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ABSTRACT

To impart greater internal consistency to the Transit Sys-
tem, the WGS-72 geopotential was implemented in the Navy Naviga-

tion Satellite System in December 1975. Sites previously surveyed

using Transit (APL 4.5 geopotential) exhibit shifts in their sur-
veyed positions that depend on their geographic location. The
shifts result because the satellite ephemerides are displaced by
varying amounts dependent on their earth-fixed subtrack. The
amount and character of the ephemeris and site shifts were inves-
tigated for four satellites and 16 receiving stations. Noting the
dependence of the station position shifts on ephemeris differences
when using the two different geopotential models (APL 4.5 versus
WGS-72), a scheme was developed to produce an estimate of survey
shifts that would be expected on a worldwide grid. The shifts
exhibit a worldwide rms of about 4 m and reach a maximum of 15 m
in the Indian Ocean area. The results presented include real data

surveys at the TRANET and OPNET stations and the simulated surveys.
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1. INTRODUCTION

WGS-72 is a geopotential coefficient set generated by the
Naval Weapons Laboratory (NWL) in 1970 and shortly thereafter
adopted by the Department of Defense to replace WGS-66. Nearly co-
incidental with this event, the Transit Improvement Program (TIP)
satellites were being developed. One feature of the TIP satel-
lites is a drag compensation system, similar to the Disturbance
Compensation System* (DISCOS) proven on the Triad satellite (Ref.
1)

ERgP=——

The two events precipitated an evaluation of the then cur-
rent operational program for orbit determination and ephemeris pre-
diction that had been in use since 1965 with only two significant
modifications. The first modification was the inclusion of a sig-
nificantly larger geopotential model (APL 4.5) in 1968; the second
was compensation for Chandler wobble (more commonly referred to as
polar motion) in 1974. Both modifications had been made in the
environment of short-arc (l-day) ephemeris prediction. Since
longer prediction arcs would be used with the TIP satellites, a
major aim of the evaluation was to investigate the long-arc (7-
day) prediction capability of the operational programs (called
OIP-II). In addition to the geodesy and station coordinate
changes (to WGS-72 and NWL-10D, respectively), the solar radiation
program was improved, and models for the sun- and moon-induced
earth-body tides were included in OIP-II (Ref. 2).

The revised operational computing program (OIP-II MK5MOD2)
was placed in candidate status at the Navy Astronautics Group
(NAG) where its evaluation under operational conditions was under-
taken. Their studies produced some surprising results. First,
station-navigated positions exhibited significant shifts when
navigated with WGS-72 ephemerides and compared with navigations
performed with APL 4.5 ephemerides. Second, a direct comparison
of the ephemerides showed satellite position differences as large
as 90 m.

*In fact, DISCOS compensates for all nongravitational forces act-
ing on the satellite.

Ref. 1. Space Department Staff (APL) and Staff of Guidance
and Control Laboratory (Stanford Univ.), "A Satellite Freed of All
But Gravitation Forces: TRIAD I," AIAA 12th Aerospace Sciences
Meeting, Washington, DC, 30 January-1 February 1974.

Ref. 2. H. D. Black et al., "The TRANSIT System 1975,"
APL/JHU TG 1305, December 1976.
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The major impact of these results is best stated in the
following question: If I have determined my position on the
earth's surface using the Navy Navigation Satellite System (NNSS),
what position shift, if any, will be evident if I redetermine my
position using the same data but with the newly determined (WGS-
72) ephemeris? It was this question we addressed.

w 10 =~
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2. BACKGROUND

STATION NETWORKS

There are two station networks involved in our studies.
First is the set of four operational stations (300-series) located
in Maine, Minnesota, California, and Hawaii, and referred to as
OPNET. The second set is TRANET, which consists of a variable
number of worldwide stations. Figure 1 shows the OPNET and the
subset of TRANET used.

