problems
associated with drag, the satellites would probably have to be drag-
free. Adequate surface gravity data to define the higher degree terms
provides another approach, Improvements for some of the lower order
coefficients could be expected from tracking data on satellites with
lower inclinations since 28° is the lowest inclination currently
available, The proposed PEOLE satellite (i = 14°) could provide data
in the void region, There are inclination gaps of approximately 10°
in existing sets of data and data from inclinations that would fill

these gaps could lead to some improvements,

-

3. Summary

Geodetic Satellite Program data has proven a necessary and valuable
supplementary source for Air Force geodetic satellite projects. The
short arc work in South America and the long arc worldwide project would
not be Teasible without this source of observational information. Future
needs for GSP data in the dynamic approach will depend on the avallability
of data for low altitude and low inclination satellites., The short arc
method will be used to position selected sites and data will need to be

augmented with observations from the Geodetic Satellite Data Service,
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INTRODUCTION

This paper contains the results of an NGSP geodetic, short-arc solu-
tion from optical observations of PAGEOS. The simultaneous, short-arc
adjustment produced excellent results.

Observations used in this solution included all BC-4 camera data
on the PAGECS satellite évailable from thé NASA Data Center. The obser-
vations were collected from the Phase I sites, Figure 1, and were final
reduced by the Coast and Geodetic Survey according to procedures given
in Re%erence 1. The satellite directions are given for each image of
the traces in terms of apparent right ascension and declination uncorrected
for satellite parallax, phase angle, and aberration. The observational
time is given in UT-1 system with corrections applied to refer the time
to the adopted longitude of NAD relative to the Naval Observatory. The
PAGEQCS field work has progressed appreciably beyond the Phase T stage but

the data frow these other phases have not been deposited at the Data Center.

METHOD OF REDUCTION
The short-arc solutions were obtained by using the NEC-EMBET (N-Enoch
Orbital Error Model Best Estimate of Trajectory) approach which was devel-
oped by DBA Systems, Inc. [2]. Unlike ﬁhose data reduction methods where
the orbit model is Keplerian or where it is repfesented by polynomials,

the NEO-EMBET technique is carried out in a rectangular, inertial coordinate
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sysﬁem resulting in three second order differential equations. The orbital
integrator is that developed by Hartwell [3]. Hartwell developed the recur-
sive analytic continuation technique wherein each coefficient of the power
series is formed in terms of its predecessor. The series solution to the
system of differential equations truncates the gravitational potential at
n=7, excluding non-zonal terms. This tecﬁnique of handling the orbital
solution precludes singularities due to small orbital eccentricities and
instability due to very short orbits.

ﬁEO~EMBET uses two categories of parameters; namely, the inner loop
parameters and the outer loop parameters. In general, the outer loop param-
eters are those which are common cver all satellite passes, and the inner
loop parameters are those which change from pass to pass. The coordinates
of the observing sites are the most common set of outer loop parameters and
the six orbital eleménts are typical inner loop parameters. A large
scale, simultaneous adjustment of inner and outer loop parameters becomes
practical by»taking advantage of the highly patterned system of normal
equations. The inner loop parameters in the normal equation system are

6 X 6 block diagonal matrices.

RESULTS

Starting Coordinates

In order to obtain approximate starting coordinates on an existing
earth centered system, the local datum ccordinates of the BC-4 net was

transformed to the SAO-C7 Geocentric System [6]. The quantities used to
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effect the datum shifts were the following:

SAO-C7 = NAD + [ X=-26m, Y= 155m, 2Z= 185m ] (1)
SAQ-C7 = ED + [X=-92m, Y = -132m, Z = -143m ] (2
SA0-C7 = 01d Haw. + [X= 59m, Y= 263m, Z = -203m ] (3

The stations receiving d;tum shift (1) were Beltsville (6002), Moses Lake
(6003), and Shemya (6004); shift (2) was applied to stations Catania,
Sicily (6016), Tromso, Norway (6006), and Mashhad, Iran (6015); and shift
{3) was applied to station Maui, Hawaii (6011). Stations Thule, Green-
land (6001), Gigedo Islands, Mexico (6038), Lajes AFB, Azores (6007),

and Wake Island (6012) were either astronomic or map-scaled positions and
received no shift to C7. The last station, Hohenpeissenberg, W. Germany,
was defined on the 0ld Bavarian Geodetic Datum and it was shifted by

X = 620m, Y= 4m, and Z = 418m, to place it on the SAC-C7 system. The
local datum positions and the SAO-C7 starting positions for these stations
are given in Tables i and 2. The C7 system was further enforced through

the following SAO earth constants:

a, = 6 378 142 m, ellipsoidal semi-major axis,
g1 o 298.255, ellipsoidal flattening,
14 3 -2 . . .
GM = 3.986009 X 107 m~ sec °, Constant of gravitation times the

Earth's mass.



J, = 1082.639 X 10
-6
Jy = -2.565X 10
J, = -1.608 X 1070 Zonal coefficients of the
Earth's gravitational field.
Jg = -0.174 X 1076
-6
Jo = 0.542 %10
-6
1, = -0.419 X 10

Initial Orbital Elements

The approximate position and velocity vectors for each orbit was
obtained by selecting three simultanecous observations from two stations
and geometrically intersecting these points to obtain the X, Y, Z space
position of the satellite. One point was taken at the center of the
satellite trace and the other two points were taken at the two ends of the
shortest arc. The position of the mid-point was used as the position ven-

AX AY AZ

tor of the orbit and differences 60 A A

At = time increment, were
used as average velocities. The station coordinates used for triangulat-
ing the orbit were the local datum positions, astros, or map-scaled loca-
tions as given in the NASA Station Directory and as shown in Table 1. The
approximate orbital elements obtained in this mamner were sufficiently wel

determiried as not to require more than two or three iterations before con-

verging to a final set.

1
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TABLE 1

LLOCAL COORDINATES OF THE BC-4 PAGEOS SITES

(PHASE 1 STATIONS)

Sta. No. | Sta. Name Latitude (N) Longitude | h*(m) Datum
6001 Thule, 76° 30" 00Y000 |291° 27' 30.000E | 215/ Astro
Greenland :
5002 Beltsville, 39 01' 39'003 {283 10 26.942E | 44/45 NAD-27
Maryland
6003 Moses Lake, 47 11 07"132 240 39 48.118E | 369/358 |NAD-27
Wash.
£004 Shemya, 52 42 54"894 |174. 07 37Y870E | 35/-9 NAD-27
Alaska ,
6006 Tromso, 69 39 44'336 | 18 56 31.920E | 106/ ED
Norway .
8007 Azores 38 45 36Y725 | 27 05 38.936W | 52/-32 lLocal,
Internat
5011 Hawaii; 20 42  38'561 (203 44 28.529E | 3048/ 014
Maui ‘ Hawaii
6012 Wake Is. 19 17 239227 |166 36 39.780E 2/ Local
Astro,
Int.
6015 Mashhad, 36 14 29"527 | 59 37 42.729E | 9897953 |ED 1950,
Iran Int.
6016 Catania, 37 26 42'628 | 15 02 47.308t ! 8/46 | ED,Int.
Italy
5038 Socorro, 18 43  44"93 |110 59 20.72E 21/-13 | Astro.
- Mex.
6065 Peisen, 47 48 079139 | 31 01 29.507E | 943/ 01d
W. Germany Bavarian
* b {@}: elevations in meters above mean sea ]eve] and above the

ellipsoid, respectively.
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TABLE 2

STARTING COORDINATES

Station Latitude (N) Longitude AW%%%ude
- {m

6001

Thule, Greenland 76° 30' 00.00" 291°‘27' 30.00" 215
6002* '

Beltsville, Md. 39 01 39.33 283 10 27.36 10.4
6003*

Moses Lake, Wash. 47 11 06.43 240 39 43.43 347
6004*

Shemya, Alaska 52 42 50.02 174 07 29.80 78.4
6006*

Tromso, Norway 69 39 44.77 18 56 23.14 97.5
6007

Azores 38 45 36.72 332 54  21.06 103.3
6011*

Maui, Hawaii 20 42 26.70 203 44 37.66 3059
6012

Wake Island 19 17 23.23 166 36 39.78 23
6015*

Mashhad, Iran 36 14 26.00 59 37 43.45 596
6016*

Catania, Sicily 37 26 38.54 <15 02 43.10 17
6038 |

Gigedo, Mex. 18 43 44.93 249 02 39.28 -8
6065*

Hehenpeissenberg ‘

W. Germany 47 48 03.76 11 01 24.01 954

* On 'the C7 System

f .
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Station Sigmas

-3

he starting C7 coordinatcs of ‘the BC-4 sites were constrained by
modest amounts as compared to the actual estimates of station accuracy
published by SAO. A priori'sigmas of 300 metrers in geodetic latitude and
longitude and 100 meters in ellipsoidal height were applied to astronomic
stations Thule, Azores, Wake Island and Gigedo; 80m in 1a;itude, longitude
and height were applied to stations Shemya, Tromso, Maui, Sicily, Mashhad,
and Hohenpeissenberg; and 8 meters in the three position compcnents was
applied to Moses Lake. Station Beltsville (6002) served as the origin of
the network and its coordinates were held fixed at the C7 values. The
small sigmas of 8m for Moses Lake were chosen so that they would correspond
to a scale of approximately one part in 400,000 between it and the Delts-
ville station. This scale is compatible with the scale of the orbit pro-
vided by GM - 398601 * 1 km> sec 2.

The results of the adjustment proved that the above positional con-
straints were realistic. Only in two cases did the station corrections
exceed one half of the value of the constraint. The exceptions were the
astro station Gigedo which moved 399 meters northward and Mashhad which
changed by 88m and 83m in geodetic latitude and longitude, respectively.

The observational sigmas were taken as one second of arc.

Adjustment bv Short Arcs

The short arc adjustment was generated with essentially no con-
straint on the orbital elements. The standard deviations of the position

, 0 . 8 . T
and velocity vector of the orbits were set at 10 meters in all six
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components so that the orbit would adjust freely. Only every other data
point of the satellite trace was used in the solution. The solution in-
volved 423 unknowns: 390 orbital elements and 33 station parameters, using
approximately 16,250 observgtions. Table 3 shows the orbits (events),
participating stations, and the orbit residuals. TFigure 2 shows the station
network.

The station corrections relative to the starting C7 coordinates are
shown in Table 4 in terms of geodetic latitude, longitude, and height.
Aside from the initial astro stations, most of the station movements
leok fairly good in view of the amount of data available. The standard
deviations are a bit smalier than expected but they certainly should not
be larger than twice their listed values. One of the more surpriszing
aspects of the results was the uniformity and the relative low sigma
values in station height. It had becn expected, based on previcus
geometric solutions and various simulation studies of geometric nctworks,
that these sigmas would be 1.5 to 2 times higher than the sigmas in the
latitude and longitude components. As it turned out, the magnitude of
c,, Was the same as o¢ and OA - a fact probably attributable to the uni-
form scale provided by GM over the whole network.

From inspecting Table 4, one can make the following general remarks
regarding the adjustment: 1) the movement of station Thule was to be
expected in view of its initial map-scaled position, 2) Moses Lake,

assigned a ¢ of 8 meters, changed consistent with the NAD posi-

o] J
> "X "h
tional accuracv relative to Beltsville, 3) Shemya's positon on NAD has
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TABLE 3

ORBIT RESIDUAL

Residuals Residuals
(RMS) (RMS)

Orbit Station Sec of Arc Orbit Station Sec of Arc
RA cos 8| Dec RA cos & Dec
2472 6007 1.6 1.8 2891 6006 . 1.6 2.4
6016 1.6 2.2 6016 1.9 2.2
2497 6002 0.9 0.8 2893 6001 1.1 1.8
6003 1.1 1.2 6002 1.2 1.4
2505 6007 1.8 1.4 2894 6001 1.3 1.8
6016 1.2 1.4 6011 3.0 2.4
2520 6007 2.0 2.4 2909 6002 1.6 1.6
6016 1.4 1.8 6007 2.2 2.6
2523 6002 1.1 1.0 - 2958 6006 1.7 2.4
6003 1.0 1.4 , 6016 2.2 2.2
2531 6002 1.6 1.2 3173 6001 1.7 1.8
6007 1.8 1.8 6003 1.0 1.0
2542 6002 0.8 0.8 3185 6001 1.0 1.6
6003 1.2 1.2 6003 2.0 1.2
2611 6015 1.6 1.4 3352 6016 1.5 1.6
65016 1.6 1.8 - 6065 1.7 1.8
2626 6006 1.6 2.2 3409 6004 2.0 2.6
6016 1.4 1.8 6012 1.4 1.8
2646 6006 1.3 1.8 3429 6006 1.6 2.4
6015 2.7 1.8 6065 1.3 1.2
2661 6003 1.2 1.2 3436 6001 1.6 1.4
6011 2.1 2.2 6006 2.9 2.8
6012 1.4 1.6 3447 6016 1.4 2.2
2672 65003 1.0 1.2 6065 1.7 1.8
85011 1.5 1.6 3448 6001 2.2 1.4
2675 6007 1.8 2.2 6006 1.6 2.0
6016 1.4 1.8 3481 6001 4.2 1.4
2678 6003 1.0 1.8 6006 2.1 2.0
6011 1.6 2.0 3483 6001 3.5 1.6
2679 6011 1.7 1.8 6004 1.9 2.2
6012 1.6 1.8 6006 2.2 2.8
2694 6002 1.2 1.2 3488 6004 1.7 1.8
6007 1.4 1.2 6011 1.9 1.8
2703 6011 2.1 2.2 3535 6001 1.2 1.4
6012 2.8 3.2 6016 3.1 3.2
2736 6011 2.1 2.4 3538 6001 1.2 1.4
6012 1.7 2.0 6002 1.2 1.4
2818 6006 1.2 1.4 3539 6002 1.0 0.8
6016 3.0 2.8 6003 1.0 1.0
2866 6004 1.5 2.0 3545 6015 1.5 1.6
6012 1.9 1.8 6016 1.8 1.6
2883 6006 1.4 1.8 3569 6001 1.2 1.6
6007 2.5 2.2 €002 1.2 1.4
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TABLE 3

ORBIT RESIDUAL (Continued)
Residuals Residuals
(RMS) (RMS)
Orbit Station Sec of Arc Orbit Station Sec of Arc
RA cos & Dec RA cos & Dec
3772 6001 1.5 1.6 4259 6002 1.4 1.4
6065 1.2 1.0 6038 2.4 2.7
3775 6001 1.2 1.4 4267 6002 2.0 1.8
6004 1.8 1.8 6003 1.0 1.6
3787 6001 1.8 1.6 6038 1.6 1.4
6002 1.8 1.6 4276 6003 1.5 1.2
3795 6001 1.5 1.6 6038 3.2 2.8
6003 2.1 1.2 4406 6011 1.4 1.8
3837 6001 1.3 1.6 6038 1.8 1.4
6003 1.9 1.6
2939 6006 1.5 1.8
: 6065 1.8 1.4 Average |= 1.7 = 1.8
3978 6003 1.8 1.6
6004 2.1 1.4
4020 6005 1.7 2.0
€065 1.2 0.8
4061 6001 1.7 2.0
6003 1.6 1.8
4083 €006 1.4 1.8
6007 4.2 2.8
4182 6007 1.9 1.2
6003 2.5 1.4
6038 1.5 2.6
4196 €003 1.3 1.8
£038 2.1 2.2
4210 6007 2.3 2.2
6065 1.3 1.2
4212 €003 1.0 1.8
6011 1.3 2.0
6038 2.9 3.2
4233 6015 1.7 2.0
6016 3.0 2.6
6065 1.1 0.8
4236 5002 1.1 1.6
6003 1.2 2.6
4244 6002 1.2 1.4
6038 2.4 2.0
4245 6011 2.8 3.2
6038 z.4 2.2
4251 6001 1.2 1.4
6002 1.0 1.2
6038 1.9 1.6
11
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TABLE 4
CORRECTIONS TO PROVISIONAL COORDINATES
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never been considered more accurate than 50 meters in its horizontal posi-
tien, consequently a shift A¢ = -57m, AX = ~68m, and Ah = -38 should be
evpected, 4) the shift to Tromso are essentially within the estimated
accuracy of the SA0O-C7 system, 5) Azores is an astro and its geodetic
shift is difficult to estimate but the values listed are acceptable,
6) Hawaii is definitely within the C7 uncertainties, 7) Wake is an astro
and its corrections look valid, 8) Mashhad's corrections appear larpe
based on our present knowledge of the ED extension to that area, 9) sta-
tion movements for Catania and llohenpeissenberg are of the order expected,
and 10) Gigedo is an astro and could well receive a shift of A = 39%m,
Ax = 50n and Ah = 12m.

The final positions of the solution are listed in Table 5.
Orbit Residuals

Table 3 shows the root mean square (RMS), about the mean of the
residuals for each orbit in the adjustment. The average RMS from all
entries in this Table is 1.7 arc sec in right ascension and 1.8 arc sec
in declinations. These values are almost jdentical to the results ob-
tained from earlier work which involved the rcpresentation of the PAGEOS
traces by orthogonal polynomials. The RMS of this werk averaged 1.7"
and 1.6" in right ascension and declination, respectively. The slight
RMS difference in declination, (1.8" - 1.6" = 0.2"), between the orbit
residuals and the polynomial fit is probably dué to the larger number of

orbits used in obtaining the mean RMS from the polynomial results,

14



TABLE 5

FINAL COORDINATES OF SHORT ARC ORBITAL ADJUSTMENT

(2= 6378 142, f'lz 298, 255)

Station ® (N) /7 X (m) A (E) /Y (m) (my / Z (m)
6001 76° 30" 04.73" 291° 27' 54.43" 188.6
546 554m -1 389 990m 180 202m

6002* 39 01 39.33 283 10 27.36 10.4
1 130 773 -4 830 833 994 706

6003 47 11  06.60 240 39 42.70 334.6
-2 127 831 -3 785 842 656 029

6004 52 42  48.11 174 07 26.04 40.0
-3 851 788 396 420 051 319

6006 69 39  45.31 18 56 25.69 78.0
2 102 913 721 648 958 139

6007 38 45 35.46 332 54 23.57 119.6
4 433 660 -2 268 179 971 641

6011 20 42 26.71 203 44  37.69 3035.0
-5 465 988 -2 404 386 242 199

6012 19 17 28.32 166 36 39.79 18.4
-5 858 557 1 394 51 093 808

6015 36 14 23.22 50 37 47.09 1001.0
2 604 337 4 444 269 750 279

6016 37 26 37.89 15 02 43.10 41.9
4 3896 430 1 316 145 856 647

6038 18 43 58.24 249 02 41.02 4.3
-2 160 983 -5 642 717 035 369

6065 47 48  02.8¢ 11 01 24.01 949.7
4 213 588 820 820 702 735

* 6002 Beltsville, was held fixed on the SAO, C7 System; the shifts
applied for North American Datum to C7 system were:

X
Y
Z

~ o~ e~
a0
~NN N
— et
i H L

= X (NAD) - 26m
Y (NAD) + 15&m
Z (NAD) + 185m

15



Table 6 shows the residuals of Table 3 grouped according to observing
stations and camera systems; the 300mm FL and 450mm FL camera. Notable
in thils table are the slightly larger mean RMS for the BC-4-300 system.

The average RMS for each camera is:

n

BC-4~450: R.A. cos § = 1.6", Dec 1.6"

BC-4-300: R.A. cos § - 2.0", Dec = 2.1"

These RMS'® are within 0.1 arc seconds of the corresponding mean from the
Orthogonal Polynomial fit.

Correlation

Statistics on each orbit resulting from the short arc solution are
too voluminous to include in this paper; however, the overall results
can be adequately illustrated by two orbits (Tables 7, 8, and 9).

Orbit 4236 in these tables shows appreciably larger sigmas and a
higher degree of correlation than orxbit 2472. If we also look at Table 10
we note that orbit 2472 represents a fairly strong geometric situation.
Both satellite traces are fairly long, both traces are about the same
length, and the excursion in elevation angle is also good from both
observing stations.

Tt can also be seen frbm Table 10 that orbit 4236 has a less amount
of observational overlap and shorter range in elevation angles. These
conditions lead to higher correlation among certain orbital parameters
than we had for orbit 2472. Orbit 4236 represents the extreme case of

correlation rather than a representative case. The correlation matrices

for most of the orbits are very similar to the resulte of orbit 2472, Table

86 16
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TABLE 6

ORBIT RESIDUALS GROUPED ACCORDING TO STATIONS

Total Orbits

(Sec.)

(Sec.)

Observed Station RA X 005 8 Dec Camera F.L.
18 6001 1.7 1.6 450
17 6002 1.3 1.3 450
19 6003 1.4 1.5 450

6 6004 1.8 2.0 450
14 6006 1.7 2.1 150
10 6007 2.2 2.1 300
1 6011 2.0 2.1 300

6 6012 1.8 2.0 300

4 6015 1.9 1.7 300
14 6016 1.9 2 1 300
10 6038 2.2 2.2 300

7 6065 1.4 1.3 450

17
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TABLE 9

CORRELATION MATRIX: ORBIT 4236

Stations 6002, 6003

X Y z X Y z
X 1 -.96 -.72 .97 .94 -.41
Y B -75 .90 .99 -.44
Z 1 -.68 -.74 -.80
X 1 87  -.38
Y 1 - .46
z 1
TABLE 10
ORBITAL SFPAN
, _ Time (Sec.) DECLINATTON Angles (Deg.) !
Orbit Station
- Start End Span Start End Span
2472 5007 290 685 394 34 53 19
6016 332 652 320 53 74 27
4236 6002 12875 13004 129 9 1 8
6003 12842 12891 49 2 0 2




90

Comparison of Results

Since the final positions of the short-arc solution should reprcsent
geccentric coordinates, it is desirable to check itg values with another
set also derived by the dynamic method. The two‘stations to be compared
below are two necarby stations of the TRANET and PAGEOS net; the TRANET
station coordinates having been solved for by NWL, reference [4]. The
local survey information tying the stations is available from the NASA
Station Directory so that the position of the PAGENS site can be recon-
structed from the TRANMET station.