NAVIGATION

In general, navigation is a means of determining an esti-
mate of position. Users of NNSS fall into two general categories:
moving and fixed. The moving users are now almost exclusively
ships at sea. The fixed-site users are generally attempting to
survey the location of their sites by collecting a large set of
passes and determining the mean of the navigated positions.

In editing the doppler data prior to orbit determination in
OIP, each pass is navigated, and all the known (significant) error
sources are modeled to within the state of the art. As a result,
the "mavigation errors' are representative of the orbit and/or
station position errors. If we trust the station coordinates, the
navigation errors are interpreted as orbit errors, and the orbit
is adjusted accordingly. If the ephemeris is correct, the naviga-
tion errors are interpreted as station coordinate errors. In this
study we used ephemerides only within the span over which they
were fit; thus, they are the best attainable. We therefore inter-
pret fixed-site movement as station coordinate shifts.

Individual results of pass navigation are affected by the
relative geometry (station-satellite) during the pass, but such
biases can be nearly eliminated by including equal numbers of
passes from (a) north heading, (b) south heading, (c) eastward,
and (d) westward. Pass elevation that also affects navigation
quality is normally limited to between 15 and 75°, but there is
generally no attempt to assure uniform elevation distribution.

Under these conditions we have found that the mean navi-

gated position of a fixed site is stable if 30 or more passes are

' used in the determination of that mean. Recall that our interest
is in obtaining a measure of how these positions are affected by

ephemerides derived using different geopotential coefficient sets.

- 11 -
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OIP NAVIGATION

In OIP the quality of the tracked* ephemerides is judged on
how well they fit the doppler data. This is accomplished by navi-
gating each pass using the full precision, tracked ephemerides.
Tropospheric refraction is removed using Hopfield's model (Ref.
3). Two position parameters and a frequency correction are solved
for at the time of closest approach of the satellite to the sta-
tion. The two position parameters are ECA(R) and ECR(p), which
are, respectively, the error (relative to some input position) in
the satellite velocity vector direction and the staticn-satellite
range vector direction.

TRACKING AND NAVIGATION ACCURACY

One measure of orbit quality is a comparison of the final
satellite ephemerides and the data used in their generation. It
is well known that navigation errors, relative to the true ststion
position, are excellent representations of the satellite ephemeris
errors. Thus the rms of the pass errors can be used as a summary
measure of orbit quality.

The rmstt using the APL 4.5 geodesy is about 15 m while
for the WGS-72 geodesy it is 8 m. These are typical when using
data within the tracking span; when the data are taken over the
24-h span immediately following the tracking span, the rmst's gen-
erally increase. This is almost exclusively due to atmospheric
drag errors and does not occur when DISCOS operates.

Navigation accuracy depends on the ephemeris span (tracking
or prediction) and the program used. Restricting ourselves to
fixed-site navigation, the expected navigation rms's are:

*"Tracked" in this context means that the ephemerides are produced
using initial conditions that have been least-squares fit to a
set of doppler data passes. We have uniformly used ephemerides
only within this span.

1.

2 + EcR%) 7).

Ref. 3. H. S. Hopfield, '"Tropospheric Effects on Signals

at Very Low Elevation Angles,'" APL/JHU SDO-4279, November 1975.

tRmst is the rms of the total error [(ECA

..13_
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OIP-IT*
WGS-72  APL 4.5
Span (m) (m)
Tracking 6-8 14-16
Predictiont 6-10 14-17

GEODESY COMPARISON

A convenient method of comparing geopotential coefficient
sets is to compare the equipotential surfaces they define. Over
a worldwide 5 x 5° grid, APL 4.5 and WGS-72 geoid differences have
an rms of 11 m with peaks as large as 39.1 m. This is approxi-
mately the level of differences found no matter which coefficient
sets are being compared. The conclusion can be drawn that our
knowledge of the absolute location of the true geoid is no better
than 11 m. Figure 2 is a zero-difference contour map of the APL
4.5 minus WGS-72 geoid height comparison; it is typical of all
such comparisons.