The comparison for stations Hawaii (6011) and Shemva (6004}, with

respect to the NWL results, reference [4], are as follows:

20



60171, Hawaii, (NWL & BC-4 Comparison)

Latitude (N) Longitude (E) H?é?htm
NWL Positicn (7100), C7 21° 31' 15.49" 202° 00' 09.04 405
Local Survey - 48 48.30 1 44 27.92 -
Position of 6011 20 42 27.19 203 44 36.96 -
Short Arc Solution 26.71 37.69 3035
Difference 0.48" -0.73" -
Difference (m) 12m -20m -
6004, Shemya, (NWL & BC-4 Comparis?n) . T
‘ Latitude (N) Longitude (E) ) ﬁ
NWL Position (7739), C7 52 42 55.37 ’]74 06 38.46 46
Local Survey -6.63 46.44 -4
Position of 6004 52 42 48.74 174 07 24.90 42
Short Arc Solution 48.11 26.04 40
Difference 0.63 -1.14" 2m
Difference (m) 18m -17m 2m
/

20a
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The agreement with the NWL solution is quite good inasmuch as the
NWL estimated accuracy for Hawaii and Shemya are 15m and 25m, respec-
tively.,

A more direct comparison can be made with respect to an 0OSU solution,
refercnce [5], which also employed the short—arc method in the adjustment
and also uscd BC-4 PAGEOS data. The OSU solution held the Beltsville
station as the origin of its triangulation and solved for the coordinates
of three other stations (6003, 6001, 6038) on the C5 system.

After converting the OSU C5 coordinates to the C7 a, = 6378 142 and f

{inverse) = 298.255, the agrecement for station Gigedo (6038) is as follous:

0OSuU 18° 43" 58.43"™ 249° 02" 41.38" 19m
Short-Arc 18 43 58.24 249 02 41.02 4m
Difference 0.19 0.36 15m
Diffcrence (m) 6m 10m 15m

In view of the fact that the scale of the 0SU solution was provided
by rhe chord distance between 6002 and 6003 as derived from their NAD co-
ordinates, the agreecment is as good as can be expected.

As an additional test for consistency, the twelve BC-4 station coor-
dinatecs were also used in a least squares solution to compute the ellip-
soidal semi-major axis, s and the semi-minor axis, be'. This was accom-
plished by computing the total geocentric radius for each station, sub-
tracting the mean sea-level height from it, and fitting the resulting X,Y,Z
coordinates at mean sea-level to the standard ellipsoidal expression. As
expected, the results for both a, and be were not very good, the flattening

computing to 1/297.60 with a correlaticn between ag and be of 0.7. However
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when the flattening was inforced to 1/298.255, the resulting semi-major

axis was a, = 6378 141 meters.

A value of a, = 6378 141.5m was achieved when the Baker-Nunn stations
on page 87 of reference [6], were added to the solution with the BC-4
positions.

SUMMARY

The coordinates of the BC-4 (phase 1) sites from the short arc solu-
tion are determined to an average standard deviation of 18 meters in each
positional component based on the assumption that each satellite dircc-
tion was good to 1 sec of arc and by using every other data point of cach
trace. If a mean observational sigma of 1.7 scc in beth right ascension
and declination had been used (as suggested by the RMS of the station
residuals) the resulting sigma in position would have been abeut #12 meters.
The 12m also appears to be a more rcalistic value from comparisons with
Doppler at stations Hawaii and Shemya which show an agieement of 14 meters
in cach coordinate, and the comparison with O0SU for Gigedo is also within
the 12 meter value. Based on these comparisons and for reasons givon
below, it is felt than an accuracy of #15 meters is a valid estimate for
the final coordinates. Future large-scale determinations incorporating
more PAGTOS stations and more data should improve this accuracy by a factor
of two.

The station corrections resulting from the short arcs (Table 4) are

=4

all realistic except for stations Shemva, 6004 and Mashhad, 6015. Since
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the comparison of Shemya with the Doppler solution is in good agreement,
the magnitude of the corrections must be due to a weak geodetic connection
of that area relative to NAD and hence to C7. The large corrections for
Mashhad, however, cavnot be attributed to a similar cause. The fact that
this station is at the edge of the triangulation network tends to suggest
this as a possible cause but the results for other outlying stations do
not confirm it.

The final coordinates of the BC-4 stations (Table 5), including those
fer Mashbad, were used to compute an equatorial radius by removing the
mean sea level heights from each geocentric radii and enforcing a meridional
flattening of 1/298.255. The results of that computation produccd an
earth vadius of 6378 141lm. A similar solution using the C7 coordinates
of the RBaker-Nunn sites with the BC-4 stations produced a radius of 637
1 42m. As evpected, a computation of both axes, equatorial and polar,
produred Inferior results duc to the small number and distribution of

these stations.

94
23



Butler, L.M.

Brown, D.C.

Hartwell, J.G.

Anderle, R.J. and

Smith, S.J.

Schwarz, C.R.

Gaposchkin, E.M.

REFEREMNCES

Computer Program for Single Camera Orientation,
B.R.L. Report No. 1268, December 1964,

Advanced Techniques for the Reduction of Geodetic
SECOR Observations, D. Brown Associates, Inc.,
July 29, 1966.

A Power Series Solution for the Motion of an Arti-
ficial Satellite and its Concomitant Variational
Fquations, D. Brown Associates, Inc., April 16, 1968.

NWL-8 Geodetic Parameters Based on Doppler
Satellite Observations, NWIL Report No. 2106,
July, 1967.

The Use of Short Arc Orbital Constraints in the
Adjustment of Geodetic Satellite Data, OSU Depart-
ment of Geodetic Sciences Report No. 118, 1969.

Dynamical Determination of Station Locations Using
GEOS-I Data published in Geodetic Satellite Results
During 1967, SAO Special Report 264 Ed. by C.A.
Lundquist, December 1967.

95/96



DATA ACQUISITION WITH THE PC-1000 CAMERA SYSTEM

N. R. Goff
1st Geodetic Survey Squadron
F. E. Warren AFB Wy. 82001

Prepared for

GEOS~2 Review Conference

June 22-24, 1970

97/98



DATA ACQUISITION WITH THE PC-1000 CAMERA SYSTEM

N.R. Goff

INTRODUCTION:

The development of optical satellite triangulation camera
systems grew out of work with kallistic cameras which were used
to study missile trajectories during the 1950's. With the coming
of the satellite age in the late 50's, the basic theory had
been developed to tvse satellites photocrarhed against a star

backgrcund, for gecdetic positicning.

The first data were collected by photographing an active
{flashing light) satellite against a star background. This re-
quired phctographing stars before and after each satellite event

to orient the camera direction precisely.

ANNA 1B was the first successful active optical satellite.
The optical beacon consisted of twc pairs of Xenom-filled
strobescopic lamps with reflectors. An emergency manual
over-ride system (EMOS) was used to trigger the lamps through-
ott most of ANNA's life. Five flashes were producea about 5
seconds apart having a duration of 1.2 milliseconds, and a light

outprut of 8800 candle seconds.

GEOS B, which was a follow-on active satellite, is =till operable
although two of its lights are dead. Even with this limitaticn,
successful missions were being executed up until its shutdown, due

to funds shortage, in early January of this year (1970).

The next generation of geodetic sateliite was the passive
(sun illuminated) variety of which ECHO I, ECHO II, and PAGEQS
are examples. The camera shutter was opered and closed very
rapidly to chop the satellite trail and provide point images of
the satellite. This technique required basic changes in camera

shutters and timing.



The first PC-1000 camera system, had the electronic camera
control and timing equipment housed in a van and the camera installed
some distance away. The electronics system, compared to today's
standards, was extremely primitive. Shutter programming was
done by a rotating aluminum disk, that could not be readily
changed to alter the program sequence. Timing was done by
electro-mechanical clocks with a drift rate of 4 to 5 milli-
seconds per hour. Timing accuracies and shutters in this system
were not adequate to collect geodetic quality data from passive

satellites.

The second generation system, called MOD II, was then developed.
This system had several improvements over the MOD I. The
timekeeping portion of the system was improved so that time
could be kept to one part in 1010. The system, however, still
lacked the chopping shutter required to record geodetic data

from passive satellites.

The next improvements, MOD III, were made to incorporate better
time recording, better shuttering and lighter weight. The
first MOD III systems were more portable, more automatic, more
accurate and had the first passive satellite capability. Later
an internal shopping shutter was incorporated to allow even more

and faster data collection.

It is relevant to note that the only component of the system

not changed was the camera itself.

The lens used is the F5 40 inch Baker lens developed by
Dr. James Baker of Harvard University in the early 1940's.
This lens was developed for high altitude reconnaissance use.
It was developed to be distortionless. By the standard of that
day it was the most nearly perfect lens, metrically, of its time.
And, although numerous lens manufacturers have been contacted,

a better lens has not been found.
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CAMERA CALIBRATION:

The various lens distortion characteristics necessary for
accurate data reduction are precisely computed from calibration
plates shot for this purpose. Comparison studies of lens
distortion values over long periods show that the PC-1000
is very stable. This stability, plus the narrow field of view of
the camera, make daily calibrations unnecessary. When a camera
is first moved to an operational location, zenith plates are
taken for a camera calibration. To insure continuing accuracy
of the derived lens distortion values, calibration is repeated on
site once per month. It is also done each time the camera is
moved to a new location or disassembled for maintenance. Shutter
calibration of the internal shutter is necessary for data reduction,
Photo diodes are placed behind each shutter to record the first
light of opening and the full opening point. These times are
recorded on a visicorder and used to determine the delays that
are encountered relative to electronic indicated times. The toler-~

ance for these calibrations presently is +50 microseconds.

SITE LAYOUT:

Prior to deployment of a stellar camera in the field, a
reconnaissance team of staff officers visits the area to be occu-
pied. This team selects the best available camera site location
based on weather conditions, on criteria established in DOD
"Guidelines for Geodetic Satellites Programs", and in the case of

South Vietnam, on security.

PAD CONSTRUCTION:

Site layout is determined by the recon team and arrangements
are made for pad construction, connection to power, and geodetic

survey connection to local control.
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CONEXES:
In Vietnam, protection of the electronic equipment was

sometimes provided by a CONEX container and sand bags.

COMPLETED PAD:

A General Reconnaissance Information Report is prepared by
the recon team immediately following the reconnaissance and

forwarded to the Geodetic Satellite Records Center.

A camera team consists of three-~man military personnel
including a ground power specialist, an electronics specialist,
and a precision photographic repair specialist. The team has
the capability to operate, maintain and perform minor repair in
the f£ield. The team members have technical school training in
their individual specialties prior to assignment to the 1lst
Geodetic Survey Squadron. Extensive training was given prior to
deployment to familiarize the personnel with the camerxra and
timing systems of the MOD III and to mold the team into a fast
efficient unit capable of meeting the demands of an all-night,
7~day schedule. The personnel are given specific practice
missions to execute. The procedures are repeated until they are
able to perform efficiently with active and passive shots, and
also with rapid swing shots. The teams are schooled in record
keeping, communications, plate handling, equipment set up, and

calibration plate execution.

TIMEKEEPING:

The components of the MOD IIT timekeeping system are:

The WWV receiver

The Loran C receiver

The VLF receiver (including a phase comparator chart recorder)
Frequency standard

Divider and display

Printer
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These devices are used to monitor the drift of an on-site
oscillator. Dividers in the system allow the frequency to be

related to real time for mission timing.

The printer allows the printout of UTC time of shutter function
during the mission. In addition to the above components, a
portable cesium beam atomic clock is transported to each site

on a four to six-week basis to insure correct time.

LOCK ANGLES:

Look angles are received at the lst Geodetic Survey Squadron
which Squadron selects specific look angles from these data to
permit intervisible observations at two or more stations. In
selecting these look angles, the following criteria are used:

The image size must be large enough to be "seen”; the sun's
elevation must be negative at least 15 degrees (i.e., 15°

below the station's horizon). Elevation angles must be greater
than 30°; the satellite must be between the two intervisible
stations. In addition, the sun must be in proper position for
passive satellite reflection and the moon must be out of the field
of view of camera. Strict quality control effort is exerted

to assure accuracy of look angle numbers used. Every number sent
to a field team is repeated three times as a check. The selected
look angle data is sent by message with voice radio and tele-~
phone communications used as a backup. Ordinarily, messages are
sent once a week. There are times when the look angle runs are

received late. To insure no break in observations when this
occurs, updates of the previous week's look angles are made and

sent to the teams, followed as soon as possible by the new data.

MISSION PLATE:

The actual observation program (pre-calibration - event -
post-calibration) has been well standardized for each satellite
to give optimum results on the plates. The selected program is
preset in the camera control unit which, when activated, executes

the entire program without further adjustments. For the
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pre-calibration, the internal shutter is open for two sets of

the following intervals: 4 seconds, 2 seconds, 1 second, .7
second, .3 second. The internal shutter is then left open for the
event while the satellite flashes. The internal shutter is then
used to perform two sets of post-calibration observations similar

to the pre-calibrations.

A passive satellite observation is identical except that
during the event time the internal shutter chops with 30 milliseconds

open, 470 milliseconds closed, for approximately one minute.

MULTIPLE SHOTS:

The team is capable of performing multiple observations on
a single satellite. That is, the teams are trained to swing
the camera and photograph the same satellite up to five times
on a single pass thereby multiplying the data collected. It is
possible to swing the camera, reload, and shoot again with 1 1/2
minutes between the last post-calibration and the next pre-cali-
bration, with only five or six minutes between actual events. This
multiple shot capability greatly increases the amount of data
collection possible with the PC-1000.

DATA PROCESSING:

The entire record of a stellar camera system consists of a
9~-inch x 9-inch glass photographic negative with its associated
timing record. The loss of either renders the data useless.

The processing, therefore, must be done very carefully to preserve
this record. After the plate has been exposed, it is sent to

the lst Geodetic Survey Squadron for processing and evaluation
along with the corresponding time record. The photographic plate
is processed and evaluated under strict laboratory conditions

by a highly trained civilian photographic specialist at the lst
Geodetic Survey Squadron at F.E. Warren AFB, WY. In early stellar

fort

<

L ;\
(o)



camera operations, the teams processed their plates in the field.
However, we have found that with central plate processing now
used, improved quality of data can be obtained with no loss in
operational efficiency and with considerable reduction in weight
of the camera system. The development of the plate at the home
station is rigidly controlled to get maximum data. Stars are
identified, satellites are located, and detailed records are

kept for later reference. If camera problems are identified in
this process and satellite difficulties are detected (such

as PAGEOS elongation and GEOS light problems), observation teams
and data reducers in the field are, of course, immediately notified.
In addition to plates, timing tapes are also processed at the lst
Geodetic Survey Squadron. The required corrections, such as
shutter calibration, time drift rate, propagation delay, and polar
motion are added to the raw times to adjust to Universal Time
(UT-1). This time is corrected to mid-event time in UT-1 and this
time and the corresponding plate are supplied to ACIC for use in
data reduction. A quality control method which uses a triple
check system insures that data is correct before being released.
From this point on, ACIC reduces the data to obtain gecdetic
positions. Data reduction techniques along with final computational
results will be covered by ACIC in their presentation which will
follow.
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Geoceiver as a Range Measuring System

ABSTRACT

As originally conceived, the Geoceiver was regarded as providing a measure of
the change in slont range over preset readout intervals of nominally one minute. However,
by virtue of the strict continuity of its cycle counting process, the Geoceiver may
alternatively be viewed as providing a measure of the change in range from the original
initiation of cycle counting to the time of readout of each cycle count. The conventional
view leads to range-difference observational equations involving unknown parameters
consisting of the coordinates of the tracking station and the frequency offset of each pass.
The alternative view leads to ranging observational equations involving an additional unknown
parameter for each pass consisting of the range of the satellite at the initiation of cycle
counting. The ranging approach must also taken into account as constrained parameters such
effects as: drifts in satellite and Geoceiver frequencies, the bias in the adopted value of
the satellite frequency, and residual tropospheric refraction (these effects can be negiected
over the short intervals involved in the range-difference approach). Despite the greater
complexity of its error model, the ranging approach is of such geometrical superiority that
it can recover coordinates of tracking stations to a much greater accuracy than can the
range~difference approach. In fact, if 2ntl denotes the typical number of readouts per pass,
the ranging approach can potentially generate coordinates having standard deviations only
about 3/n? as large as those resulting from the range-difference approach. Reduction of a
set of 14 passes of a U.S. Navy navigational satellite observed by a prototype Geoceiver
not only establishes the technical soundness of treating Geoceiver as a ranging system but
olso demonstrares that the standard deviation of Geoceiver ranging observations is on the
order of 0.10 meter. Numerical simulations employing this figure indicate that when the
ranging approach is adopted, a strong short arc net of Geoceivers operating over a period
of only two days can be expected to recover coordinates of participating stations to within
a few tenths of a meter over regions of continental extent.
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GEOCEIVER AS A RANGING SYSTEM )

By

Duane C. Brown

1. Introduction

In 1965 the development of a new doppler tracking system specifically optimized for
geodetic arplications was formally proposed to the US Navy by AFL. The proposed system,
the Geoceiver, wus designed to be fully as accurate as the TRANET system, but physically
was o be far more compact. Instead of requiring a sizable van and diesel generator, the
Geoceiver was to be hand~portable (capable of being carried on a commercial airliner as
ordinary luggage) and wes to consume only about 80 watts of electricity. Stansell, ef.al.
(1965) describes the physical characteristics of the Geoceiver in considerable detail (the

artist's concept of the Geoceiver shown in Figure 1 below is taken from this refercence).

In December 1968, a breadboard unit and a prototype unit of the Geocciver were
successfully tested at APL over a two week period during which scores of passes of Navy
Navigational Satellites were tracked. A co-located TRANET system and an AN/SRN-9
Doppler Receiver also participated in the test. Results from the reduction of the test are
reported by Smith (1969). Smith concluded that "the Geoceivers were shown to be able to
consistently produce position solutions of a quality comparable to the TRANET doppler

Stations." It is noteworthy that this conclusion was reached despite the fact that the data

rate of the Geoceiver (one readout per minute) was only one fifteenth that of the TRANET

system (one readout per four seconds).

As a consequence of the successful testing of the Geoceiver, the Depcrtment of
Defense placed an order with Magnavox Corporation to manufacture a total of 33 Geoceivers
with delivery to begin by early 1971. Of these, most are to be assigned to the Navy, and the

remainder to the Air Force and to the Army.

Intrigued by the potential of the Geoceiver and anticipating its successful development,

we at DBA Systems submitted in early 1966 an unsolicited proposal to AFCRL to develop a

(1) This work was supported by Air Force Cambridge Research Laboratories under Confract
F19628-69-C-0264, Mr. George Hadgigeorge, contract monitor.
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computer program optimized for short arc geodetic reductions with especial emphasis being
placed on the processing of the then-yet-to~be~-developed Geoceiver. This proposal resulted
in a contract award in September 1967, and the computer program SAGA (Short Arc Geodetic
Adjustment) was delivered in February 1969 (Brown, Trotter, 1969). It was not until late
1969, however, that actual Geoceiver observations from the December 1968 test, referred to

above, were made available to DBA by NWL (through AFCRL) for experimental processing
through SAGA.

In this paper we shall review the results of the SAGA reductions and shall consider

their implications to space geodesy — implications that may well be profound.

2. Geoceiver Observational Equations

The measurements made by Geoceiver are best explained with the aid of Figure 2 which

is taken from Brown, Trotter (1969). Plotted in the figure are cycles of beat frequency
(1 &f = £ -f

which are generated when the frequency f received from the satellite is subtracted from ihe
frequency f! generated locally by the Geoceiver oscillator. The output of the Geoceiver

consists of cycle counts of beat frequency defined thusly:
3

2) AN, = Af dt

2) I

in which T,_, and 7 represent the times of the first positive cycle crossings following successive
triggering marks T, and T, as shown in Figure 2. The triggering marks may either be
internally generated by the digital clock of the Geoceiver or else they may be recovered from
the timing words impressed on the satellite signal. The latter mode makes possible the determi-
nation of the absolute timing offset of the local Geoceiver clock with respect to the master
satellite clock to an accuracy of about 50 microseconds (one sigma). In the prototype Geoceiver
triggering marks occur at one minute intervals (an option for a 30 second interval will be

provided in the production models).
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An important point made clear in Figure 2 is that strict continuity of cycle count is

maintained by the Geoceiver, for, following readout, the counter is reset to zero before

the first positive cycle crossing of the next interval can occur. Accordingly, each and
every cycle of beat frequency is counted and the cycle count &N, being an integer, may
be viewed as flawless when the Geoceiver is functioning properly. The quantitics actually

subject to error are the times 7,_;, T, defining the beginning and end of each counting interval.

By virtue of the continuity of cycle count, it becomes admissible to write:

i

Ty To T,
L Afdt+leéfdf+...+f 2F dt

T,
=\ " Afd
(3) NJ J.o = ’TJ_1

+ AN

i

AN+ AN, .+ ANy = Ny

.
That is, the total cycle count from the original initiation of counting (7=0) to the end of the

3 th counting interval (T=T,) can be recovered simply by the addition of all cycle counts up

to and including the sth count. One might expect from @) that errors in successive N, would
be highly correlated by virtue of being formed from common 4N's. This is not the case,
however, when Geoceiver is functioning properly (i.e., no actual cycles are dropped from
each count nor are any spurious cycles added to each count), for the AN, being whole
numbers, are free of error. So too, then, are the cumulative cycle counts N, . As we have
already indicated, the quantity actually in error is the time T, associated with the cumulative

count N,. There is no reason to expect that errors in successive readouts T,, 7,_, will be

correlated to any significant degree.

If we ignore relativistic considerations, we may relate the measurements N, 7, made by
Geoceiver to physical properties of the satellite trajectory by means of the simple form of the

doppler equation,

in which
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r = dr/dr = rate of change of range between satellite and tracking station at

time 7,
f, = frequency transmitted from satellite,
f = frequency received at station at time T,
¢ = velocity of light in vacuo.

Let us further define:

f, = reference frequency generated by Geoceiver,
X = ¢/f, = wave length of frequency transmitted from satellite,
LfF = f) =f = beat frequency beiween received frequency and local reference

frequency.
Then the doppler equation can be expressed in the form:
(5) v o= ALE -0 (-] = A[AF+ (F-fA)].

Let us momentarily assume that fy and f! are constant over the tracking interval. Then we cun
integrate both sides of (5) between the start of cycle counting 7=0 and the end of the ! th

counting inferval T to obtain:

=%

6 -1, ZANJ+A(f;,—f,,)Tj

in which N is as defined in equation (3) and

u?
i

range at time 7= 7,

r, = range at time T= 0.

Equation (6) may be viewed as a simplified form of the observational equation relating
Geoceiver observations to changes in the range between tracking station and satellite. In

practice one must give consideration to the fact that the frequencies f, and f} are neither

perfectly known, nor are they perfectly stable. This can be accounted for by expressing f,
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and ) as:

fo = foy PO+ 1 T

) .
flo= f +0f +f5T

in which
fry, fhy = adopted values of satellite and Geoceiver frequencies,
of,, 0f, = biases in f,, and f), at 7= 0 (initiation of cycle counting),
f.n,f;) = drift rates of f, and f}, .

When these expressions are substituted into equation (5), both sides are integrated over the
interval (ﬁO,T:), and other sources of error are taken into account, the basic obervational

equalion for Geoceiver assumes the form derived in Brown, Trotter (1969):

:
© r = ANg=BE,T) v, ta 14 2) 1y va, 7]

tay(ry, =, T,) ta,r, *ag fE) + Ar,

in which
Xy = c/f,, = wavelength of adopted frequency of satellite oscillator,
Af, = fy - = adopted offset frequency,

and the error coefficients a, through a, are of the form

o}
i

of
o (I + : 2 ) r, = range at initiation of cycle count rescaled according to
” proportional error in adopted wavelength (Note: &f, /f., = 64, /A,),

a, = A (6f, =0f)) = X, x error in adopted frequency offset,
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a, = L Ao (fy =f1) = ! A, x relative drift rates,

2 2

a, = -(6f,/f,) = proportional frequency bias (satellite oscillator),
a, = 671, = bias in Geoceiver clock (relative to master clock) at initiation of cycle
count,
a. = error in coefficient used for correction of tropospheric refraction (Note:
FE) = 1/0sin E + (sin® E + k)" ] where E denotes elevation angle and k is a constant).
The term L7 in (8) accounts for a specific set of preprocessing corrections consisting of:

(a) two frequency correction for ionospheric refraction;

(b) rnominal correction for tropospheric refraction;

(c) correction for propagation delay;

{(d) correction for special relativistic effect (time dilation),

{e) correction for general relativistic effect (gravitation).

Explicit expressions for each of these corrections are given in Brown, Trotter (1969).

3. Range vs Range Difference Approaches to Geoceiver Reduction

Equation (8) provides the observational equation adopted in SAGA for the reduction of
Geoceiver observations. It is clear from (8) that if the error coefficients a, through a; were
somehow all accurately known, Geoceiver could be viewed as being the equivalent of a range
measuring system. The same consequence would hold if the error coefficients, though iritially
unknown, could be recovered within the reduction itself to a sufficient degree of accuracy.
'‘Sufficient’, in geodetic applications would mean that recovered coordinates of tracking stations
are not significantly compromised in accuracy because of errors in the recovered values of the

error coefficients.

From numerical simulations we have found that if equation (8) does indeed provide a
valid model, a sharp and effective self-calibration of the error coefficients can be effected,
even though a fresh set of coefficients must be recovered for each observed pass. Some of
these simulations will be discussed in detail later. Simulations, however, are at best a

guide. While they do demonstrate that, in theory, a short arc Geoceiver network is
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asymptotically equivalent to a ranging network, the question remains as to whether
Geoceiver observations can, in reality, be successfully treated in this manner. The validity
of the model can, of course, be established only through the reduction of actual cbservations.
Prior to any undertaking with actual observations, it is well that we consider just what should
be expected from a successful treatment of Geoceiver in accordance with the ranging model.
A good indication is provided by the Geoceiver error budget presented by Stansell, et. al.
(1965). This budget, which is reproduced in Table 1, indicates that for the ranging approach

to be successful, the rms error of the ranging residuals obtained from an adjustment based on
equation (8) should amount to only about 0.2 meters. An rms error in ranging residuals of

0.2 meters is clearly a formidable requirement, being fivefold smaller than has been expericnced
thus far with lasers and tenfold smaller than has been experienced with Geodetic Secor. Yet,

if we accept the error budget, on rms error significantly greater than 0.2 meters would be

indicative of unresolved systematic error and the ranging approach could not be sustained.

TABLE 1. Geoceiver internal error budget.

Error Source 150-400 MC V42-2324 MC

(cycles RMS) (cycles RMS)
Reference oscillator stability 192 156
Clock readout resolution .052 .042
Receiver phase shifts (doppler) .13¢ 136
Refraction count roundoff 045 .045
Receiver phase shifts (refraction) .059 091
Combined errors, cycles RMS .252 .234

meters RMS .19 .21

It should be made clear that equation (8) does not constitute the observational equation
that was originally envisioned by the developers of the Geoceiver and has subsequently been

adopted by APL and NWL. Instead, a range-difference equation of the form:

) Fy=rfyoy = AMAN +A (fo"fé)(TJ _75-1) + neglected higher order terms,



forms the basic observational equation used by these organizations (Stansell, et. al.,1965).
This result can immediately be derived by first evaluating equation (6) for times 7, and 7,
and then subtracting the second resulting expression from the first. If the time interval Ty=T
is not too great, the higher order terms (differential frequency drift, differential tropospheric
refraction, etc.) will not assume significance and thus can be ignored. The frequency offset

f,=f!, on the other hand, remains significant and is treated in APL/NWL reductions as an

unknown to be recovered for each pass observed from each stafion.

An objection that can be raised to the use of the range-difference approach based on
equation (9) is that it does not really exploit the continuity of the cycle count achieved by
the Geoceiver. Clearly equation (9) would remain valid if cycle counting were to proceed
only intermittently as in the TRANET system. With TRANET, a cycle count is initiated at
preset intervals (typically every four seconds) and counting continues until a preset number
of cycles has been accum‘ulcfed, whereupon the time interval of the count is read out and

counting ceases until the start of the next interval. If 7, , T, were to denote the beginning
3 J

and end of the yth counting interval, equation (9) could equally well be expressed as:

a

(10 Ar, = ry =1, = AN FAG =R, =7, )

where, for intermittent counting, Ty, AT When counting is truly intermittent, as with

“y+1°
TRANET, errors in successive range differences Ar’_1 ; ArJ are uncorrelated. However, when
counting is truly continuous (Tbj =T, 5-1)’ as with Geoceiver, errors in successive range
differences are negatively correlated, the coefficient of correlation being precisely ~0.5.
Unless this correlation is taken explicitly into account in the reduction, any special benefits

to be gained from continuity of cycle count will be lost.

What, then, are the benefits to be gained from full exploitation of continuity of cycle
counting? And why, indeed, should equation (8) with its greater complexity be preferred
over equation (9)? Although results to be presented in due course will clarify this matter, «

heuristic consideration of these questions is illuminating.

In Figure 3a we have indicated the character of the geometry pertinent to intermittent,

-10-
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Time:

NOTE: cos 0, ~ (rbn - run)/s

Tracking
Station

Figure 3a. Ilusirating essential gc;omoh'y of hypothetical tracking of
straight line hicjectory by system gencraling intermittent
. counts of beat frequency.

Time: 1o ty t, - ta

1
2

NOT.E; cos B, = ns/r, = ns/[(ns)® + r21®

Tracking (/7
_ Station

-

Figure 3b. Mlustrating essential geomelry of hypothetical tracking of
straight line by system generating continuous counts of
beat frequency.
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range~difference tracking of a straight line trajectory of constant velocity sampled at equal
time intervals. Because the trajectory is assumed to be known, each observed segment of
th 's' becomes tantamount to a known baseline, und the range difference system becomes

:
2

=
@

geometrically equivalent to a sequence of radio interferometers. Accordingly, each range
difference defines the direction cosine of the tracking station relative to the baseline defined
by the tracking interval. As indicated in the figure, the nth tracking interval (counted from

a midare origin taken as the point of closest approach) generates the observation:

(1) 4, = cos b, = (rbn—ran)/s.

[fvar (r, =r, ) = 07, it follows that the standard deviation of 4, is:
I n

12) o5 = o/s.
Yn

Figure 3b shows the corresponding situation for a range measuring system. Here, the value

cos 8 is defined by:

5 Y
{10

(13) 1, = cos O, = ns/rﬂ

and if var (r,) =02 (the sume value as adopted for var (r, -r, )), the standard deviation of 4,
n n

Inasmuch as 12 = 2+ (ns)®, equations (13) and (14) yield the relation:

2

. K2y
(s o, Joo = 1/(n+——) £1/n

- n
where K =r,/s. From this result it follows that a total of n® independent repetitions of
range~difference determinations of cos 8, must be averaged in order to yield a mean result as
accurate as a single ranging determination of cos 8_ . More generally, it follows that to yield

an end result (e.g., survey) equivalent to that to be expected from a set of N = 2n+1 successive
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ranges, one would require a set of approximately:
2012 +27 132 +...+n?) = 2n(n+1)(@2nH) /6= 2n° /3

range differences, a ratio on the average of about n”/3 range-difference observations for

each ranging observation.

Because of the necessity for recovering the zero set (r,) in range (along with other error
coefficients), the foregoing heuristic discussion holds only in an asymptotic sense for Geoceiver
(the stronger the tracking network, the more closely Geoceiver approaches being equivalent

to a true ranging system).

Even so, from related geometrical considerations one may conclude that a ranging system
can be expected to produce geodetic results of far higher accuracy than can o range difference
system having a comparable sampling rate and level of random error. This, then, provides
ample motivation for our attempt to treat Geoceiver as a ranging system by virtue equation (8)

the validity of which stems from the strict continuity of the Geoceiver cycle count.

3. Experimental Procedure

A set of fourteen of the passes observed by the prototype Geoceiver during the December
1968 test of the system was subjected to experimental processing by DBA. Because observations
were available from only a single Geoceiver station, it was not possible to perform a multi-
station short arc reduction to establish internal consistencies of Geoceiver observations.
Accordingly, we adopted the same general procedure as was used by NWL (Smith, 1969),
namely, to enforce long arc orbits generated by NWL from reductions of observations made by
the global TRANET network. With orbital state vectors thus considered to be known for each
pass, we subjected the Geoceiver observations to two different reductions:

(@) independent reduction of each pass with height h of the station held fixed but

with latitude ¢ and longitude A free to adjust for each pass (along with coefficients
of the error model);

(b) simultaneous reduction of all fourteen passes with a common ¢, A, h recovered for
all passes and a fresh set of error coefficients recovered for each pass.

-13-
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Because the NWL long arc orbits were locked down in the reductions,the results (and
especially the recovered coordinates of the Geoceiver) will be compromised to some degree
by the errors in the enforced orbits. As we shall presently see, indications from the results are
that actual accuracies of the reference orbits are probably on the order of £5 to +10 mefers for

passes over North America.

A plot of the ground tracks of the fourteen reduced passes is given in Figure 4. Taken
as o whole, the passes are fairly well balanced in their geometrical distribution about the
fracking station. A cutoff of 5° in elevation angle was adopted in the selection of obscrvations

to be reduced for each pass.

4. Results of Single Pass Reductions

All of the coefficients of the error model were assigned apriori values of zero. The
zero set coefficient a,, which represents essentially the slant range to the satellite at the
initiation of cycle counting, was assigned a one sigma constraint of 107 meters. The agriori
constraints for the remaining coefficients are listed in Table 2. In all cases, the constraints
were taken to be conservative. The adjustments resulting from the single pass reductions

are also given in Table 2 for all error coefficients except a, .

The corrections to a, are referred to an adopted frequency offset of 31,955.9 Hz which
was provided by NWL. The adjusted values of a, for the first seven passes are fairly constant.
This may be attributed to the fact that during the period spanned by these passes the quartz
oscillator of the Geoceiver was bypassed, and the APL Cesium frequency standard was
employed in its place to generate the local reference frequency. For the final seven passes,
on the other hand, the Geoceiver's own oscillator was exercised. As we see from Table 2,

the variation in a, is considerably more pronounced for these passes. A plot of the values of

1
a, for passes 8 through 14 is given in Figure 5. The points lie almost perfectly on a straight
line, indicating the validity of the assumption of linear drift of frequency. The slope

of the fitted line corresponds to change in frequency of only about 0.08 Hz per day. In view

of the nominal magnitude of the offset frequency (32k Hz), this corresponds to a long term

~14-
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FIGURE 4. Geometry of ground tracks of 14 passes of Navy Navigational Sateliite observed by
Geoceiver and processed through SAGA (shown relative to 5° cutoff horizon of
tracking station).
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TABLE 2. Adjusiments to eivor cocfficients resuiting from single pose reductions.

ERROR COLFFICIENT
a, as as Q. a.,
(freq. offsct) (freq. drift) | (freq. bias) | (time bias) | (refraction)
Apriori One 10 25107 ax107 T 0.20
Sigma Constraint (M/Sec) (M/Sec?) (Sec) (Meiers)
. i S |
I
] Pass No.

A ] _.033 *=17x 100 0.3x100 .00x 107 006
D

J 2 -.039 -.22 -0.1 .00 .010
U

S 3 -.047 =12 0.0 .00 Lob
1

M 4 ~. 041 -.20 0.0 .G0 -.,047
E

N 5 -.058 .10 0.2 .00 -.0l4
S 6 -.043 .13 0.0 .CC 08
1 7 -,033 -.13 0.2 .00 -8
@

8 -.355 -.07 ~-0.0 .00 Lot

A

P 9 -.363 -.08 0.0 .00 -.ou4
R

I 10 -.407 -.52 0.5 .00 -.017
O [}

R 11 -.428 -.11 0.1 .00 -.003
i

12 -.45¢  -.36 0.1 .00 ~-.043

C

O 13 -.525 -.11 -0.5 .00 .008
E

F 14 -.527 -.26 -0.0 .00 -.005
F.

*All entries in a column should be multiplied by the same power of 10 as the first entry.

~16~




* (puooes iad $8|04A0 O} 4BAUOD Of WG/ = “y Ag spiAIp) 1 ybBnoays g sassnd jo
suoyonpal ssod 2Burs wWouy swily SNSIBA WIS} J95430 Aousnbalj 0} sUOLIDELIOD JO 1014 G JND I

(A8

puossg/sisisiy 4 009 -

1 005"~

-+ 00¥ "~

~17=

+ 00€°-

¥

: T 002°-

T 001L°~

Aoq  SSE | 7€ £ce zce



differential stability in frequency between satellite and Geoceiver oscillators of only 3

parts in 107" per day.

The largest value found for a,, (frequency drift), namely =.52 x 10" m/sec” for pass
10, corresponds to an error of only 0.19m in range over an interval of one minute (i.e.,
{(~.52 x @O~4)(<SO)E). However, by the end of the pass (T = 14 minutes = 840 sec) the

contribution of this value of a, to range grows to (0.19) x (14)” or 37.3m.

Adjusiments to a (proportional frequency bias) turn out to be insignificantly small

being equivalent to a range correction of only 0.2m in the worst case.

Although the coefficient accounting fer timing bias a, was constrained to 100 micro-
seconds (one sigma), the adjustments to the apriori values turned out to be essentially zero

in every case. This may be attributed to the fact that the effect of timing bias can be almost

perfectly offset in a single pass adjustment by the horizontal adjustment of the station.

The fact that the adjustments to the refraction coefficients a. are so small, likewise,
suggests that compensation for residual refraction is largely being effected by other
adjustable parameters. The largest value of a. (-.043 from pass 12) corresponds to a range
correction of about =0.2m at the adopted cutoff angle of 5°. The apriori constraint of 0.2m
adopted for a, is consistent with an assumption that the nominal correction for tropospheric

refraction is accurate to about 5 percent.

The residuals produced by the single pass reductions are given for each pass in Table 3.
The typical rms value of the residuals is under 0.10 meters, an amount less than half as great
as that to be expected from the APL error budget reviewed earlier! Part of the discrepancy
can be accounted for by the fact that the major contributor to the error budget, namely
reference oscillator stability, does not apply to the reduction used in SAGA. This is because
frequency drift is explicitly modeled and recovered in fhe reduction. When allowance is
made for this consideration, one obtains better agreement between the error budget and the
residuals. Even then, the residuals are smaller than the design budget would allow, a tribute

to the integrity of the APL design and to the conservativeness of Geoceiver specifications.
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The smallness of the Geoceiver residuals produced by SAGA goes far towards establishing
the validity of freating Geoceiver as a ranging system. Further evidence is provided in Table 4
which lists the adjustments produced by SAGA to the horizontal coordinates of the Geoceiver
station. These are compared with the corresponding adjustments produced by NWL using the
range difference approach (Smith, 1969). Of particular interest, are the relative standard
deviations (0,,,0¢) of the SAGA and NWL adjustments. These reflect the marked geometrical
superiority of the ranging approach over the range difference approach. The values of 0, and
0., of course, have only a provisional validity for they are based (in both adjustments) on the

assumption that the enforced reference orbit and station height are flawless.

Bull's eye plots of the horizontal positions listed in Table 4 are provided in Figure 6.
Although the scatter of the SAGA positions is somewhat smaller than the NWL positions,
both are dominated by errors inherited from the orbit. In view of the small sigmas of the
SAGA positions (typically less than 2 meters), we may infer from the scatter of the individual

solutions that the long arc ephemeris is probably good to about 7 meters, one sigma.

5. Results of Combined Reduction

In the single pass reductions the horizontal coordinates of the station were free to adjust,
thereby providing partial internal compensation for orbital and other errors. A more severe
test of the Geoceiver is one in which all passes are reduced simultaneously with only a single,
three dimensional adjustment of survey being admitted. Such an adjustment was performed

and the resulting solutions for error coefficients are provided in Table 5.

\

In comparing Tables 2 and 5 we find that results for the coefficients a, and a, cre
generally in good agreement. On the other hand, both frequency bias and time bias
(@, and a,) in Table 5 showned a much greater tendency to adjust than in Table 2. This is
clearly a consequence of the loss in the combined adjustment of the compensative capability
{afforded in the single pass reductions) of the pass-by-pass horizontal adjustment of the station.
Accordingly, a, and a, adjust to compensate as well as possible for errors in the enforced

orbit.

As in the single pass reductions, the refraction coefficients ag from the combined
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FIGURE 6. Bull's eye plot of single pass solutions for Geoceiver location:
A. NWL Solutions, B. SAGA Solutions.

130 -22-



TABLL 5. Adjustments to error cocfficients resulting from combircd 1eduction of all posses.
ERROR COLFFICIENT
) a; a; a, ay
(freq. offset) | (freq. drift) [ (freq. bias) | (time bias) | (efraction)
. APrigr? One 10 2x107 .| sx10” | .axi107 0.20
. onstraing
tgma Consfratn (M/Sec) (M/Sec?“) (Sec) (Mr:‘%(:s‘s‘)
Pass iNo.

A * -4 -7 e
D 1 -.035 .20x 10 ‘4.4x 10 -.61x 10 -,008
J
U 2 -.038 -.06 0.2 .02 .008
S
T 3 -.048 -.29 7.2 -.44 -, 024
M
£ 4 -.038 14 0.1 .02 -.014
N
T 5 -.060 .08 ~2.2 -.20 025
S

6 -.045 A7 2.2 -.35 -, 000
T
O 7 ~-.033 -.12 -5.8 -.13 C41
A 8 -.35  ~-.07 3.0 -.32 .018
p
R 9 -.367 -.10 0.7 ~.42 011
I
0O 10 -.407 -.51 1.3 -.09 -.017
R .
i 11 -.433 -.10 -1.3 -.85 .024
C 12 ~-.464 -.12 1.8 -.31 -,012
O
E 13 -.527 -.05 -1.1 -.33 . 009
F
F. 14 -.532 -.22 0.2 ~-.06 -, 001

s

* All entries in a column should be multiplied by the same power of 10 s the first entry.
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reduction show only a slight tendency to adjust.

From Table 6 we see that the residuals from the combined solution, though still quite
small, are in some cases appreciably greater than their counterparts from the single pass
reductions. This, too, we may attribute to the influence of errors in the reference orbits.
We consider the residuals from the single pass reductions to be more representative of what can
be expected when Geoceivers are employed in short arc configurations. This is because the
orbit is free to adjust in a short arc adjustment and the residuals, therefore, are not contaminated

by an erroneous reference orbit.

In order to ascertain more clearly the effects of orbital errors, we repeated the multi-
pass adjustment allowing a slight relaxation in the state vector for each pass. Apriori sigmas
of 5 meters were assigned to the X,Y,Z components of the state vector and sigmas of .005m/sec
were assigned to the X,Y,Z components. The residuals from the resulting adjustment turned
out to be so similar to those obtained from the single pass adjustments (Table 3) that there is no
need to reproduce them separately. The same can be said of the adjusted values of the error
coefficients. The largest adjustment to the positional components of the state vector was a
value of =5.8 meters in Z for Pass 11 und the next largest was =4.0 meters in Y for Pass 1.

The rms values of the adjustments to the X,Y,Z components amounted to 0.9, 1.6 and 2.5
meters, respectively. The components of velocity showed very little tendency to adjust, with
only a few corrections reaching as much as . 001 m/sec and an rms adjustment amounting to

less than .0005 m/sec in all components.

The coordinates of the Geoceiver station resulting from the two versions of the multi-
pass reduction are given in Table 7 and are compared with the corrections obtained from NWL's
combined solution. The agreement between SAGA Solution A (orbits heid) and the NWL
solution (orbits also held) is especially good, discrepancies of 0.4, 0.2 and -0.5 meters being
obfained in North, East and Up respectively. Discrepancies between SAGA Solution B(orbits
slightly relaxed) and the NWL solution are somewhat greater, on the average, amounting to

0.9, 1.3 and =0.1 meters in the three coordinates.

The excellence of the agreement between SAGA and NWL solutions provides final
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TABLE 7. Coordinates obtained from combined reductions.

Original Coordinates

Values Obtained from SAGA

(degrees and minutes omitted)

Solution A

Solution B

Corrections in North, East, Up

Solution A* | Solution B* NWL**
39° 09 48506 4841366 481349 LN -4.5m -5.0m -4.1m
283° 06’ 114592 12329 121282 AE 8.0m 6.9m 8.2m
102.8m 105.4 105.0 LU 2.6m 2.2m 2.'m
*  From combined reduction of 14 passes of satellite No. 59.

* %

From combined reduction of 37 passes of satellite No. 59.




verification of the validity of the ranging approach to Geoceiver observations.