Another characteristic of a geopotential coefficient set is
where it locates a satellite in inertial space, i.e., its ephemer-
ides. When comparing ephemerides produced using APL 4.5 and WGS-
72 we found that:

1. Differences in position at a given time were as large
as 90 m, and

2. The observed differences were geographically correlated,
particularly in &, which is the along-track component.+

The second point surprised us; it quite obviously voids our previ-
ously held assumption that errors from one pass to another were
uncorrelated.

The geographic correlation noted above is dramatic as il-
lustrated in Fig. 3, which shows a composite of the % versus time

*Results are satellite-dependent; thus a range is given.

tThe results are for a span of time when solar activity (and hence
drag) is near a minimum.

#Satellite position vectors are differenced and then resolved into
components along the orthogonal directions fi, C, 2, where f i§
along the satellite radius vector (from the earth's center), C is

A

along the negative angular momentum vector, and ¢ is H x C.

= 14 =
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Fig. 2 Geoid Height Difference, APL 4.5 Minus WGS-72, 1974
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§ plots from four different satellites over eight different arcs (see
) the key on the figure). It was generated in the following manner.

Ephemerides were generated from tracks using the WGS-72 and
APL 4.5 geodesies. The ephemerides were then differenced (point-
by-point) and the differences resolved in H, ¢, C coordinates.
The along-track difference, £, and its earth-fixed position (@,A)
| were plotted versus time. Finally, the ground tracks were aligned
) so that the effect of geodesy difference could be observed as a
function of earth-fixed location. The abscissa is time, since the
satellite subtrack was at a base earth~fixed longitude while head-
ing north; since the satellite is polar, each revolution samples
longitudes that are 180° apart. The prominent positive peaks are
about 12 h apart and are located over longitude bands centered on
90 and 270° (see Fig. 6b). The station location shifts, discussed
in the next section, result from such biases.

STATION SHIFTS

NAG performed a series of simulated navigations as part of
their evaluation of OIP-II. The fixes that use the broadcast
ephemerides and have no tropospheric refraction correction were
combined to produce the mean position for each station for each
geopotential coefficient set. The station coordinate differences
(WGS-72 minus APL 4.5) were then removed from the mean position
differences to obtain the absolute mean navigated-position differ-
ences shown in Table 1.

The large shifts exhibited by stations 013, 111, 112, 115,
and 121 caused some concern, particularly station 115. Knowing
the simulation errors, we used the OIP-II Editor results (from the
tracks used to produce the ephemerides used for the navigations)
to estimate &p.* These numbers are shown in parentheses for the
given stations.

*For polar satellites, the latitude error (rAe) is nearly equiva-
lent to the along-track error (ECA).

o
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Table 1

Coordinate and Simulated Navigated Station Position
Differences, WGS-72 Minus APL 4.5 (NAG)

Mean Navigated-Position

Station No. Coordinate Difference Difference
and Location (m) (m)
No. of

rlAop cose AA Ar Ao r cos® A)X | Passes
008 Brazil 1.7 -1.3 -11.9 - 3.9 -13.0 30
013 Japan 5.4 -2.9 6.5 8.6(5.3) - 4.5 44
014 Alaska -3.2 12 10.6 - 4.7 = 6.1 74
018 Greenland =19 0.4 5.6 2.0 1.2 142
019 Antarctica 3.2 -2.8 1.0 =612 - 3.4 78
103 New Mexico -3.4 -6.5 3.7 - 6.8 : -15.7 31
106 England -1.4 =549 0.3 515 ; =3 48
111 Maryland 0.2 20.9 9.2 -11.2(-2.8) ! - 4.3 27
112 Australia 13.9 4.2 - 8.3 10.0(5.3) ! 12.7 43
115 S. Africa 14.9 4.8 - 0.2 -22.4(0.7) ; -13.3 38
117 Samoa Sl -8.1 11.0 Q.5 l =13.1 38
121 Philippine 18.7 -6.8 6.2 -10.0(-7.4) | -20.3 31

Islands E

NOTE: Numbers in parentheses are equivalent latitude differences taken from

corresponding Editor runs.