¢

When a ranging sigma of 0.1 meters is propagated through the SAGA reductions, the

following sigmas for geocentric position are obtained:

Solution A Soluiion B
(orbits fixed) (orbits relaxed)
o, =0.45m o,=2.50m
g, =0.25m o,=1.84m
g, =0.21m o,=1.66m.

As we shall presently see, the sigmas corresponding to Solution A are indicative of what can
actually be expected from the Geoceiver system when it is employed in strong short arc

configurations and is reduced as a ranging system.

6. Special Data Editing for Cycle Count Errors

The measurements made by Geoceiver consist of two quantities &N, and 7, that is, the
number of whole cycles of beat frequency cumulated over an interval and the time of the zero
crossing of the last cycle. As we have already noted, AN, being an integer should be error
free,provided each positive cycle crossing is indeed counted and no spurious crossings are
counted. Thus, in principle, all of the error in Geoceiver observations can be attributed to
the error in the times accompanying the cycle counts. Unfortunately, in practice this situation
does not appear to hold, at least with the breadboard and prototype Geoceivers. Smith (1969)
reports that when both of these Geoceiv.ers were operating from the same antenna, the integrated
doppler count was found to differ in a number of instances by 10 to 20 cycles. Indeed, this was
the case in 27 of the 137 observed passes. Although passes where counts differed by 10 or more
cycles were rejected in the reductions performed by NWL, the surviving passes could be affected
by discrepancies of up to 9 counts. Recognizing this, NWL employed digital filtering of
range-difference residuals in an attempt to detect and correct such cycle count errors.
Apparently, this filtering process was not totally successful. An inspection of a sampie of NWL

results vs our results indicates that while most of the errors of 3 or more counts were generaily

-7~
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detected and corrected, many of the smaller cycle count errors eluded detection.

The pertinence of foregoing considerations is illustrated in Figure 7 in which we have
plotted three sets of residuals from Pass 3:
(a) residuals from a SAGA reduction in which no cycle count editing was
performed;

(b) residuals from a SAGA reduction following cycle count editing on residuals from
(a) (sce Table 6 for listing);

(c) residuals from the NWL range difference reduction.

The residuals listed earlier in Table 3 indicate that a value of 0.10m may be taken as a
nominal estimate of the standard deviation of Geoceiver ranges. On the other hand, a

single cycle count error corresponds to an error in range of 0.75 meters (i.e., one wavelength
at 400m Hz). The rather sizable ratio of 7.5 to 1 between the two effects is what makes
practical the detection and removal of cycle count errors from an analysis of preliminary
residuals. As can be seen in Figure 7, when a suitable filtering algorithm is applicd to the
residuals from (a), the rms of the residuals improves from 0.36m to 0.11m, and the wide

systematic excursions of the residuals in curve (a) are eliminated.

The final NWL range-difference residuals (curve (c)) have an rms value about tenfold
greater than the final SAGA residuals. This is attributable, in part, to unresolved cycle count
errors remaining in the NWL reduction. We suspect, however, that some of the higher order
effects neglected in the range~difference equation (frequency drift, in particular) may
significantly contribute to the magnitude of the residuals. This, in turn, would tend to lessen
the effectiveness of editing for cycle count errors. The coefficient of correlction of =0.5
between successive range difference errors (refer back to Section 2), no doubt, is a contributing
factor as well (this accounts also for the sawtooth runs of residuals that have been found to be

characteristic of range=difference reductions).

In view of the above, we may conclude that not only is the ranging approach geometrically
superior to the range~difference approach, but it also has the advantage of generating
residuals which permit a finer degree of editing than is possible with range-difference residuals.

While cycle count errors are a nuisance, they can almost unfailingly be detected and removed
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(@ @ Residuals from SAGA when no cycle count corrections
are applied (RMS = .36 m)
(b)

o Residuals from SAGA when appropriate cycle count

-1.54

corrections are applied (RMS = .11 m)
(c)

® Range difference residuals from NWL adjustment (RMS = 1,07 m)

FIGURE 7. Residuals from various reductions of Pass 3.
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in the SAGA reduction and so in the end, do not compromise the accuracy of the system.

The cycle count errors deduced from preliminary SAGA reductions and applied in
subsequent reductions are listed in Table 8 for each of the 14 passes carried in our test.
Each count is equivalent to a range error of 0.75m. The counts listed under 'a’ in the table
represent the errors in the original counting intervals; those listed under 'b' represent their
cumulative effect on range. Of the 14 passes, only 3 were free of cycle count errors. Overall,
about one counting interval in five is affected by an error of one or more counts. [t is perhaps
significant that the seven passes (8~14) cccurring near the end of the testing period have a much
lower error rate (obout 1 in 9) than do the seven passes (1-7) occurring near the beginning of
the testing period (about 1 in 3). Hopefully, the production models of the Geoceiver will
overcome the shortcomings of the breadboard and prototype units by reducing the error rate in

counting to very low level.

7. Numerical Simulations of Short Are Geoceiver Networks

We have demonstrated with real data that the ranging approach to Geoceiver reduction
adopted in SAGA is indeed sound and that a value of 0.10m can safely be adopted os the
nominal standard deviation of the observations. The precise significance of these key facts
to satellite geodesy remains to be investigated. Real data from strong multi=station networks
will not become available until production models of the Geoceivers have been delivered in
quantity. Lacking such data, we can nonetheless ascertain the accuracies to be expected from
hypothetical networks by means of numerical simulation. [n the next sections we shall review
the results of three fairly large=scale simulations designed to shed light on the capabilities of
the Geoceiver and to reveal the most effective deployment of the system. The three simulations
may be described as:

I. 25 station continental network employing 11 interlocking subnets of 7 Geoceivers,

each observing 11 passes (for a total of 121 passes);

I1. 25 station continental network with all stations simultaneously occupied and
tracking @ common set of 39 passes;

Ifl. 18 station intercontinental network consisting of 6 stations in North America, 6
in South America, and é in Northern Africa/Southern Europe (designed for
continental drift experiment).
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The simulations were executed by means of a special version of SAGA designed expressly
for studies of error propagation. In all cases, the state vector for each orbital pass was
considered to be unknown, and the effects of errors in the determination of the state vector
as well as errors in the recovered error coefficients were propagated into the recovered
coordinates of the tracking stations. Thus, the error propagations are comprehensive and

TS
fully rigorous.

8. Results of Simulation |

The tracking network adopted for the first simulation is pictured in Figure 8. Most of
the stations correspond to sites that have been or are currently being used for space geodesy
and include STADAN, SPEOPS, BC~4, FC-1000 and Baker=Nunn stations. The network
embraces all but the northernmost reaches of North America. The guiding premise of the
first simulation is that only 7 Geoceivers are considered to be available for the execution
of the survey of the entire 25 station net. This means that the observations must be gathered
by a suitable combination of interlocking subnets. We adopted a scheme in which the basic
observational configurations consist of subnets of seven stations, six of which form a hexagon
in which the seventh station is approximately centered. The overall network is comprised of
a total of eleven such subnets formed according to the schedule indicated in Table 9. From
the table, it can be seen that stations in the interior of the net participate in as many as
seven different subnets, whereas those on the periphery participate in only two or three.
Each subnet is considered to track a set of eleven passes of Navy Navigation Satellites, a
cutoff elevation angle of 5° being adopted for all participating stations. The passes are
chosen to be well distributed about each subnet as is typified in Figure 9 which shows the

ground tracks of the set of passes observed by subnet no. 1.
The key remaining assumptions underlying the simulation can be summarized as follows:

(1} sigma of Geoceiver ranges is 0.10m;
)

2

S

station no. 1 is adopted origin of network and is held fixed;

(3) orientation of the network is defined by locking both components of the
direction of the baseline joining stations 9 and 15 and one component of
the direction of the baseline joining stations 4 and §;
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TABLE 9. Observational Schedule employed in Simulation I,

-78-

] Stations Participating in Observation of Passes:
Station o A
1-11  12-22 23-33 34-44 45-55 56-66 67-77 78-88 89-99 100-110 111-121
1. Columbia 39%0 9203 X X X X X X X
2, Goddard " 39.0 76.8 X X X X X
3. Sudbury 46.4 81.3 X X X X X
4, E.Graond Forks 48.0 97.0 X X X X X X X
5. Denver 39.8 105.0 X X X X X X X
6. Edinberg 26.0 98.5 X X X X X
7. Ft. Myers 26.5 81.9 X X
8. Grond Turk Is. 21.2 71.1 X X
9. Bermuda , 32.4 64.7 X X X
10. Bangor 44,7 68.8 X X X
11. Port Harrison 58.3 79.0 X » X
12. Churchill 58.7 92.0 X X
13. Cold Lake 54,5 110.3 X X
14. Butte 46.4 112.5 X X X X
15. Mohave 35.3 116.9 X X X X
16. Guaymas 27.8  111.2 X X X X
17. Acapulco 16.3 100.0 X X
18. Swan Is. 17.3 84.1 X X
19. St. Johns 47.7 52.7 X
20. Goose Bay 53.3 60.0 X
21, Vancouver 49.0 124.0 X
22. Coos Bay 43.0 124.3 X
23. Monteray 36.5 123.0 X
24, Guadalupe 29.0 118.3 X X
25, Socotto Is. 18.8 110.9 X X
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FIGURE 9. Geometry of 11 passes observed by Subnet 1 in Simulation I. 143
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(4) orbital state vectors are completely unknown;

(5) apriori one sigma constraints on error coefficients are:
(@) a, (zeroset), 10" m,
by a, (freq. offset), A, x 10Hz,

7y " -3
(c) a, (freq. drift), = A, x 10 Hz/sec,

]
(d) a, (satellite proportional freq. bias): 10

(e) a, (timing bias), zero for central station in each subnet,
.000050 sec. for all others,

(f)  ag (refraction, 0.2m),

(6) data rate is two points per minute (consistent with capabilities of future
Geoceivers). '

A few comments are in order regarding these assumptions. Regarding 3, we would note that
since a ranging network is geodetically indeterminant in angular orientation, any information
that serves to orient the network uniquely can be rigidly enforced without causing internal
contradiction. While orbital constraints can serve orient a ranging network dynamically, the
precision is so low in short arc reductions that no great accuracy in enforced directions of

baselines is needed to avoid internal contradiction.

[t will be noted that the apriori constraint on the error coefficient a, is taken as
“%@wg , which is tantamount to zero. This was done as a consequence of other simulations
which showed that since an error in a, effectively constitutes an error in scale, it can set a
limit to geodetic accuracies that no degree of tracking precision or redundancy can overcome.
Fortunately, there is a simple way around this difficulty. It requires that at least one station
participating in the tracking of each pass employ a local oscillator whose absolute frequency
is known to a high order of accuracy. This can be accomplished either by employing a

primary frequency standard at the station (e.g., a portable cesium beam standard) or by

receiving VLF frequency transmissions to monitor the error in the local oscillator (this latter
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approach can provide proportional accuracies in frequency of a few parts in 10™°). For the
particular station having a near absolute, local frequency standard, the observation equation
assumes a somewhat altered form. The term &f) in the coefficient a, becomes highly constrained
(see eq. (8)), and the term 6f, can accordingly be separated out and absorbed into the
coefficient a, which then becomes multiplied by the expression (cT,-r,) in place of its

former factor, namely (=r ). As a consequence of this change, the proportional frequency

bias becomes sharply deterministic and can readily be recovered to within a few parts in 107
Since this bius refers to the satellite frequency, it is common to all stations participating on the
same pass. Accordingly, when the local frequency at one station in a subnet is known with
great accuracy, one is justified in numerical simulations in suppressing the coefficient a, for all
stations in the subnet. This is precisely what we have done in all of the simulaticns to be

presented here.

Now that the ground rules for the simulation have been explained, let us consider the
results obtained. The solution of the normal equations for the adjustment of the hypothetical

network involved the simultaneous recovery of 5883 parameters consisting of:

3x 25 = 75 unknown coordinates of tracking stations,
6 x 121 = 726 unknown elements of orbital state vectors,
7 x 6 x 121 = 5082 unknown error coefficients.

The solution of such a large system of normal equations is practical only by virtue of the
algorithm for second order partitioned regression incorporated into SAGA. The formation

and inversion of the normal equations required 64 minutes on DBA's Xerox Sigma 5 computer.
The results of major interest, the accuracies to be expected for the recovery of the coordinates

of the tracking stations, are listed in Table 10.

From the table in conjunction with Figure 9, we see that stations in the interior of the
net are determined to an accuracy ranging, for the most part, between 0.2 and 0.4 meters
(one sigma), whereas those on the periphery are determined to about 0.7 to 1.5 meters. Such
‘accuracies are on the order of five times better than has been experienced from optical networks

of comparable scope (e.g., see Brown, 1968).
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TABLE 10. Expected accuracies of station recovery resulting from Simulation 1.

Sigmas (meters)

Station

X Y Z
1* .00 .00 .00
2 .45 .37 .31
3 .39 .29 .25
4 .28 17 .15
5 37 .33 .27
6 .39 .20 .18
7 .59 41 .31
B8 .68 .64 .44
9 .80 .69 .54
10 .69 .55 .51
11 .63 .43 .42
12 .49 .32 .29
13 .67 A4 .45
14 .63 .49 .48
15 .75 .69 .59
16 .52 .56 .43
17 .56 .39 .30
18 .62 .51 .33
19 2,25 1.12 1.76
20 1.42 79 1.12
21 1.43 .89 1.02
22 1.45 .90 1.03
23 1.33 .96 .89
24 .88 .82 .63

25 72 .70

.47

* Adopted origin of survey.
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Over a 24 hour period one would have no difficulty in observing a set of passes of
Navy Navigational Satellites that approximates the geometry of the set of eleven pusses
adopted in the simulation for each subnet. Accordingly, most of the time and effort required
for the data gathering phase of the hypothetical operation would be spent in the fravel and
logistics required to shift Geoceivers from one subnet to the next. If a total of fen days is
budgeted for the travel, logistics, and data gathering for each subnet, the overall field
operation could be.complefed in about four months. This is comparable with the period that
would be required for an equivalent network of 25 optical tracking stations te observe from
100 to 150 good passes of a flashing light Satellitc (this assumes that all 25 optical stations
are occupied throughout the entire period). It follows, then, that in a four month operation
7 Geoceivers can survey a 25 station, intracontinental network fo an accuracy about five
times greater than can 25 cameras operating for the same length of time. Thus, the geodetic

potential of the Geoceiver is impressive indeed.

The capability of the Geoceiver for short arc orbital determination is also a matter of
considerable interest. As a by-product by the error propagation for survey, we obtain from
SAGA a partial error propagation for the recovery of elements of the orbital state vector.

By partial, we mean that errors remaining in the survey are not taken info account {i.c., it is
as if the survey were flawless). However, all other errors are rigorously taken into account,
including those remaining in the recovered error coefficients of the trackers. A very good
idea of the tracking capabilities of a seven station Geoceiver net can be had from Table I,
which lists the sigmas obtained for the state vectors of the eleven passes pictured in Figure 9.
Accuracies in position at epoch (taken at midarc) are seen to range from as little as 0.5 meters,
or better, for the more central passes to as much as 3 to 7 meters for extra-periphera! passes.
The only tracking system we know of that can rival such accuracies for central passes is the

GLOTRAC system of the Air Force Eastern Test Range. This system, however, is no longer

operational.

The surpassing capability of a strong Geoceiver network for short arc tracking may well
generate far more applications for the system than was ever envisioned by its originators. For

the near term, a natural application of the system would be in conjuncticn with the GEQS C
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TABLE 11. Accuracies to be expected for recovery of orbital state vectors of
passes observed by Subnet 1 in Simulation I.

Sigmas of Components of Orbital State Vectors*

Poss Ne. Position (meters) Velocity (meters/sec)

X Y y4 X Y yA
1 o 10.4 5.9 .005 .009 .006
2 o3 2.7 1.5 .003 .004 .003
3 1.3 9 .5 .002 .002 .001
4 .9 4 .3 .001 .001 .001
5 .7 .3 .3 .001 .001 .001
) .5 .3 4 .001 .001 .001
7 .7 .3 «e3 001 .001 .001
8 .8 .3 .3 .001 .00i .001
9 1.0 .6 4 .002 .002 .001
10 1.6 1.5 1.0 .002 .003 .002
i 3.4 5.4 3.3 .004 .006 .004

* Epoch at midarc.
~40-
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radar altimeter experiment. For evaluating the accuracy of the altimeter, a six or seven
station Geoceiver net, well distributed about the Carribean, could generate short arc

ephemerides to accuracies of better than one meter over a considerable area.

9. Results of Simulation Il

In viewing the results of Simulation |, we became curious about what could be expected
if all 25 stations in our hypothetical net were to be occupied simultaneously by Geoceivers.
We were particularly stimulated by consideration of Figure 10, which is a plot of actual ground
tracks (relative to a tracking horizon of 5°) of Navy Navigational Satellites observable from
typical station at midlatitudes during a 48 hour period when four satellites are in operation.
Accordingly, we undertook a simulation employing the same general assumptions as before
except for the following:

(1) a total of 25 Geoceivers are committed to the operation (hence all stations are

simultaneously occupied);

(2) the operation is consistent with what could be expected from a 48 hour period
and involves observation of the set of 37 passes pictured in Figure 11;

(3) each of the 25 stations tracks every pass reaching a maximum elevation angle of
at least 10° above a cutoff horizon of 5°.
In view of the production run of 33 Geoceivers, assumption (1) can potenticlly be
realized. This possibility is enhanced by the short period of commitment demanded by

assumption (2).

As a result of assumption (3), 27 of the 37 passes are tracked by at least 15 stations
and oll are tracked by at least 9. The observing schedule for the simulation is provided by

Table 12.

An assumption tacitly made in Simulation | is that the location of the Earth's center
of mass is known flawlessly relative to the adopted origin. In Simulation Il we drop this
assumption and exercise an option in SAGA for carrying the coordinates of center of mass as
constrained parameters. By so doing, we avoid introducing any dynamical inconsistency that
would otherwise result when one elects in a short arc reduction to hold fixed an odopted set

of coordinates for the particular station selected to be the origin of the network. Although
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IHustrating an actual set of ground tracks of 39 passes of Navy Navigational Satellites os

seen by station at 40° latitude during a 48-hour period (cutoff elevation angle, 5°).

FIGURE 10.
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FIGURE 11. Geometry of 37 passes relative to tracking net employed in Simulation II.
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we inadvertently failed to exercise this option in Simulation 1, we know from other simulations
that theoretical accuracies for recovery of survey of strong ranging nets remain virtually
unaltered when coordinates of center of mass are allowed to adjust. Thus our results for
Simulation 1 are valid, and the main consequence of our oversight is that we lack figures for
the uccuracy to be expected from the experiment for the location of the center of mass with

respect to the adopted origin.

The standard deviations to be expected for the recovered coordinates are listed in
Table 13. Results in this case are given both in ierms of X,Y,Z components (to facilitate
comparison with Table 10) and in terms of North, East and Up (N,E,U) components. We see
that accuracies obtained from Simulation [f are appreciably better than those obiained from
Simulation I. For the most part, the sigmas from Simulation Il are only about one half os

great as those from Simulation 1.

Especially noteworthy from Table 13 is the sharp recovery to be expected for the
coordinates of center of mass; sigmas in Y and Z are less than one meter and the sigma in X
is only about 1.5 meters. Thus we may conclude that not only can a strong Geoceiver network
recover relative positions of stations throughout a continental net to within accuracies of o few
tenths of a meter, but it can also generate mass~centered coordinates to within accuracies of «

mefer or two.

We find, then, that one can expect to obtain significantly better accuracies, overall,
from a 25 station Geoceiver network observing o total of 37 passes than one can from 7
Geoceivers observing a total of 121 passes from interlocking subnets forming an equivalent
25 station net. This result is perhaps not too startling; what is indeed startling is that in the
former situation, only a two~day observing period is needed, whereas in the latter situation
something like four months is needed, a ratio of 60 to 1 in favor of the former. Clearly, then,
if it could possibly be arranged, an actual experiment along the lines of Simulation 1 would
be a most worthy undertaking, constituting (if successful) an event of epochal significance in
satellite geodesy. We suggest that should such an experiment be undertaken, an infensive

observational schedule over a period of at least ten days should be planned. This would allow
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TABLE 13. Accuracies to be expecied for station coordinates recovered from

Simulation 1.

Station >igmas (meters

X % y N E U

1 .00 .00 .00 .00 .00 .00
2 .29 .23 15 .22 .24 .23
3 .26 19 15 .24 18 .18
4 .23 13 12 18 14 18
5 .27 21 15 18 .22 .24
6 .28 16 15 19 A7 .25
7 .31 .25 19 .22 .25 .29
8 42 .42 .31 .33 42 .40
9 46 .43 .28 .40 42 37
10 .38 .34 .24 .38 .34 .24
1 .38 .27 .30 43 .25 .23
12 .35 .21 .22 .33 .22 .24
13 AT .29 .28 .30 29 .40
14 .36 .31 .24 24 .31 .37
15 .42 4] .28 .25 .38 .47
16 .36 .35 .25 .25 .34 .36
17 .36 .26 .24 .26 .27 .34
18 .36 .33 .26 .27 .32 .35
19 1.01 .66 .83 .29 .59 .34
20 .67 .49 .58 .86 43 .30
21 .72 .53 .50 .32 .47 .86
22 .73 .55 .51 .32 .48 .88
23 .64 .57 .44 .29 .47 .79
24 47 .49 .34 .28 .44 .56
25 A1 .40 .32 .31 .39 43
C.M.** 1.51 .96 .95 - - -

[ N

*Adopted crigin of net.

**Center of Mass.
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five or more independent, two-day solutions to be executed, thereby providing a solid check
of internal consistency. Should results conform to theoretical expectations, all passes could
be merged into a single simultaneous reduction that would (for a ten~day experiment) produce
coordinates having standard deviations about half as large as those in Table 13. One could
also perform appropriate ancillary reductions, such as comparing results from processing of
selected nighttime passes (low ionospheric refraction) with those from processing of selected

daytime passes (high ionospheric refraction). In this way, one could ascertain whether or not

higher order ionospheric refraction has any significant effect.

Even if the experiment just suggested were fully successful, one would not be completely
assured that the accuracies indicated by the reduction were, in fact, actually achieved.
Conceivably, systematic errors in the survey could be several times larger than the theoreticol
standard deviations. It does, after all, boggle the mind to contemplate attainment of geodetic
accuracies of a few tenths of a meter from satellite observations made over a period of only «
few days. Fortunately, there is a way to erase any doubts (pro or con) concerning the ultimate
cc:pobi“fie‘s of the Geoceiver. This is by conducting an aircraft test that approximately

simulates, on a small scale, the geometry of the satellite test as is later discussed in Section 11.

10.  Results of Simulation 111

The results of the previous simulations suggest that relative position accurate to o few
tenths meter can be recovered for interior stations in strong Geoceiver nets of continental
extent. This naturally engenders speculation concerning the potential capabilities of the
system in establishing intercontinental ties. Could accuracies theoretically be achieved that
would be worthwhile in investigations of continental drift or other geophysical phenomena.

To gain some insight into this matier, we designed a simulation based on the geometry indicated
in Figure 12. Here we have postulated the existence of an 18 station tracking net consisting of 6
stations in North America, 6 stations in South America and 6 stations in Northern Africa/
Southern Europe. In view of the results of our earlier simulations, we assume that the stations

in each of these three subnets were previously embedded in much more extensive continental
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nets in which a large number of passes of Navy Navigational satellites were observed.
Accordingly, we may assume that the relative positions of the stations within each subnet
have been pre-established to within o few tenths of a meter. The locations and orientations
of the subnets with respect to one another are, however, assumed to be unknown. To
interrelate the subnets, we assume that they participate in the tracking of a high altitude
satellite (h = 6400km) in a circular polar orbit. A total of é passes spaced at 15° intervals
across the equator (Figure 12) is assumed fo be observed. Assumptions concerning ranging
sigmas, data rates, cutoff angles, and error models are the same as in the other simulations.
As in Simulation Il, we assume that the location of the Earth's cenfer of mass with respect

to the adopted origin is unknown.

An assumption in Simulation [l that has no counterparts in the other simulations is
that the 15 baselines within each of the three subnets are constrained in distance to 0.2 meters
(one sigma). This artifice serves to establish relative positions within each subnet to accuracies
of a few tenths of a meter and yet leaves the subnets unconstrained in absolute location and
orientation. The North American subnet is given preference in that Station 1 is locked down,
as also are two components of the direction of baseline 2,4 and one compenent of the direction
of baseline 3,6. Thus the North American subnet incorporates the adopted origin and is
absolutely oriented. The question then becomes one of determining how well the locotions of

the stations of the other two subnets can be established relative to the preferred North American

net. The answer is given in Table 14.

We see that for the South American subnet expected accuracies relative to the cdopted
North American origin average about 0.4m, 0.7m and 0.5m in North, East and Up; for the
Euro~African subnet they are similar, averaging about 0.6m, 0.6m, and 0.5m in North, East
and Up. Recovery of center of mass is quite good, amounting to 1.5m, 1.1m and 3.1m in

X,Y,Z.

The results of Simulation Il do indeed indicate that the Geoceiver system is potentially
capable of establishing intercontinental ties to accuracies sufficiently great to be of value in
geophysical investigations of continental drift (especially so, when it is considered that the

simulation employed only six passes of a satellite). The experiment simulated may well be far
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TABLE 14, Accuracies to be expected for station coordinates recovered from
Simulation III.
Station Location Sigmas (meters)
© A X Y Z N E U
1* 45° 73° .00 .00 .00 .00 .00 .00
2 47 52 .12 .20 .20 .20 .19 .14
3 59 77 A7 .20 21 .18 19 21
4 48 97 .13 .26 .20 .12 .26 .20
5 33 88 .18 .22 .20 17 .22 .20
6 32 65 17 .26 .22 .21 .26 .18
7 -11 49 61 .69 .32 .35 .73 .54
8 2 5] 48 .55 .31 .31 .56 .47
9 -11 65 .59 .66 .29 .31 .69 .54
10 -23 58 .72 .80 .31 .41 .85 .60
11 -22 41 .75 .81 .36 .48 .88 .59
12 -7 36 .61 67 .37 .39 72 .54
13 29 1 .61 .52 .59 .65 .61 .44
14 44 -1 .57 .49 .58 .64 .57 .40
15 33 16 42 .48 .45 .52 .46 .37
16 15 13 .55 .58 .51 .53 .61 .49
17 13 -2 77 .61 .63 .66 .76 .59
18 27 -14 .88 .52 .75 .81 .82 .53
C.M** | = - 1.50 1.11 3.05 - - -
* Adopted origin of net.
** Center of Mass.,
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from optimum for this purpose. Accordingly, a more extensive study of the matter would seem

to be warranted, especially s in view of the promising character of our present results.

11. Aircraft Test of Geoceiver Accuracies

Our simulations serve only to indicate what can be expected from a trocking configuration
under o given framework of assumptions. They do naot prove anything. However, in view of
the enormous promise indicated by the results, we feel that a definitive test should be undertaken
to establish whether or not the indicated potential of the system can, in fact, be realized. This
would be a simple matter if one knew the coordinates of @ moderate number of widely separated
stations to sufficient accuracy (namely, to within one fo two tenths of a meter). As it is,
nothing ovailable even remotely approaches this requirement. Accordingly, an alternative to

a full-scale direct test must be sought.

A consideration of pivotal importance with regard to the practicability of designing such
a test is that nothing prevents Geoceiver observations from being subjected to a strictly geomeiric
reduction. Orbital constraints are by no means essential to o Geoceiver reduction, although
they do add significantly to the strength of the result when only a relatively small number (soy
less than 5 or 6) of stations participate on each pass. However, when the number of participating
stations rises to about 10 or 12 with good distribution, the exercise of orbital constraints
leads to only minor improvement over what can be obtained from a purely geometric reduction.
The mathematics of the geometric reduction are fully developed in the EMBET (Error Model
Best Estimate of Trajectory) reduction derived in Brown, Bush, Sibol (1964) and elaborated on
in Brown (1966). Only a few minor changes in the ranging error model of these references are
necessary for the application to Geoceiver. Recently (Gyer, 1970), we have extended the
scope and efficiency of the geometric reduction by exploiting the algorithm for second order

partitioned regression developed in Brown, Trotter (1949).

One other consideration is important to the practical evaluation of the absolute accuracies
obtainable from Geoceivers. This concerns the fact that with a true ranging system, wherein
0, is independent of r, the accuracy to be expected for recovery of survey does not depend on
the scale of the tracking geometry. This means that if surveys can be recovered to, say 0.2m,

from a configuration having baselines averaging, say 20km, they can also be recovered to
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this very same accuracy in a scaled-up configuration with baselines averaging, say, 2000 km .
This statement would apply without qualification to the Geoceiver, were it not for the presence
of terms in r and r in the Geoceiver error model. As a practical matter, the term inr (satellite
frequency bias) causes no especial difficulty for, as we have already noted, it can be suppressed
when at lea;t one participating Geoceiver employs a primary frequency standard (or its practical
equivalent). Accordingly, only the term in f (timing bias) would have a different effect in an
aircraft test (mox r < 200 m/sec) than in a satellite test (max r < 8000 m/sec.). If due allowance
is made for this consideration in> interpreting the results, findings from a suitably designed air-~

craft test can be extrapolated with confidence to apply to a geometrically similar satellite test.

The ideal place to conduct the suggested aircraft test is over the USCGS geodimeter/
triangulation survey of east-central Florida (Figure 13). The accuracy of this survey is better
than 1 port in 10%, which is equivalent to about 0.02 meters for the relative positions of
adjacent stations. Moreover, the net contains 64, fairly unifermly distributed stations from
which a selection can be made approximating the relative geometry of a continental network.
To approximate the tracking geometry of Simulation I, one would employ an aircraft flying
at an altitude of about 10km and proceeding ot 300 knots along 37 parallel flight lines of
100 to 200km length spaced at intervals of about 2km. The aircraft would, of course, carry

a transmitter equivalent to those used on Navy Navigational Satellites.

If the survey recovered from the suggested aircraft test should agree with the USCGS
survey to within a few tenths of a meter, one would have a solid basis for proceeding with
the analogous satellite experiment. If not, one would at least have ample observational
material for an investigation into the reasons why theoretical expectations were not being

achieved.

Because of the problem of instrumenting an aircraft, the suggested aircraft test would
actually be more troublesome and costly to arrange than would the continental test of
Simulation Il. After all, the satellites required for the continental test are continuously
operational and cost nothing to use. For this reason, it would probably be best to perform
the continental test first to determine whether or not the system can pass a full-scale test of

internal consistency. A partial evaluation of absolute accuracy, applicable to stations of
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limited separation, could be incorporated into such a test. This would entail enlarging the
net to include at least three Geoceivers operating from stations on the Florida net of Figure 13.
in this way, one would be able to ascertain the precise degree to which relative positions

could be recovered for stations separated by a few tens of kilometers. A favorable outcome in
this regard could not, however, be validly extrapolated to widely separated stations. This is
mainly because systematic errors in recovered orbits would have similar effects on closely

spaced stations and so would not seriously compromise the recovery of their relative positions. \
On the other hand, because of their geometrical diversity, widely separated stations would
not enjoy such immunity to systematic error with respect to the recovery of théir relative N
positions. Accordingly, an aircraft test appears, at this time, to provide the most practicable
means for the evaluation of the ultimate capabilities of the Geoceiver in establishing relative

positions throughout a geometrically diversified net.

12. Conclusions

By virtue of the approach adopted in SAGA of treating the Geoceiver as a ranging system ;.
rather than a range-difference system, an order~of-magnitude improvement in the capability of ..

the system for geodetic positioning, particularly in the short arc mode, emerges as a new factor -

in satellite geodesy. Accuracies in station recovery of a few tenths of a meter from observations::

(7

taken over a few days appears now to be feasible. Should it live up to its theoretical expectatioi
the Geoceiver could have a truly revolutionary impact on satellite tracking and satellite geodes:

In particular, it would establish beyond any reasonable doubt the technical feasibility of SURSAT“‘A;;

the 'Satellite Surveying Utility" proposed in Brown (1»968) for use in a wide range of general

and commercial surveying applications. SURSAT receivers would be simple in the extreme (costing

under $10K or about one tenth as much as a Geoceiver), yet would produce coordinates accurate B

to 0.1 to 0.2 meters from observations taken over a period of only two to three hours.
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GEQS-C PLANS

Robert M. Rados

This afterncon's session is entitled "GEOS-C Plans'. However,
the session really can be divided into two parts: The first papers
deal primarily with the Earth Physics and Geodesy Program as a whole.
It is from these programs that the objectives for GE0OS-C were derived.
The second section of this session is concerned with a few of the
proposed instrument systems for GEOCS-C.

The management for GEOS-C was assigned to Goddard Space Flight
Center last February. Since that time, there has been a concentrated
effort to study and define the complete GEOS-C mission.

First, the geodesy Working Group under Dr. Vonbun provided the
GEQOS Project study group a list of objectives and potential instrument
systems. From the objectives, a requirement for a low inclination
orbit is deduced. There were two basic constraints applied to the
design of GE0S~C, (1) Delta Launch and (2) Budget. This second con-
straint is the one which determines how many and which of the objectives
will be pursued.

During the first part of the study all objectives and all instru-
mentation systems were considered, irrespective of cost. As you might
expect, none of the instrumentation and, therefore, the complexity,
were deleted because they lacked support for an objective or because
they were techmologically infeasible. Therefore, it became necessary
to reanalyze our goals in terms of meeting objectives which are within
our budgetary constraints. Figure 1 is a summary of the constraints
and the proposed instrumentation for GE0S-C.

The Radar Altimeter is the prime system and the major change to
GEOS I & II. The specific approach and detail specifications have not
been finalized. Later Mr. Bryan of GSFC will relate some of the factors
which will be influencing the decision on Radar Altimeter specifications.

The so0 called "bare bones" spacecraft will contaim, in additiomn to
the altimeter, two flashing lights, laser reflector panels, two C-band
transmitters, Tranet, as in GEOS I1I and a Unified S-Band transponder
which, like the Radar Altimeter, will be new to GEOS.

The spacecraft will have two axis stabilization as in GEOS IIL,
PCM for telemetry, a new command format, an updated power system to
provide increased capability, and an attitude determination system to
provide data for evaluation of the Radar Altimeter.
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The orbit, as defined now will be: Eccentricity .0l4 to .020,
inclinacion 220, and altitude between 750 and 1500 KM.

We are continuing to investigate the other systems (Items 7-12
of Figure 1) especially toward defining more specifically the com-
plexities and costs of inclusion in GEOS. One of the more desirable
systems being studied is the GRARR/ATS relay. This system would
require a comparatively major change in the structure of GEOS.

Where do we stand? What is the Schedule? Before answering these
questions, I would like to say that the study is a combined effort of
many interested parties, however, the final plan must be a compromise
based on the resources available. We hope that the final draft of a
Project Plan will be complete in two weeks. Upon approval by GSFC
top management and subsequently NASA Headquarters, the GEOS-C fabri-
cation will get underway. We believe that the Radar Altimeter is the
pacing item and together with procurement lead times, etc. it is
probable that the launch will occur no earlier then 2nd Quarter Calendar
Year 1973. Before I introduce the next speaker, I would like to
acknowledge the efforts of many who are comntributing to the study and
the planning, many of whom are present here today.
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PLANS BY SAO FOR THE USE OF GEOS C IN GEODETIC
AND EARTH-PHYSICS INVESTIGATIONS

Charles A. Lundquist and Ceorge C. Weiffenbach

At the Smithsonian A'strophysical.'Obsc'rvatory (SAO), investi-
gations based on satellite tracking stress topics of a comprehensive,
global character. The 1969 Smithsonian Standard Earth (II) is a
typical example oi the research to which SAO scientists have devoted ‘
their principal eflorts (Gaposchkin and LamBeCk, 1970; Gaposchkin
and-_ Kaula, 1970). Such research has distinctive fe>atures that are

a

pertinent to plans to utilize data from Geos C.

-.SA'_O analyses depend on the combination of a variety of data,
both op{iT:al and radié, from a substantial variety of independent orbits/,
involving many satellites--for example, 12 in the determination of
zonal-harmonic coefficients (Kozai, 1969) and 21 in the determination
of tesseral-harmonic coefficients of the geopotential (Gaposchkin and
Lambeck, 1970). The 1969 Standard Earth also incorporates geometric
solutions using simultaneous observations of satellites, surface-gravitjr

compilations, and results from radio tracking of deep-space missions.

, Hence, future plans must recogniée that Geos C is an additional
satellite with particular characteristics that will provide an increment
of data to an already existing and continuously growing collection of
data from many other sources, This same situation was emphasized
in SAO plans before Geos 2 (Lundquist, 1968), and subsequent resulfs

confirm the validity of this viewpoint,

This work was supported in part by grént NGR 09-015-002 {rom the
National Aeronautics and Space Adminisfration,
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The new and distinctive characteristics of Geos C that are

of particular interest to SAO are its orbit and altimeter, Our geodetic
objectives will encompass dynamic analyses for the deté rmination

of both zonal and non-zonal harmonics, both dynamic and geometric
solutions for station positions,and a direct determination of the geoid
(more precisely, mean sea level) from the altimeter data. SAO will
concentrate on the acquisition of laser range measurements because
of their high accuracy, although we belicve Baker-Nunn camera obser-
vations will still be useful and will photograph Geos 'C in both active

(flashing-light beacon) and passive (reflected sunlight) modes,

Inherent in all of these studies will be the continuing evaluation
and intercomparison of the various satellite mcasuring techniques,
with emphasis on the altimeter--both for direct geoid mapping and as
an additional source of ti‘acking data for dynamic orbit analysis, This
intercomparison will be greatly facilitated by having the instruments

on a common vehicle,

The most important single characteristic of the Geos C orbit
will be its inclination., There are at this time no geodetic data of
high accuracy archived for any orbital inclination below 40 degrees.
The successful launch of Peole at i = 14 degrees will change this
situation, and the Geo's“C inclination should be modified accordingly,
preferably toi ~ 28 degrees., These lower inclination orbits are
peculiarly well suited to the determination of zonal and near-zonal
harmonics, the latter harmonics being thé least accurately determined
in current geopotential models. For example, an orbit with i = 20 degrees
is almost completely insensitive to tesserals of order m > 7, but is
strongly perturbed by zonal (m = o) and near-zonal (o < m < 4) harmonics.
This discrimination is unique to low-inclination orbits, so such an
orbit would satisfy the criterion of being distinct from, or independent
of, the set of higher inclination orbits that has provided the data base

for previous analyses,
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It is necessary to select a large enough orbital eccentricity
that a precise measure of perigee motion can be gotten. The primary
effect of the zonal harmonics is to produce secular preccssions of the
node and line of apsides., We have previously detcrmined zonal har-
monics mainly by measuring-nodal precession rates. A conspicuous
flaw in the present values of zonal coefficients is their inability to
correctly predict perigee rates. The best approach is to deduce the
zonals from obscrvations of both nodal and perigee (apsidal) motions.
For the expected accuracy of the Geos C tracking data, a minimum
difference of 200 km between apogee and perigee altitudes would be

desirable to get adequate definition of perigece position,

The lower the orbital altitude, the larger are the physical
perturbations on the satellite trajectory produced by the gravity field,
This is a selective process, in that the higher degrée terms are more
strongly attenuated by an increasc in altitude, the cliect being prérnw
tional to r~ ", where n is the degree of the harmonic, To maximizec
the geodetic information contained in a satellite trajectory, the orbital
altitude should be as low as possible. The lower limit is set by
station coverage and atmospheric drag. . These criteria suggest a

perigee altitude in the range 700 to 800 km.

The criteria for obtaining adequate data coverage for dynamic
géodesy derive from the need to observe the periodic perturbations
generated by non-zonal hérmonics, and the secular perturbations
‘generated by the zonals., The periodic terms of greatest importance
"have periods ;that, lie close to the orbital period and its second
harmonic, and periods of 24 hours/m, where m is the order of the
harmonic, Thus, we will need observations Zhat are wecll distributed

in phase over perturbations with periods of 50 minutes to 24 hours.

Obtaining appropriate data coverage for measuring secular
perturbations will require observations over at least a full revolution
of the line of apsides or of the node, whichever is longer. For

Geos/C,}this minimum interval will be of the order of 60-75 days.
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. In addition, the »iow inclination of Geos C will be of particular
value for eliciting seasonal variations in the zonal coefficients (as
discussed bclow) so observations at some lower level of data density
should be taken for a much more extensive period of time--perhaps

2 years or longer.

Thus the observations of Geos C should include several mtelvals
of 2-3 weeks duration with maximum concentratlon incorporated into
a 6-month campaign of moderate intensity of observations, plus a
lower level of observing activity over the full life of the satellite.
To obtain the required data and to énsure the widest possible geographic
coverage,two things will be necess:ary; altimeter dafa must be obtained
for all ocean areas overflown by Geos_C;Jand second, the satellite

should be tracked by as many observers as possible.

Precedent would sug ca‘c that a cooperative international

- tracking effort will be scheduled following the launch of Geos C and that
it will involve ™ most of the other satellites in orbit with retroreflectors
for laser tracking. The campaigns organized by SAO in 1967 and 1968
and the CNES-managed ISAGEX campaign scheduled for 1970-71 |
(CNES, 1970) are examples of the tracking activity that should be
anticipated in association with the Geos C project. The large number
of stations that can be brought into an interna‘cidnal campaign would

provide excellent coverage even at lower orbital altitudes.

After the observations have been reduced and assembled, SAO
would expect to combine the data from the earlier campaigns--parti-
cularly from ISA GEX--with.those for several satellites from the
campaign associated with Geos C. The combination solution would
again incorporate simu_ltaneous' satellite observations, updated
surface-gravity information, and perhaps resulis from the tracking

of interplanetary spacecraft.
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It should be noted that if the launch of the French satellite Peole is
successful, the Geos C inclination should be about 28 degrees rather than
20 degrees, to increase the differentiation from the plz-{nn_.ed Peole inclination
of 14‘é1égrees. All the comments above aﬁré essentially unchanged for this

modest adjustm-ent.

Another characteristic of past and én‘ticipated Smithsonian
Standard Earth solutions is the use of data from a variety of systems
tracking the same satellite. For example, the 1969 solution used
significant numbers of both photographic and laser observations., In
this vein, the instrumentation planned for Geos C offers an opportunity
to diversify further the tracking tcchniqﬁes providing data for orbital
analyses, This is of particular importance for the altimeter, but

only if synoptié data are available from this instrument.

SAQO would prepare to determine Geos C orbits of several weeks dura-
tion, using )measurementé from all the precision éystems supported by the
satellite. In particular, these calculations would embrace laser ranges,
satellite-to-satellite track.ing, and satellite-to-ocean altitudes. For this
multisystem calculation, the data from these new systems would be processed
in accordance with the findings of the several groups that will carry out cali-

bration experiments of various kinds.

Satellite-to-satellite tracking of Geos C will require that accurate
'orbits be bconcurrently determined for ATS-F, ' the other satellite in the
system .(Felsentregér, Grenchik, and Schmid; 1970). Presumably, laser
and long-baseline interferometry tracking data can be acquired for the ATS
satellite. A combined solution for the orbits of both satellites is possible
with techniques similar to those used in other solutions combining orbits of

several satellites.
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The satellite-to-ocean altitudes can be used as tracking data for orbit
determination, but they also carry information about the ocean geoid and hence

about the geopotential (Lundquist and Giacaglia, 1969).

Both satellite-to-satellite tracking and satellite-to-ocean altimetry can,
in principle, provide information for more detailed geopotential representa-
tions than are possible from analysis of orbital perturbations alone (Kaula,
19702). One way to evaluate and exploit this capability is to experiment with

geopotential refinements based on a combination of the orbital-perturbation

method and the alternative methods that should be possible with these new data

forms. SAO anticipaies performing such expérirhents. Presumably, the
strongest geopotential solution following Geos C must result from such a
combination, because the information content of the Geos C data alone is

severely limited by the orbital inclination and hardware constraints.

Thus, SAO would adopt a comprehensive geopotential refinement as one
of its principal objectives vfor the Geos C project. This solution would com-
bine orbital data for niany satellites, the mostrecent sufface—gravity tabula-
tions, the altitude measurements from Geos C, tracking data between ATS-F
and Geos C, and such deep-space ti’acking or other available information as

may scem valuable. (Cf Gaposchkin, 1970.)-

The resulting geopotenfial should have important implications for earth
physicég ‘The remarkable interpretations of the 1969 Smithsonian geopotential
{Kaula, 1970b; Gaposchkin and Kaula, 1970) are but an indication of the stillk
greater insights into earth processes to be expected from a more accurate

and detailed representation of the potential.

As the static geopotential becomes better‘defined, separation of time
dependency in the potential becomes casier and more accurate. Kozai (1968)
and Newton (1968) have independently studied earth tides and elastic proper-
tics of the earth through the effect of the associated mass displacements on

the geopotential and hence on the orbits of satellites. Kozai (1970a, b) has
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also identified an annual term in satellite orbits that seems to be due to an
-annual variation of JZ' Such studies will beneﬁt not only {rom the refined.
static potential but also from improved tracking accufacy and from further
tracking of satellites such as Geos 1. Thus, activities in connection with
Geos C can be expected to advance rescarch on those physical phenomena

that produce mass displacements in the earth.

A related tbfgic concerns the determination ofb valuecs for the coefficients
CZI and 521 in the spheri‘cal—harmonic description of the potential. If the
Z axis of the adopted terrestrial coordinate system coincided with the prin-
cipal axis of inertia of the earth, then these coefficients would be rigorously
zero. Owing to polar motion, the elasticity of the earth, and perhaps other
physical processes, the principal axis of inertia probably moves with respect
to the terrestrial coordinate system conventionally adopted (Gaposchkin, 1968). s
This would result in nonzero, time-dependent values for CZI and 8219 These
values, or refinements of them, should be sought in the course of geopotential
studies associated with the Geos C program. Although several satellites will
be involved in these analyses, the low inc].in.a’cion of Geos C may make it more

valuable than other individual satellites.

The position and motions of the rotation axis of the earth must be known
in order to support many of the planned analyses. Also, these polar motions
themselves have significance to the physics of the earth (Smylie and Mansinha,
1968). Anderle and Beuglass (1970) have shown that the pole position can be
extracted by appropriate treatment of satéllité-tracking data. It seems likely
that a similar calculation to determine the geometrical position of the pole
should be _includeld in plans for the tracking data generated by the Geos C
.project. This determination of the pole motion must be compared with deter-
minations by other techniques and correlated with various geophysical

phencmena that may influence pole position.

The position angle of the earth about its rotational axis —i.e., UTI —
must also be known precisely to facilitate all the anticipated analyses of the

tracking data. But variations of the rotation rate are again of geophysical
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significance in themselves. They are intimately related to mass displace-
ments in the earth and to momentum exchanges between parts of the carth.
If no alternative of greater accuracy is available, a determination of UT1 is,

in principle, possible from the satellite-tracking data themselves.

In summary, using data related to the Geos C project, SAO hopes to
investigate a éomprehensive rangé of geodetiﬁ: and'earth-physics topics:
detéiis of the geopotential, the ocean geoid, time dependence of the geopoten-
tial, polar motion, the rotation of the earth, etc. All these phenomena are
interrelated in complex ways not completely understoodv. Thus, a compre;
hensive, integrated examination of these topics is a desirable ingredient of

plans for the Geos C project.
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SOME RESULTS OF A SHORT-ARC, ORBIT-
DETERMINATION STUDY RELATED TO THE
GEOS~-C ALTIMETER EXPERIMENT

(Presented fo the GEOS II Review Meeting
GSFC on June 24, 1970)

by

Robert M, L. Baker, Jr., Dirk Curston, and

Norman H. Schroeder

1.0 INTRODUCTION

Studies have been accomplished that have dealt with short-arc orbit determination
(supported, in part, under contract NASW-1918). Our definition of a ""short arc”
is two-fold. First, we require that the satellite traverses less than one radian
on its orbit. Second, we require that the satellite is visible from three or

more designated radar sensors over the entire arc. Both of these requirements
are satisfied in the Caribbean area for the nominal GEOS-C orbit and for arcs

of 5,000 km or less. The original purpose of these short-arc studies was to
confirm the results of other researchers that indicated that force-model, obser-
vational, and statiom-location errors would not completely render satellite
altimeter data uselesg, that is, that these errors would not mask the results

of an altimeter test over a 1000 km or so ocean subsatellite track. We were
able to corroborate these other conclusions and, thereby, lend more support

to the feasibility and utility of the GEOS-C altimeter experiment.

Unexpectedly we obtained an ancillary benefit from our study. We discovered,
while exercising our anmalytical procedures, that conventional ’orbit determination
(e.g., minimum-~variance or conventional weighted least-squares differential
correction) is ill suited to the GEOS~C altimeter experiment over short arcs.
Furthermore, we conceived of a novel approach to short-arc orbit determination
that would be far superior to the conventional one and involves what we have

termed "mini-arc' orbit determination.
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The justification for the use of mini-~arc orbit determination and its unique value
to the GEOS-C altimeter program will be the subject of my brief talk this

morning.
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2.0 THE IMPORTANCE OF SYSTEMATIC VS, RANDOM ERRORS

The key feature of the problem, as previcusly nofed by Dr. Fritz von Bun,
is that in calibrating the altimeter and in sensing local depressions in sea
level (e.g., the Puerto Rican Trench) the absolute location of the GEOS~-C
satellite short-arc track is not nearly as important as is the determination

of the relative or biased location of the track,

During the course of the basic study the effects of systematic station location
and range errors were evaluated using an analytical solution, thereby greatly
reducing the number of computations required. The efficiency of the calculations
permitted evaluation of station location and range error "volumes," and the

resulting satellite position error ""volume" was determined,

The effects of radar random error and timing biases were evaluated using

an orbit simulation/determination program specialized for this study., The
program was developed using an analytical single~conic solution for the orbit.
This was done since it minimized the reguired computations and accurately

porfrayed the error effects to first order.

An important feature of the problem is that systematic errors due to

station location, timing bias, refraction, and force-model are time constant

and relatively quite large when compared with the random (time-variable)
observational errors in range. Thus if we look at each possible combination

of systematic error (e.g., station-location error relative to the geocenter)

we find that we have a set of "error fibers.," The shape of a particular fiber
will be determined by a particular set of systematic errors (i.e., the systematic
deviation from the true trajectory), while the width of each fiber will be due to
the random range errors of the sensors. The manifold of all of these fibers
represents the overall (random plus systematic) error. As already noted, all
that we are concerned about in the altimeter experiment is that we are following
a well-defined fiber--and if all of the fibers are nearly parallel, then it makes
no difference which fiber the GEOS~C satellite is following as far as the altimeter

test is concerned.
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The difficulty here is that conventional orbit determination (e.g., minimum-
variance or weighted-least-squares differential correction) does not define

the cross section of these fibers, but rather yields the mean '"path' down the
much wider manifold of fibers or error:tube (including a secular increase in
residuals). Thus a conventional orbit determination simulation of the GEOS-C
arc would probably give rise to the erroneous results that large satellite-location
errors would mask, say, local depressions in sea level, and perhaps make

the calibration of the altimeter very uncertain. Another way to look at the
situation is to recognize that conventional orbit determination attempts a

grand reconcilement of all errors including force-model, station-location,
sensor, etc. Thus in trying to bring observations (usually taken over several
revolutions) into agreement with both systematic and random errors, conventiond
orbit determination degrades or "smooths" through the short-arc prediction
process as applied to a relative arc. Such an approach is perfectly satisfactory
for conventional orbit determination when absolute orbital tracks over many
orbits are desired, but not for the short-arc orbit determination problem. In
this latter case it is irrelevant how well the estimated orbit fits observations

outside of the GEOS-C altimeter experiment areas.

As an illustrative example of the situation, let us hypothesize that all three

of the sensors are systematically located 10 meters further from the geocenter
than expected. Conventional differential correction would accept the range
data and attempt to fit an orbit through these observations (assumed to be
complete positional fixes obtained by three simultaneous range measures).
Because of the dynamics that are inherent in the orbit determination

process, the geometrical best-fit track would apparently be 10 meters closer
to the geocenter than it actually was, Thus the dynamics would indicate that
the satellite should be moving more rapidly than the timed sequence of data
points would indicate., The conventional differential correction would attempt
to reconcile these two effects and would exhibit a trending of the residuals

to larger values on each end of the observational arc. In this particular
situation it would have been better either to define the orbit purely on the basis
of a "floating' datum or to obtain a set of very-short-arc-determined ("'mini~-arc")

osculating orbits.

186 2-2



The following subsections present our analysis methods used in the study
and some of the numerical results that we obtained. to support our recommendation

for the use of mini~-arec orbit determination.
2.1 ANALYVYSIS METHODS

The approach taken in the study was to develop and investigate new or specialized
methods of error analysis which would take into account the unique characteristics
and requirements of the GEOS~C radar altimetry experiment. Initially, it was
recognized that for altimeter calibration and ocean mapping purposes, it is more
important to determine the position of the satellite as accurately as possible over
a relatively small portion of its orbit than to determine the entire orbif accurately.
In addition, for ocean mapping purposes (i.e., measuring the Puerto Rican Trench),
it was determined that knowing the absolute satellite location was not nearly as
important as knowing the shape of the curve which it was following. This is
because for certain applications we are more interested in determining the
"shape' of the ocean's surface than its actual distance from the Earth's center

of mass. The satellite altimeter provides a direct method of connecting the

"shape' of the ocean's surface (see Figure 2,1~1).

As a result of these considerations, the study evaluated specialized methods
for determining the shape of the satellite trajectory, and investigated means
of accurately calibrating and using the satellite altimeter, without undue
emphasis on classical orbit determination/error analysis. Extensive use

was made of the properties of the satellite/tracking net combination.

In order to make a meaningful test of the techniques obtained, and also to
utilize realistic data, the following tracking net was chosen from data obtained

from Dr. Fritz von Bun:

Antigua: é_ = 17702, Ap = -61%7, H = 28 meters
t=
o o
Canal Zone: ¢g = 9,0, )\E = ~-80.0, H = 10 meters
o) )
Key West: ¢g = 23/5, }‘E = -82,0, H = 10 meters.
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Radar random range error (all errors are one sigma) was assumed to be two
meters, systematic range bias wag five meters, and timing bias was 0,001
seconds., Station location errors were assumed to be 10 meters relative to the
Earth's center of mass {geocenter) plus 5 meters relative to each other. Radar
azimuth and elevation errors were neglected as previous studies had shown
these to have a relatively small effect on orbital errors if high-accuracy range

data from three or more stations was utilized,

The first investigation performed was merely to determine suitable trajectories
which passed over the "mutual visibility" region of the tracking net (that region
where the satellite was simultaneously visible to all three stations). This was
done by varying the longitude of the ascending node of the satellite orbit, and
determining the portion of the satellite track where it was mutually visible

to all stations. For our study, the longitude of the ascending node was referenced
to Greenwich since we were not interested in a particular time frame. The

results of mapping out the mutual visibility region are shown in Figure 2.1-2,

The resulting longitudes of the ascending node (as well as the remaining orbital
elements) were used as inputs tc a specialized short-arc orbital simulation/
determination program. The program uses the three ground based stations

as sensors and a solution to determine the orbit. A conic (two-body) solution
was deemed sufficient for this application, as we are attempting to determine the
effects of random radar error, rather than force model error. The program
calculates a nominal two-body orbit, calculates the slant range from the given
station, and "noises up'" the resulting slant range data. The data is '"noised up”
using a random number generator with a normal distribution corresponding to a
given mean and standard deviation (in our case 0 and 2 meters, respectively),

It then attempts to "'fit" the simulated data using a least squares differential
correction procedure. The resulting epoch ervor volume is calculated (in our
study, epoch was taken as the first point of the observation interval), and
propagated using the standard state transition matrix formulation. One of the
principal advantages of using the single conic formulation was the savings in
computation time, without any significant sacrifice of accuracy, for this application.

The results of this study are presented in Section 2. 2,
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The effects of radar timing errors were alsc investigated, using the Keplerian
solution., In the worst case, all radars would have their maximum timing
bias error., In the absence of sl other errors, this would resulf in a deter-
mined orkit for which the caluclated position for each observation would be

b

correct, but for which the computed

d ephemeris time would be incorrect by
exactly the amount of timing biss, Hence, the worst case ervor due to
timing biss corresponds to the amount that the satellite would move during

fal

the period of the timing bias., Thi

is solution was obtained and is presented

in Section 2, 2,

Systematic station location and slant range errors were also investigated using
an analytical solution, The analytical solution used was the standard three
range golution, which determines a satellite position uniquely using slant
ranges from three cbserving stations. The justification for using this method

is as follows:

Assume systematic errors were present in the observational data and
that this data was processed using a standard orbit determination program.
In the absence of all other errors, the program would attempt to fit the
observation data as closely as possible and in the ideal case, exactly. The
observation data under comnsideration is radar slant range data. Therefore,
in the presence of systematic error in either station location or slant range,
a traditional orbit determination program would construct an orbit which
vielded a satellite position which would have the observed slant range from
each station. Assuming simultapeous observations, this is exactly what the
three range solution does, working from the opposite direction. That is, given
slant ranges from three stations, it calculates a satellite position which fits

these ranges exactly.

Since the three range solution requires very little computer time, the effects of

a wide variety of systematic station location errors were able to be examined (eg-
sentially, a station location "error volume™), and the resultant "error volume

in satellite position was then determinable. The same procedure was followed for
sy stematic slant range error, and the resultant satellite position error volume was

determined. Such extensive analysis would not normally be practicable with an

2=7
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orbit simulation/determination program due to the prohibitive computer run
time required. In addition, the three range solution allows exact determination
of the path which would be followed by the satellite for a given set of station
location errors ({the so-called error fiber). The results of this study are

presented in Section 2. 3.

2.2 RESULTS OF ANALYSIS OF RADAR RANDOM ERRORS AND TIMING BIASES

From previous studies, it has been determined that by far the largest contribution
to radar random error is manifested in the slant range. Therefore, the study
gimulated radar error by adding an appropriate random error to the radar

alant range measurement, The random error was simulated using a normal
distribution with a standard deviation of 2 meters. Refraction errors were

not included as they were considered outside the scope of the study.

A pumber of different cases representing parameiric variations in satellite
flight path, radar observation rate, and orbital orientation, were simulated.

The non~-varying elements of the GEOS-C orbit were taken as:

a = 7,442,732,1 km
e = 0.018,598,605
i = 19,988,49° .

Nominally, perigee was assumed to occur at the midpoint of the observation

interval,

Table 2, 2-1 identifies the range of parameters investigated during the study.
Cases 1-14 were used to map out the region shown in Figure 2.1~2 and evaluate
geometrical effects on the epoch error volume., Cases 15-18 determined the
variation in error volume when apogee occurred over the visibility region. Cases

19-26 were designed to determine the effects of varying the observation rates.

The epoch error volume variances (eigenvalues of the epoch covariance matrix)
corresponding to each case are shown in Table 2,2-2, Since the epoch state

vector consisted of position and velocity, oy to ¢, are the position variances,

3
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TABLE 2.2-1

PARAMETER VALUES USED IN STUDY

CASE Q(deg)* Obs. Rate (obs/sec)
1 ~-62 .1
2 -65 o1
3 -70 .1
4 -80 .1
5 -90 .1
6 -100 .1
7 -110 .1
8 -120 .1
9 -130 o1
10 -140 .1
11 -150 .1
12 -160 .1
13 -170 .1
14 -180 .1
15+ -62 .1
16+ -80 .1
17+ -120 .1
18+ -160 .1
19 -62 1
20 -80 1
21 -120 1
22 -160 1
23 -62 2
24 -80 2
25 -120 2
26 -160 2

* ) is the longitude of the ascending node referenced to Greanwich.

a (orbital semi-major axis) = 7,442.732,1 km
e (orbital eccentricity) = 0.018,598,605
i (orbital incluination) = 19.988,49°

+ Designed so that apogee, rather thanperigee occured at midpoint of interval
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TABLE 2,2-2

EPOCH ERROR VOLUME VARIANCES

CASE ;:cf? (mz) * og(mz) * Og{mg) Oi (mz/secz) * C%(mz/secz) * Gz(mz/sec%*
1 125,210 3,031 3.969 4,995-3 1:163-4 1.902-5

-2 5,045+1 1.479 2.162-1 3.627-4 1.042-5 2.092~6
3 ¢ 2.184+1 8.393-1 1.608-1 7.648-5 2,907-6 760647
4 é 6.759 4,75~1 1.373-1 1,745-5 1.202-6 3.233-7
5 2.561 3.518-1 1.429-1 7.783~6 1.006-6 2.812-7
6 1,107 3.469-1 1.307-1 2.882-6 6.426-7 1.791-7
7 6.232~1 3.889~-1 1.242-1 1.797-6 6,033-7 1.593-7
8 | 4,464-1 4.232-1 1.407-1 1.837-6 7.450-7 1.889-7
9 4.547-1 3.708-1 1.451-1 1.946-6 7.675-7 1.875-7
10 4,403-1 3.395~1 1.594~1 2.382-6 8.550-7 1.817-1
11 4,615-1 3.403~1 1.496-1 2.306-6 7.580-7 1.515-7
12 4,538-1 3.156-7 1.459-1 2., 338-6 7.512-7 1,317-7
13 4,558-1 3.056-1 1.399-1 2.313-6 7.929-7 1.307-7
i4 4,336-1 3.074-1 1.488-1 2,086-6 8, 3437 1.249-7
15 99,938 5.520 4o307—1 8,225~4 1,246-4 1.554-5
18 4,890 4,729-1 1,284-1 1.101-5 1.071-6 2.518-7
17 W 5,167-01 3.738-1 1.316-1 1.655-6 5. 754-7 1.343~7

* Ulm O, are the position variances, © 4 to 0‘6 are the velocity variances.
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TABLE 2.2-2 (continued)

| t
CASE o?(m‘?‘) Og(mz) Ui(mz) ci(mz/secz) %(mz/secz} : G{mz/see
18 7,408-1 2.081-1 1.873-1 3.663-6 1.334-6 { 8.615-8
19 | 13.804 2,970-1 4,488-2 4,816-4 1.118-5 f 1.838-6
20 6.884~1 4,535-2 1,425-2 1.730-6 1,189-7 | 3.186-8
21 4.492-2 4,238-2 1,492-2 1,769-7 7.230-8 P 1.716-8
22 4.557-2 3,242-2 1.428-2 2.267-7 7.278-8 | 1.220-8
|
i i
23 | 7.061 1.661-1 2,299-2 2.394-4 5,606-6 [ D,144-7
»
24 3.455-1 2.315-2 7.173-3 8,657-7 5.957-8 1.595-8
25 2,237-2 2,082-2 7.120-3 8.850-8 3.615-8 8,508-0
26 2.288-2 1.626-2 7.243-3 1,134-7 3.645-8 5.106-0
2-11
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and o ,to ¢

4 g are the velocity variances.

The variation in the epoch error volume due to geometrical effects is shown in
Figure 2.2-1. Note that the error volume dimensions increase rapidly as the
longitude of the ascending node varies from -80° to -60°, This is due to a
combination of bad geometry and decreasing track length for these longitudes.
In no case is the greatest upper bound error volume dimension greater than

four meters, and over a wide region it is less than 0.5 meters.

The variation in error volume size with tracking rate is shown in Figure 2,2-2,
Assuming statistical independence of all measurements, one would expect the
error volume dimensions to decrease as 1/&/@ , where n is the number of
measurements. This fact is evidenced in the figure. Correspondingly, the
reduction in error volume size in going from 0.1 obs/sec to 1 obs/sec is much

more dramatic than in going from 1 obs/sec to 2 obs/sec,

The effects of radar timing bias errors are shown in Figure 2,2~3., A worst

case situation was assumed where all radars had the same bias of +0, 001 sec,

As can be seen from the plot, timing bias error does not contribute significantly
to the over=-all orbital error. This effect was found to be true in all cases, with
the over-all error due to timing bias found to be less than 1.4 meters during

any portion of the orbit, A more detailed lock at the error volume variation over
the region of interest is given in Figures 2, 2-4 to 2. 2-19. These figures represent
a detailed look at error volumes corresponding to §2's of ~520, »800, -120° and
«-}_600, parametrically varying the other elements. The epoch error volumes

were propogated using the standard state transition matrix formulation.

Figure 2,2-4 to 2, 2-7 correspond to an observation rate of 0.1/sec (1 observation
every 10 seconds). The minimum error dimension appears to remain roughly
constant for all cases (reaching a minimum of about 0. 2 meters), while the maxi-
mum error dimension decreases by an order of magnitude in going £ = -62°

to 2 = -160 (going from a minimum of 6.4 meters to a minimum of 0.4 meters),
This indicates the error volume is changing from a cylindrical shape (2= —600),

to a more nearly spheroidal shape (2 = ~160O}., The maximum error dimension
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(o2

for all cases covresponds to & = -6

Figures 2,2-8 to 2, 2-11 illusirate e over the midpoint

of the observation interval,

Pigure 2, 2-4 to 2, 2-7

where perigee was over the mid indicates

"
]

that the minimum value

bl

for each error volume dimension appears to be slightly

the interval, This is probably a result of the im-~

b

Figures 2,2-12 to 2, 2~19 illusirate the effect of varying the observation rate,
te

?ig@ures 2.2-13 to 2, 2~15 correspond to a 1 cbservation/sec ra

. 2-16 to 2.2-19 correspond to an observation rate of 2 cbservations/sec,
As was mentioned above, the error volume dimensions appear to vary as

d/\fay where n is the number of cbservations.

2,3 ANALYSIS OF SYSTEMATIC STATION LOCATION AND RANGE BIAS
ERROR VOLUME

A typical GEOS-C orbital segment was selected such that the satellite would be

-

visible to all three stations over the e 2.1-2). Using the

nominal locations of the chserving stati ranges from the stations to the

satellite were determined at selected po on the orbital segment. For z
given change in station location or slant range, the position of the satellite

at each selected point on the orbit

. could then be recomputed (using
a three range position determination), and the resulting difference in satellite

positions would be entirely due to the change in station location or slant range.

Thus, by this procedure, the effect o

tion locations and slant range errors

lite would be completely isolated from

In the calculation of the difference between the nominal satellite position and the
new satellite position due to change in station location or slant range, the

difference was computed in intrack, crosstrack, and radial orthogonal components.
Because the altimeter measures only in the radial direction, the intrack and

crosstrack position differences were discarded for the purposes of this study,



The station location errors were taken to be + 15 meters relative to the geocenter.
Since all three sensors are quite close together and part of the same datum, a sub-
stantial part of this error could be expected to be identical for all three sensors,
while the remainder of the error would be relative error between the sensors them-
selves. Thus, the station location error was divided into two parts, + 10 meters
error for the entire three sensor group and + 5 meters relative error between

the three sensors.

For the cases where the sensor group has a common error + 10 meters, the
radial component of the difference in satellite position (nominal minus error-
perturbed position) has been plotted in Figure 2.3-1 for 21 points equidistant

in time along the orbit segment. The eight traces on the figure represent all
possible cases when the height, latitude, and longitude of the station group are
all simultaneously offset by + 10/\/3— meters. Thus, the magnitude of the error
vector of the station group is 10 meters, while the direction of the error vector
systematically trisects each of the eights octants surrounding the nominal
group station location. As one might expect, the minimum error exists when
the satellite is in the middle of the orbital segment, since at that time the

subsatellite point lies inside the triangle formed by the three observing stations.

For the cases where the sensors have a relative error of + 5 meters, the radial
component of the difference in satellite position has been plotted in Figure 2,3-2

for 21 points equidistant in time along the orbital segment. The 26 traces on the
figure represent about 5% of the 512 possible cases when the height, latitude, and
longitude of each station are systematically and simultaneously offset by + 5/ ﬁ
meters. (For each station, the height, latitude, and longitude may each be offset

in either the + or - direétion, giving 2- 2.2 = 8 combinations of station position
offset from the nominal. For all three stations, 888 = 512 possible combinations.)
The envelope of all 512 cases is also plotted. Again, it is noted that minimum

error occurs in the middle section of the orbital segment.

The envelope of all the cases should be considered to be more than a 1¢ limit to

the altitude error. The station location error of + 5 meters is a 10 error,

therefore, 32% of the time, the magnitude of the error in individual relative station

2-33
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locations will be larger than this value. However, the likelihood of the error
being greater than 5 meters and occuring in any one of the octants surrounding
each station position is 32%/8 = 4%. In order for some part of any one of the
error traces in Figure 2, 3-2 to fall on the envelope, each station location must
be offset in a particular octant such that the combination of the three station
loc ation offsets results in the indicated altitude error. The possibility of this
occuring is (0.04)3 = 0,000064 (about 40) for all three stations to be displaced

in such a way, Obviously, the 2¢ error limit would be substantially within the

indicated error envelope.

Figure 2.3-3 indicates the altitude errors for the cases where there is a sensor
systematic range bias of + 5 meters. Again, assuming that the bias is either

+5 or -5 meters, there are 2-2°2 = 8 possible traces that combine these bias
errors for three observing stations. It is noted that on these traces, the
"envelope' between time units 7 and 17 is caused by the cases where the range
biases for the three stations are all either +5 meters or -5 meters. For each
radar, there is a 32% possibility that the bias will be 5 meters or greater, thus,
for all three radars to have a bias of this magnitude and to be all either too long
or too short, the probability is (.32)3 = 0,033, or less than 2 0.

Perhaps the most striking aspect of the three figures is the very short orbital
segment over which systematic station location and range biases produce minimal
error., Figures 2.3-2 and 2.3-3 indicate this minimal error span tc be from
time units 7 to 17, or a total orbital time of 5 minutes. At either end of the
orbital segment, station location and range biases produce increasingly larger
altitude errors. Figure 2,3-1 is less clear in defining an exact time span

of minimal error, but the traces do have a minimum altitude error, a minimum

between time units 10 and 13,

The very short nature of the minimum error orbit segment leads to the
conclusion that proper selection of orbital segments of concurrent observational
data can provide great benefit in alleviating systematic observational errors

due to station location and range biases,
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When the satellite is in a position where it can be tracked by more than three
sensors, the effect of additional tracking data may improve the satellite positions
by reducing the effect of the positional error of any one sensor. The amount

and extent of the improvement (if any) is open to question, however, since the
satellite position error is highly dependent on the satellite orbital position,

the relative locations of the observing stations, and the actual magnitude of

the station location errors, Further investigation of this situation is needed

to provide a guantitative solution.
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3.0 SIGNIFICANCE OF GRAVITY-MODEL ERRORS
3.1 INTRODUCTION

Time~constant systematic errors in station-location, which were discussed in
the last section, would not mask any "fine-structure' (e.g., the Puerto Rican
dip) aspects of the altimeter data. If one had confidence that there existed no un-
predictable "wiggles" in the GEOS-C satellite orbit, then one could utilize the
altimeter data alone to define local sea-level variations (fine structure) even

if one had a systematically off-set orbital path. Thus for relative profiling

of the sea=level it is important to study the errors that one might expect to find

in the orbital path due to uncertainties in the Earth's gravity model.

As a first~cut at the problem let us suppose that there exists an error in

any one of the harmonic coefficients of the gravitational field that is between
+0.02and + 2 x 107 in characteristic units. For example, Cook reported in
1965 that the zonal harmoric Jg had an error of + 0.2 x 107 and Kaula in 1968
(private communication) suggested that the error in the normalized values of the

tesseral harmonics would be on the order of +0.08x 10"6

. Since these are
given in characteristic units we can make a gross estimate of the effect of
anyone such error over one unit of tau (characteristic) time--about 13 minutes,

ie€oy

4s = %—(coefficient error)'r’2 .

For the dated errors one would expect an orbital "wiggle" having an amplitude

of from 6 meters to 6 centimeters. The combination of all of the coefficient errors
would probably be larger and would be correlated with any local gravitational
anomalies such as the one that causes the Puerto Rican dip. Figure 3~11
illustrates this effect and the over-three-meter orbital dip does indeed occur

when the nominal GEOS-C orbit passes over the Java deep. Thus the uncertainty

in the Earth's gravitational field might partially mask any local sea-level variations

unless the orbit was carefully ""followed"” over a short arc,
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3.2 ANALYSIS APPROACH

For a determination of the influence of the gravitational potential upon GEOS-C,
a decision was made to use analytical partial derivatives that incorporate the
efiects of any harmonic, Since the primary interest is in the errors associated
with height determination, the particular error component that most concerns
us is the radial error. The analytical formulation, although somewhat difficult
to derive, does allow one to easily separate out the radial errors due to errors
in the determination of various harmonics. The derivation of the radial partials
are outlined below,

The gravitational potential at a point, P, is defined by

2 n
k a
@:—-‘izz (-Q-) C cosmA+S8S sinmA} P (sine') (3-1)
r &4 \r nm nm nm

where
ki = A function of the gravitational constant and the mass of
the Earth.
r = The geocentric radial distance of point P being disturbed.
A = The longitude of P.
@' = The geocentric latitude of P.
ae = The mean equatorial radius of the Earth.
&S = Constants of spherical harmonics of degree n and order m.
nm nm
an(sin ¢©'y = The associated Legendre function defined by:
m o
. 2 m d Pn(Slnl ©)
{L -sin ®") - ————1;1—_
d{sin ©")



The perturbative effect of € on a satellite's orbit results in the added accelera-
tion, f . The perturbation may be expressed in terms of its radial, transverse,
and orthogonal components with respect to the orbit~plane, i"\, r{r: and rﬁl
respectively:

o

I =7 U+rv V+rh W (3-2)

where the unit vectors U, V, W, are usually referred to an inertial cartesian

coordinate system. The components are then obtained from the potential

function:
.2
kr = or
2 .« 1232
KTV =1 3y (3-3)
I e od
k ==
erb D

The first time derivatives of any set of elements may also be written in terms

- “ - Y ° % . .
ofr , rv , rb . For instance, we have selected the axn set of elements which

are
a = e cos W
xn
a = ¢ gin &
yn
n = The mean motion
U = The mean argument of latitude
i = QOrbital inclination
£ = The longitude of the ascending node.
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This set was selected because if eliminated certain indeterminacies for low
orbital eccentricities. To the zeroth order in eccentricity, the time derivative

of B can be written as

dam a5/2 . .
= (sinur +2cosuxv )+0O[e] , (3-4)
dt MI‘Z

or, it can be taken with respect to u, the true argument of latitude in the

form

daxn a2 . .
= & . ° » . 3_5
du " (sinur +2cosurv)+O][e] (3-5)

The use of u as the independent variable eliminates the need for the Gn:mpq
eccentricity function associated with the mean anomaly. The partials for the
radial component ih this report are complete to the first order in eccentricity
although they may be derived to any order, Eguation (3-3) can be substituted
into Eq. (3-5) so that the derivative of 2 with respect to u is in terms of the
accelerations due to the gravitational potential. If these expressions are
integrated with respect to u, one obtains the analytical partials I ayn’
On/n, 0U, 6i, and 62 due to gravitational perturbations. Or can be expressed

in the form that includes 8a , 8a and On/n:
xn’ yn
2 0On

8r= -a|® == +cosufa +sinuda } . (3-6)
3 n X yn



Substituting the appropriate expressions into Eg. (3-6) one obtains the complete

expression for §_Eq. (3-7):

n L. é cos
1 w@_\» o __fn-92p) N 6
/ p=o sin

-1y - 2¢ -
" gﬁ{ni - “;; +2§ 1) <§}i [(H 2p - Du+ m(Q 6)] cos u

sin
—or{{n-2p-1ju+m{R-9)] sin u>

CcOo8s
@-n+am-go+n {°%F
g - 2p+ + -6
n-2p+1) + € é or [(n-2p+l)u+ m(Q-6)]cosu

sin
+or [(a-2p+1)u+m(n ~6)] sinu
~ o8

sin

B2 or [m-2p)u+ m(R-6)]

+5 4
n - 9p) + €
nm| {(n-2p) 1 -cos

sin
{n 1}-2m=-2p0- 1‘3{ or [(n-2p-1)u+m(Q-6)]cosu

+ €
(n-2p-1) i ~CO8

cos )
+or [(n-2p~-1)u +m(Q-6)] sin u>
sin

sin
-1 +2(n- ZD+1)<W [(n=2p+1)u+ m(Q-6)] cosu

+ 1) +
(-2p+1) 1 -COS
COo8
- or [(m-2p+1)u + m(Q -6)] sin u> (3-7)
sin



where:

1T ™Man T @

The form of Eq. (3-7) is general and can include the effects of any tesseral

and sectorial or even zonal harmonic. The equation does become indeterminant
for odd zonal harmonics and they have not, as yet, been considered in this study.
The harmonic effects include short period, long period, secular, diurnal, and
resonance terms. Equation (3-7) is used in program /GRAV/ to compute the radial
departure due to any harmonic from a nominal orbit at a point in time. These
effects are not integrated with or applied to the nominal orbit. The nominal

orbit is considered to be an unperturbed, two~body one except for the fact that

the line of nodes is allowed to regress.

Tor this study, the radial departures due to the various harmonics were deter-
mined for the GEQS class of orbits, The nominal orbit was taken to be similar

to GEOS-B whose elements were considered to be:

hi = 600 n.mi. {(apogee)

hz = B850 n.mi. {perigee)

M 0= 0° (mean anomaly at epoch)

i = 20° (inclination)

w = 30° (argument of perigee)

& 0 - 30° (longitude of ascending node)

@«ro = 0° (sidereal time of Greenwich meridian at epoch).

Q 0’ w, and 6 0 were selected arbitrarily. The values of the harmonics used in
this Appendix are listed below in Table 3-1 and 3-2. Table 3 -1 lists the values
of the even zonal harmonics due to Kozai and Table 3 ~2 lists the tesseral

harmonics determined by Kohnlein (Lundquist, 1968).
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Even Zonal Harmonics Due to Kozai x 10

Table 3~1.

-0.128 £ .064

o

JZ = 1082.639 = .007

-0.338 £ .054

J10

~-1.608 = .021

Iy

0.542 = .041

Ig

Normalized Tesseral and Sectorial Harmonics

Table 3-2.

~0.01
0.04
0.00
~0.02
-0.08
0.30
0.04
0.03
0.00
0.05
-0, 01

(5]

>

0.04

0.01
~0. 02

0.00

0.04
~0.07
~0.06
~0. 05
~0.08
~0. 02
~0. 01
~0.05
~0.05
~0.04
~0.02

-0.01
0.04
~0.03
-0.17
-0.09
-0.01
0.02
-0.18
6.11
0.03
-0.03
0.07
-0.04
0.04
0.04
0.13
0.08
0.10
-0.08
-0.08
-0.06
0.02
-0.04
0.04
0.04
0.05
6.03

10

8

8

8

9
9

9

9

9
10
10
10
10
16
10
10
‘10
10
10

-1.358

~0.51

1.43
~-0.39

0.30
~0.05
-0.21

6.07
0.02
~-0.56

6.01
~(.27

0.03
~0.48
~0.46
-0.16

0.11
0.16
0.00
-0, 04
~-0.01

0.10
0.06

2.38
1.71
0.84
0.66
-0.47

0.38
0.92
¢.04
-0.06

0.53
~-0.40
~0.20

0.18
~0.08

0.01
-0.04
-0.08
~0.26
-0.02

0.17
0.32
0.18
-0.16

0.07%
-0.23

0.07

o

[Lp)
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The effect of errors in the harmonics upon the radial vector of GEOS-C were
computed by differencing the radial effect due to a given harmonic and the radial

effect plus one sigma. The results are shown in Figures 3~1 to 3~7. A minus

one sigma error would simply reverse the error curves. The one sigma error in the

tesseral harmonics was considered to be £0.08 x 10—6 on all normalized values
of C and S (Kaula, 1968). By looking at Figures 3-1, 3-2, and 3-3, it is evi-
dent that the even zonal harmonics are well determined with the maximum one

sigma error of all even zonals slightly greater than ten millimeters. Actually,

of all even zonals, J 4 is one of the largest sources of error in the radial direc~

tion. The plus one sigma error of J, is in the opposite direction of the J 9

4
error and so they effectively cancel each other out. If plus one sigma is added
to J 4 and a minus one sigma added to J 9 the zonal error would be about ten

times larger or about 0.1 meter. This is still in the noise level so that errors

in the even zonals may be neglected.

The tesseral harmonics do present a greater problem with a maximum radial
eryor of over three meters. This error is primarily due to J31, J32, and J33
contributing 1.5 meters, J, 99 contributing about 0.5 meter and the fourth order
harmonics contributing another 0.5 meter. The dip in the Figure on page 3-11
occurs at the Java Deep. Again it must be mentioned that the amplitudes of
these errors are in proportion to the radial displacement. Over a ten-minute
short-arc orbit determination the errors would reduce to about 1 or 2 meters.
It is again to be emphasized that these are instantaneous errors at a point in the

orbit, and do not represent accumulation of the error over many orbits. Thus

we find the requirement for following the orbit via mini-arc techniques.

3-8
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4,0 CONCLUSIONS AND RECOMMENDATIONS

Probably the most significant error source in the GEOS-C satellite orbit deter-
mination problem is the station location error. Initial results indicated possible
radial errors of 30 meters and more, However, two factors tend to alleviate

this problem:

1. FErrors due to station location are extremely geometry dependent and
are much larger at either end of the tracking interval than they are in
the middle, Therefore, reducing the size of the tracking interval should

minimize these errors.

2. The tracking stations investigated are all part of the same datum.
Therefore, relative errors between the stations are expected to be smaller
than their absclute error, and the absolute errors tend to be in the same
direction, This means the shape of the satellite track will tend to be
preserved, even though its absclute error may be large. This should
allow more accurate mapping of the shape of the ocean's surface than the

absolute error would suggest.

Systematic slant range error also coniributes significantly to the overall orbital
error. However, these errors, too, are extremely geometry dependent and can

be greatly reduced by taking data from the middle of the tracking interval,

The remaining error sources have been shown to yield much smaller contributions
to the orbital error., In particular, timing bias was shown to yield an error of
about 50 millimeters, and random error contributes 0.2 meters nominally over
short arcs., As demonstrated, however, in Section 3 there do exist uncertainties
in the Earth's gravitational field that might cause orbital path undulations or

local "wiggles'" or "humps' that could at least partially mask the relative sea-
level profile features measured by the altimeter, All of these aforementioned

factors suggest the use of very-short-arc (mini-arc) orbit determination technigues.



The specific recommendations are as follows:

1. To develop a very-short-arc (mini arc) orbit determination technique., One
possibility would be the use of a modified f and g series, perhaps restricted
to the definition of radial distance (of prime importance to the GEOS-C altimeter
experiment) and the determination of its coefficients (2 to 5 of them). One possible
set might be the magnitude of the radial distance at epoch, o the magnitude of
the rate of chance of radial distance at epoch, i’o and 1/a. Another possibility
in addition to the f and g series method, might be the method of multiple pre-
liminary orbits, Limited dynamics would be included in the procedure since a
purely geometrical curve fit is undesirable. A dynamical path restriction would
preclude the use of a high-order series representation that could lead to the
fictitous result that all observations would be "perfectly'" fitted and the residuals

identically zero.

2. To determine the criteria governing the length of such mini~arcs (roughly

10 to 100 seconds) based upon the following considerations: unforeseen orbital-
path "humps" due to gravitational constant and gravitational anomaly uncertainty
(such humps may build up an amplitude of from a fraction to a meter or two over
about a thousand kilometers or less of orbital track and interfere with the inter-
pretation of altimeter data), data rate of the sensor(s), anticipated data accuracy,
amount of intervisibility, visibility geometry and number of orbital constants
required for solution. One possible criterion would be the sum of the squares

of the residuals given simulated observational data and a hypothesized gravitational

field uncertainty.

3. To study the connections among mini-arc-determined orbital segments
separated by non-data arcs, in order to obtain the best overall orbital track
for the purposes of satellite altimetry. The results of this research should be
especially applicable to the determination of sea level over regions of the
ocean during which the GEOS-C is not visible to appropriate sensors. A
modified weighted least squares procedure would be one possible approach

to this study in which the mini-arc would be treated as '"'normal places.”

4. To investigate the incorporation of satellite height data directly into orbit

determination. The study would concentrate on new approaches and will not

4-2 239



simply treat the altimeter data as just another data type and introduce it directly
into a conventional differential correction scheme., For example, methods of
best utilizing the data obtained during a sensor overflight should be examined.

In addition, the study should investigate the capability of identifying specific
characteristics of the gravitational field based on the fine structure of the
mini-garcs, without filtering the data through a conventional differential

correction scheme.

. To further investigate single station tracking, in particular, where the
satellite passes directly (or very nearly so) over the sensor, Single station
tracking, by fixed observation stations or tracking ships, appears to be the
most ideal and accurate method that is possible for altimeter calibration.
Further investigation is needed to define the accuracy of the method, to discover
the limitations of the method, and to quantify the accuracy of the calibration

procedure for systematic and random errors of range and station location.
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ALTIMETER EIAS RECOVERY FROM
RANGE AND ANGLE, OBSERVATIONS

J. Berbert
F. Loveless

The overall system accuracy socught for the GEOS-C altimeter system
has been established at 5 meters. This figure includes the error contributions
from several sources. The known system error sources and estimates of theilr
nominal magnitudes are the following:

Altimeter System Measurement Error Sources Error (meters
+ Altimeter instrumentation 2.0
« Refraction 0.2
= Reflection from Waves 0.5
. Spacecraft Attitude (non-nadir reflection) 2.0
Root Sum Square (RSS) 2.9

The root sum square (RSS) of the altimeter system errors is 2.9 meters,
leaving only 4.1 meters for the RSS of the calibration system errors, if
the 5.0 meter RSS system evaluation goal is to be met. This means the
calibration system must determine reference heights of the spacecraft above
mean sea level (MSL) to an accuracy of 4.1 meters.

Several studies have investigated alternate methods of determining
GEOS-C heights for altimeter calibration purposes. The techniques already
studied include; a) geometric trilateration of GEOS-C from 3 ranging
stations (reference 1), b) GEOS-C height determination with satellite to
satellite tracking data from the ATS-F link (Reference 2), and, c) GEOS-C
height determination with C-band radar data (Reference 3). The purpose
of this paper is to investigate GEOS-C height determination from various
combinations of range (laser, C-band) and angle (camera, laser, C-band)
data.

A single trajectory (Figure 1), based on a nominal 20° inclination
GEOS-C orbit, was tracked by simulated data fron n ranging stations,
n=1.. .4, at different sites in the Caribbean. For the n ranging
sites, there were k collocated angle tracking sites, k=0, 1 . . . n,
(no more than one per site) so that the number of angle sites was always
less than or equal to the number of ranging sites. The sites selected
for this study were Antigua, Grand Turk, Curacao, and Trinidad. These
were ordered respectively one through four as indicated below.
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T~ Angle ' , Trin
Sites ‘ Cur Cur

Gtk Gtk Gtk

Range Ant Ant Ant Ant

Sites 0 1 2 3 4

Ant, 1 X X
Gtk, Ant, 2 X X X
Cur, Gtk, Ant, 3 X X X X
Trin, Cur, Gtk, Ant, 4 X X X X X

In Figure 2, the elevation angles at the four tracking sites are given
, function of time for the selected pass.

]
o
a3

Simulated data were generated by the NAP-2 program for the range and
angle systems and for the altimeter, using the selected orbit and estimates
of system noise. The range, laser angle, and altimeter data were gencrated
at 40 second intervals throughout the pass for elevation angles above 207,
The camera angle date were generated at 4 second intervals over a 24 second
span, equivalent to one GEOS plate per camera, observed at the middle of
the laser data span.

The estimates of system measurement noise and error model parameters
used in generating the simulated data were:

Measurement _ RMS Noise
Laser or C-band range : 2 meters
Laser or C-band Az-El angles 100 arc sec
Camera R.A.-Dec angles 1 arc sec
Altimeter height 10 meters

Later, using the simulated data, the short arc orbital elements,
station surveys, range biases, and altimeter bias were allowed to simultanecusly
adjust and were recovered along with their uncertainties by the NAP-2 program.
In the adjustment each measurement type was weighted inversely proportional
to the square of the RMS noise above. The a priori uncertainties attached
to the recovered parameters were:

2 Orbital Elements

Position (¥, Y, ?) = +(1, 1, 1) kilometers
Velocity (X, Y, Z) = +(1, 1, 1) kilometers/sec
Station Surveys (E, N, V) = +(30, 30, 1) meters

» System Bias
Laser or well calibrated C-band range = 12 meters
Altimeter height = 1100 meters



Results

The altimeter bias recovery uncertainties for all the various measure-
ment combinations are given in Figure 3. Here it is shown that, with the
assumptions used in this study, the most economical combination of range and
angle trackers which meets the 4.1 meter requirement is probably a single
range station of laser quality collocated with a single angle station of
camera quality. This combination achieves an altimeter bias uncertainty
of 3.6 meters. When mo cameras and only one or two lasers are used, it
helps considerably to use the laser angles. For example, the one laser,
no camera (1LOC) result is decreased from 38.7 to 4.7 meters, and the
210C result from 5.1 to 4.4 meters. But this still is not enough to
satisfy the 4.1 meter requirement.

A more cost effective combination of trackers is the 2L2C case, comsidering
the limited lifetime of the altimeter and the requirement for clear skies
for the lasers and both clear and dark skies for the cameras. This combination
is also equivalent to two 1LIC cases. The probability of clear and dark
skies over at least one of the 1LIC sites is of course increased. When
both sites are clear and dark the 2L2C case applies and the calibration
is more accurate. In this study, the 2L2C combination achieves 3.27 meters,
which is glightly better than the 3.4 meters from the 4LIC combination.

The results of this study depend on the a priori assumptions.
Interpretation of the results should include consideration of the following:

e Actual range measurement data rates ave usually higher than those
chosen here (except for the SAO0 laser).

e The angle systems are also subject to some bias.

e The horizontal survey {E, N) a priori errors need not be as large
as 30 meters. The large values were chosen to demonstrate that wit
a relatively closely spaced network of sites the horizontal error
is less important. Decreasing these errors should improve the
multi~station results. The ORAN error propagation program was used
to demonstrate this. It showed that a 2L0C configuration determines
height near the center of a pass between the two stations as well
as a 1L1C configuration determines height overhead, provided the
assumed a priori horizontal survey uncertainties are reduced to
+6 meters at one site and fixed at the other.

e The vertical survey a priori error of 1 meter with respect to
MSL is reasomable near the site, but not hundreds of kilometers
away. The uncertainty of MSL relative to the height of & site in
the Caribbean has been estimated to vary from about 0.5 meter

. near the site to about 5.0 meters at distances of 1000 to 2000
kilometers. The 1 meter estimate probably holds only out to about
150 kilometers (zenith angle of 9°). On the other hand, the laser
bias is highly correlated with station height error for high
elevation angle data and these parameters may be traded off to
some extent. For example, the results with the laser bias uncertainty
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of +2.0 meters and the station height uncertainty of +1.0 meter

used here should not be significantly affected by reducing the laser
bias uncertainty by 1.5 meters to 0.5 meter (probably a more
realistic value with recent hardware improvements), and increasing
the MSL with respect to station height uncertainty by 1.5 meters to
2.5 meters (also a more realistic value when more than several
hundred kilofneters from the site).

o These results implicitly assume the altimeter bias is constant
throughout the pass. Consequently the bias uncertainties quoted
may be valid only for short durations during the most accurate
part of the reference trajectory.

Since the altimeter bias may not be constant throughout the pass, it
is desirable to determine height to 4.1 meters for as much of the pass as
possible. A point by point error propagation study was made for the pass
over Antigua, assuming the same ranging data errors as above and angle data
errvors varying from camera quality (f1 arc sec) to laser angle quality
{+100 arc sec). The propagation of these errors into altitude errors
is given in Figure 4 as a function of elevation angle. This shows that
altitude is determined to within 14.1 meters using laser ranges supplemented
by laser angles, only within a 2° zenith angle. However, if the laser
ranges are supplemented by camera angles, the useable zenith angle is
extended to 30°,
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USB SITE ANGLE PERFORMANCE

X ANGLE BIAS (DEG.)

Y ANGLE BIAS (DEG.)

SITE . ‘
AS-506 AS-507 AS-508 AS-506 AS-507 . AS-508
ACN 0348 005 021 035M) 019" - -.003
ANG o150 -.001 @ -.003 -.004 @
BDA -.001 .014 .011 007 .008 -.001
CRO 002 004 030 018 016 .000 .
CYI -.004 . .000 3) 003 004 @
GWM -.007 004 023 -.007 ~ -.001 ,003
GYM @ @ 004 . 021 ) 013
HAW -.013 -.006 3) 003 002 @)
MIL -.022 -.014 -.023 006 004 001
'TEX -.014 -.020 @) ~.002 -.001 @)
GDS -.009 ~.016 -.005 015 017 014
HSK 001 -.003 @) .005 -.001 @)
MAD 010 010 006 -.012 ~.019 -.015
NOTES -

(1) ADJUSTMENTS MADE AFTER MISSION

(2) INCONSISTENT BIAS

3) INSUFFICIENT INFORMATION - BIAS APPEARS TO BE UNDER .01°

)

NO FAR-EARTH ANGLE DATA




CINFWIEASVIN AVIAQ NOLLV.LS ANQOYD TAOHAINI TTIM THVMAUVH NOLLVEEIIVO MAN ()
"SOILAAOTD ANV ‘AVIIA LIVIDAOVAS ‘AVIAA NOLLVIS ANNO¥D OL INd SNOLLVIINIT (2)
SHILAW 670°T/~NY T ‘NOLLNTOSHAY AONVY (1)

- SHLON
g 0T : 0T 01 0T . (SYALAN) ASION
()07 08 08 , 0¢ ar (SYALAW) SVId
cEIARAL K €T OTI0dV- g1 01104V TT 01104V (o T) SNOILYD
, , -1dI0AdS
' NDISHEA

(2°1) 3IONVAYHO4HId IONYH SN




‘1 OTTI0dV 404 LOHIAH
Zcﬁﬁﬂth.ZdDO aadNaIyd FAVH TTIM OFS 01/1 HO DOFS 9/ 1) VIVA ALL LV ZONVY AZEdS MOT

@

eI OTT0dVY
EE 21 OTI04dV NAIM LAY mm.wommsn SYM NOILLNTIOSHY meﬁ FONVYE (0FS/01) QAAIS-IH (@
HOWYA NOILLISOd o?mmomo @
(AVA-€ ‘XVM-2) NOILLVHAJO JI0 IO @
UVANVIS AONANDAYI 0 ALI'TIIVIS @
139 J0 X11Tvd e 0L QELVIAY X11039id - (D
- SALON
ok 1 : :
@ s | g'g g'g G'g (OaS/WIN) FSION 23S 9/1
ot | - ose . oge () 0%/ 08¢ | (0FS/WW) ISION ATAJS-TH

HHNLOA €1 01104V 21 01104V 1T OT1I0d4dV SNOILVOIJIOHdS
, NDISHd

=y

0 (DAS/ININ) svid

JONVWYO04H3d J1VH IONVY 8SN

260



AANLIONOT = X = ‘HANIILVI = ¢ ‘@OSdI1ITI FAOEV LHDITH =

Sy ‘gpNVH =Y aNIEDET

261

£00° $00° eT'T _ (OFAS/STALIW) SINY
900° L00° : : 96°1 . (DAS/SYFTLAN) SSY
| aNODASOUY X 8
8%00" = € X 9100 £900° = € X 1200 6292 = € X 618 _ NODAS/SHaIaN T
aNODASOUV ¢ ¢
= ¢ X 8000°

$200°

§100° = 0§ X €0000°

$200° = € X 8000 §16° = € X G2¢ ANOOIS/SHALIN 48

qALAN =~ Sug
0800° = 0S X 90000 s 08 X 0TO RS

LIFHO YVNNT

YVNNTSNVIL  LI9¥0 HIMVA SIINO

[

IHOITH SHAIIAN 0§
SANOODASDUY €  SHOWYHH OILICOTD WNIWIXVIN

3LVH 39NVY NO ¥0o¥d3 01130039 40 S103443




o707 NI S18VA 3.

SANOOESOUOIN 08

Ol NISIHVA S 3

AONINOANI
iy SANODISOUOIN 002 3 DNIILL
SHALANW 0T + LHOIFH SHILAW 0S5 & .
GNODIS DUV §°0 * SANODHS DYV ¢ H‘, OLLIAOED
Jy¥nind - INISIHd YOo¥YF

SAANLINOVYW YHIFHE B S3IDHN0S HOHYH3

262




EFFECTS OF GEODETIC ERROR ON RANGE

MAXIMUM GEODETIC ERRORS

- 3 ARCSECONDS
- 50 METERS HEIGHT

UNITS

EARTH ORBIT

TRANSLUNAR

LUNAR ORBIT

3R

METERS

3 R’S "METER

75 X 50 = 37.50

.89 X 50 =44.50

.62 X 50 = 31.00

SR METERS )
5 b ARC SECOND 19.2 X 3 = 57.60 16.0 X 3 = 48.00 23.0 X 3 = 69.00
SR METERS
S % ARG SECOND 24 X 3 =172.00 26 X 3 = 78.00 12 X 3 = 36.00
RSS (METERS) 99,53 101.82 83.77.
RMS (METERS) 57.47 58.79 48.37
NOTES — LEGEND o
RANGE NOISE: 10 METERS R - RANGE !

£92

RANGE RESOLUTION: 1 METER

' RS - HEIGHT ABOVE ELLIPSOID

¢ - LATITUDE

A = LONGITUDE
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EFFECTS OF TIMING BIAS ON RANGE RATE

MAXIMUM TIMING BIAS: 200 MICRO.SECONDS

EARTH ORBIT
(1/6 SEC)

TRANSLUNAR
(1/MIN)

LUNAR ORBIT
(1/MIN)

6R  METERS/SEC
& ' MILLISECOND

.240 X 0.2 =0.05 METERS/SEC

.000021 X 0.2 = ,004 MM/SEC

0014 X 0.2 = 0.3 MM SEC

PRESENT QUANTIZING NOISE

005

.0005

0005
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L INTRODUCTION

The Missile Trajectory Measurement System (Mistram) is an
accurate CW radar system that was designed to track cooperative
targets such as missiles, aircraft or space vehicles. The current
ETR Mistram configuration consists of two baseline stations (Val-
karia, Fla. and Eleuthera) and seven rate vans (from Florida to
Trinidad) usually called Mistram Rate Stations (MRS vans). For
the GEOS-C study, the Mistram system is limited to the one base-
line system at Valkaria (Mistram I) and three MRS vans (Grand Turk,
Antigua and Trinidad).

The Valkaria (Mistram I) baseline station consists of a central
site (with transmitting and receiving antennas) at the apex of a right
triangle with two remote site receiving antennas located 10, 000 and
100, 000 feet, respectively, along each leg of this triangle. For the
GEOS-C exercise only the 100, 000 ft. baselines were used. The
connections between the 100, 000 ft. baselines and the central site are
accomplished by microwave airlink. Figure 1 shows the Mistram I
baseline geometry. '

The MRS vans operate in a passive mode in conjunction with the
active Mistram I station.

Thus, for this GEOS-C study the Mistram configuration consists
of one transmitting station and three receiving stations at Valkaria
along with one receiving station at each of the MRS van locations. At
Mistram I, two X-band signals are transmitted to a transponder in
the satellite. The transponder receives the signals, offsets them
coherently in frequency and retransmits them to the receiving antennas.
One of these signals is referred to as the "Continuous" signal which the
active ground station compares to,the transmitted reference signal in
order to obtain phase-delay data from which the high quality ambiguous range
information is obtained. The other transmitted signal which is called
the "Calibrate'’ signal, in conjunction with the continuous channel, is
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100 K ft.

o &

Figure 1. Mistram I Baseline Configuration (at Valkaria, Florida) .
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used by the active station to pericdically initialize the continuous data.

By means of the calibrate channel an accurate Range Sum (RS) measure-
ment is obtained at the central site, while accurate Range Difference (RD)
measurements are obtained for the baseline sites. Since the passive MRS
vans are not able to make a comparison of transmitted vs received phase
(since the signal originates elsewhere) the measurements are subject to a
rate bias error. The vans obtain anuninitialized range-sum measurement.

The Mistram I data is read out at 20 points/sec and can be transmitted
to Cape Kennedy via microwave for real time computer processing (this is
an invaluable procedure for obtaining range safety information for missile
launches). The uninitialized or ambiguous MRS range-sum data is recor=-
ded on magnetic tape so that it can be combined with the Mistram I data in
a Best Estimate of Trajectory Sense in order to obtain the correct initiali-
zation for each MRS van and the best estimate of trajectory (position and
velocity).

Based on many years of Mistram operation with missiles, an accurate
estimation of the random and systematic error sources is shown in Table 1.
The error analysis for this report is based on the values shown in Table 1.
Note that any improvements in the random or systematic uncertainties
would, of course, imply better results than are shown in this study.

The purpose of this study is to determine how well the Mistram System
(Mistram I and three MRS vans) can determine the radar altimeter bias
from GEOS-C. It will be assumed that GEOS-C will be at a 20° inclination
at approximately 600 nm. The accuracy of the Mistram System's capa-
bility to calibrate the radar altimeter is primarily a function of the error
in the height coordinate of the orbit. The orbital accuracies are shown
in the H, C, and L coordinate system where H is along the radiues vector,
C is the cross track coordinate and is perpendicular to the plane of the
orbit and L is along the orbit (in track), see Figure 2. Our interests are
in the H coordinate since it represents the height accuracy of the orbit.
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The orbital error analysis program used for this study is OREA [ 1 ]
and is capable of computing the orbital error propagation with unmodeled
effects.
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IL EXPERIMENTAL STUDIES

All of the experimental studies were considered as short arc
determinations with about 10 - 15 minutes of data. The only instru-
mentation used to determine the orbit is Mistram I (with 100, 000 ft.
baselines) and MRS vans at Grand Turk, Antigua and Trinidad. Unless
otherwise indicated, the error propagations were accomplished with the
uncertainties shown in Table 1. The following experimental situations
were considered:

1. Mistram I with MRS sites at Grand Turk, Antigua and
Trinidad.

2. Mistram I only.

One short arc was considered and the best height determinations are
found between 70° and 80° West longitude. Note that Mistram I is about
at 80° West longitude and 28° North latitude. The latitude of the orbit in
this region ranged from 18.2° to 16.4° North latitude and covers about
three minutes of data. For this particular portion of track the height
uncertainty for Experimental Situation 1 is about 1.0 meter, while it is
about 1.6 meters for Experimental Situation 2, That is, the three Mis-
tram MRS vans essentially contribute to the solution in a way such that
the height uncertainty can be reduced from 1.6 meters to 1.0 meter.
Table 2 below shows the geodetic location of the Mistram MRS stations,

TABLE 2
Geodetic Locations Of Mistram Stations et s
Latitude Longitude
(North) (West)
Mistram I 27,96 -80. 56 .1
Grand Turk 21.46 -71,13 28.5
Antigua 17. 14 -61.79 49.4
Trinidad 10.74 -61,61 273.5
7

N
-]
.}



It would therefore be concluded that the Mistram system with MRS
vans would offer the best height determination (1 meter) but that Mis-
tram I alone may be perfectly satisfactory for the radar altimeter
evaluation with determination of less than 2 meters for height deter-
mination.
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GEOS-C RADAR ALTIMETER

John W, Bryan
Goddard Space Flight Center

ABSTRACT

A radar altimeter is planned for the GEOS~C geodetic satellite. The radar
has not been designed. This paper presents a review of the ideas and require-
ments presented at the December 1969 Altimeter Conference as well as a sample

design criteria for a radar to fulfill those requirements.
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GEOS-C RADAR ALTIMETER

John W. Bryan
Goddard Space Flight Center

The radar altimeter is primarily concerned with transmitting to and re-
ceiving a backscatter return from the surface of the ocean. The character of
the surface can vary widely, and the factors which affect it electromagnetic
reflectivity are many. The most important factors are:

1. Surface roughness (sea state)

2. Transmitted wavelength

3. Incidence angle of the radiation with respect to the surface

4, Electromagnetic polarization

5. Wind velocity, i.e., wind direction and wind speed.

In principle these are usually summed up in a single term sigma zero (o9 ).
Sigma zero is defined as the radar cross section per unit area of the reflecting
surface. If it were possible to express the value of o® in term of these
parameters and obtain an accurate estimate of each of them, the most difficult
part of the problem of sea definition by spaceborne radar would be solved.

The agreement between theory and some measurements appears to be good.

(1)

The facet theory, as described by Katzin' ', appears to relate these parameters
to the resulting o° However Katzin did not establish all of the necessary
formulation for converting o to each of the parameters. Using the radar of

GIOS-C and visual observations of the radar illuminated area some of the

necessary formulation will be derived.
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The Oceanography Group at NRL are working under the direction of I. W.
Full91*4 ggé»the value of o® versus wave height. Mr. Fuller summed up their
work on vertical incidence radiation both in the NRL pool under controlled con-
ditions and at several of the "Texas Tower'" type of sites. The curve of Fig-

ure 1 presents a summary of their findings on o

versus wave height. Of
particular interest was Mr. Fuller's statement that they plan to study reflectivity
from various portions of the sea wave structure. This sdrt of information may
be very useful when interpreting data from future more sophisticated satellite
radars.
Prolessor Piarson(z) presented a theory at the Decemiber meeting which
related return pulse shape to sea roughness. To verify this theory requires
the leading edge of the return pulse be analyzed. In particular the onset of the
typical ramp rise and the end of the rise. To éupply data for this, the leading
edge of the return will be sampled several times (perhaps 10) and this infor-
mation iransmitted to the ground. This particular study does not require an
accurate orbit, but should be conducted in an area where the sea state, wind
and wind direction are monitored. To gain meaningful data for oceanography,
tesvs will be conducted in deep (greater than 16 fathoms) wat':er. Since depths
such as this do not occur close to shore, a ship will be required.

The topography of the sea surface is not only of interest to oceanography

Lw.o olso tne Geodesy and Meteorology. It is of interest to Geodesy because the

mean sea level surface reflects the structure of the earth's gravity field.
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Since the oceans cover 70 percent of the earth's surface, an experimental
determination of the mean sea level will provide a good measure of the over

all geopotential. Satellites are the most stable platforms available for this type
of measurement. At the proposed altitude of approximately 1000 km, satellite
trajectories are quite smooth when compared to the features to be studied.
With the present gravity models orbits are determinable to less than a meter.

The altimetexr for this application would be a device fo determine the
vertical range from the satellite to mean sea level., This range is not known
or determinable to a meter with present instrumentation and techniques. On
board integration will be required to remove the ocean noise from the altitude
determination.

The GEOS-C altimeter must establish both engineering feasibility and the
scientific validity of the observations. To this end Dr. Weiffenbach(S) suggested
that the altimeter experiment should be designed in two phases. The first is
to make a series of measurements in a well observed area where sea state,
weather, surface gravity, etc. can be determined. The second is to move out
into the largest ocean area available and compare the altimeter observations
witn geopotential models determined through orbital dynam%os.

Before the required characicrisiics of ihe radar can be defined the GEOS-C
ornital parameters must be delined. The present desired parameters are shown
in Chart I. The design is also constirained by the available spacecraft size,

weight and power capabilities. The antenna is envisioned as approximately
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60 centimefer diameter parabolic reflector. This resulls in a 4 degree beam
width which is compatible with the spacecraft attitude stability. The antenna

is to be placed on the bottom as earth facing side of the spacecraft. With this
sizc antenna and an orbital height of 1000 km the system will be beam width
limiied, That is the trailing edge of the transmitted pulse reaches the reflecting
surlace belore the leading edge crosses the beam edge. The physical constraints
placed upon the altimeter design by the spacecraft are given in Chart Ii.

For a leading edge tracker and a one (1) meter resolution the pulse length
should not exceed a few hundred nanoseconds. A design goal will be a 50
nanosecond pulse length with a 10 nanosecond resolution. A 50 nanosecond
pulsc in a pulse width limited system results in an interrogated area having a
diameter of 7.8 km.

Using a 60 centimeter dish, a 3 centimeter wave length, a o% of +6 dB, the
50 nanosccond pulse, a height of 1000 km and a 20 MHz bandwidth receiver, the
required fransmitter power is approximately 2 kw. This does not account for
rarious losses in the system or transmission path anamolies. If a pulse com-
pression (PC) system is considered the peak transmitter power may be reduced.
This reduction in peak power may be estimated in that a pulse compression
system trades peak power for pulse length on a one for one basis. However
In desigalag a compression sysiem care must be exercised in that the long
transmitier pulse must not allow the interrogating area approach a beam width

limited system. The pulse repetition frequency (prf) may have to be reduced
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in a PC system to reduce the surface correlation effects. If these restraints
are observed the resulting PC system éhould not affect the altitude determination
and should actually increase the oceanographic capabilities.

The actual design of the altimeter has still not been accomplished. How-
ever a chart of minimum requirements is given in Chart III for a straight pulse
system. When system losses and transmissiqn path anamolies are considered
the peak power should be increased by 10 dB. Using this radar and one second
averaging to reduce ocean noise and thermal noise an acceptable resolution of
one (1) meter should be achieved.

The averaging or integration times must be carefully selected. In the study
of sea state a short averaging time is desirable, however for mean sea level
measurements the averaging time must exceed the correlation time. For a static
antenna the correlation time has been determined to be in the order of 10
milliseconds. The recommended times are: for sea state studies a 10 KHz prf
and a 10 millisecond averaging time; for mean sea level studies a 1 KHz prf and
a 500 millisecond averaging.

This coupled with the radar of Chart III should result in the desired

scieantific data.
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CHART

Inclination
Eccentricity
Perigee

Apogee

) o

17 - 22
0.02

700 - 900 km

1000 - 1400 km



CHART 1II

INPUT POWER 50 WATTS MAX. SHORT PERIOD
10 WATTS CONTINUQUS

‘ : 3

SIZE 1000 cm

WEIGHT 50 POUNDS MaX. .

RESOLUTION (ALTIMETER) 1 METER

RESOLUTION (SYSTEM) 5 METERS
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Chart 3

TRANSMITTER

Freguency X-Band

Type Pulse

Peak Pulse Power 1.0 KW Minimum

Pulse Length 50 MS

Pulse Repetition Rate 1.0 KHz
RECEIVER

Bandwidth 20 MHz

Noise Figure 8 dB

Detector Square Law

Tracking Split Gate
ANTENNA

Aperture =61 cm Diameter

Parabola or Array
Beamwidth =4 Degrees
Gain =31 dB

NOTE: The above values are tentative and may be revised when

the final specification is issued.
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