- 18 -
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3. EXPERIMENTS AND RESULTS

There are two ways to determine how much a station's coor-
dinates will shift due to a change in geodesy. The first and most
obvious method is to generate satellite ephemerides with each geo-
potential coefficient model and, using actual data, determine the
station's location both ways. The major disadvantage of this
method is that shifts can be determined at only a few specific
locations (i.e., stations from which the required data have been
taken). The advantage is that a shift, once determined, is an ex-
cellent measure of the effect of the geodesy change in that region
as well as at that location.

The second method is to perform pseudonavigation over a
uniform, worldwide grid, thus producing numbers that are useful
everywhere, not just at doppler tracking stations. However, de-
vising a suitable pseudonavigation algorithm presents a problem.

Although both methods possess inadequacies they tend to be
complementary, so we decided to try both and compare them. Thus,
we produced the fixed-site shift numbers and, through the compari-
son, a measure of the quality of the worldwide shift numbers.

Both methods require satellite ephemerides that are gener-
ated by integrating the satellite equations of motion using ini-
tial conditions obtained from tracking. Since the initial condi-
tions depend on the force models used, their determination must be
performed twice for each arc, once with each of the geopotential
coefficient models. To eliminate all other differences, the same
program model (OIP-II MKS5MOD2) was used for all runs. This pro-
gram contains our latest force models (Ref. 2).

We chose, as part of our overall investigation, data from
OPNET and TRANET (over the same time span) and performed separate
tracks using APL 4.5 and WGS-72 geopotential coefficient models.
Thus, each span was covered by four tracks:

Data Source Geodesy Used
OPNET APL 4.5
TRANET APL 4.5
OPNET WGS-72
TRANET WGS-72
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OPNET-GENERATED EPHEMERIDES IN THE SOUTHERN HEMISPHERE

Because the Transit System uses only the OPNET stations
(all of which are in the northern hemisphere), the quality of the
satellite ephemeris over the southern hemisphere is a recurring
question. To investigate this questicn, we performed two satel-
lite tracks, one using data from OPNET and the other using data
from TRANET, and compared the ephemerides produced using the dif-
ferent sets of initial conditions.

Figure 4* is a plot of these ephemeris differences versus
time, resolved into the H, &, C coordinate frame. The differences
in H are less than 1 m and can best be described as jitter; that
is, the differences are below our threshold of interest. The am-
plitude and phase of the sinusoid exhibited by C indicate a
slight difference in the nodes (4 x 10-7 rad) of the two orbits.
The along-track (&) secular component of the differences indicates '
a small period difference (about 2 x 1073 s). The sawtooth-type
envelope on both ends and the random spikes in the center are
numerical in nature and are peculiar to the program used to pro-
duce the graphs. The structure results from differencing large
numbers (the times, which have been truncated to millisecond sig-
nificance) to get small differences; 1 ms translates to approxi-
mately 7 m in along-track for our satellites. The results shown
are for the W(GS-72 geodesy. When the APL 4.5 geodesy is used, the
results are slightly worse (see Fig. 5%). H peaks at about 1 m
and C peaks at about 7 m; & exhibits slightly more structure but
has the same amplitude.

Thus, the ephemerides are essentially identical worldwide
independent of the tracking station network. This conclusion has
been reached previously with similar experiments and can be re-
garded as firmly establiched.

EVALUATION STATION NAVIGATIONS

To test the quality of the ephemeris at stations not used
in orbit determination, the data from three TRANET stationst (013,
112, and 121) were withheld from all the tracks. These data were
then navigated with tracked ephemerides. Station 112 is in the
southern hemisphere.

*Scaled in kilometers.

tThese were called "evaluation stations' because their data had no
influence on the tracked ephemerides and thus their navigations
served as an independent measurement of ephemeris quality.

- 20 -

DA At At 2 i 1 <V




AsapoaD Z/-SOM yaim siiawaydl | INVH L snsien suawayd3l 1 INJO b Bid

—j200-

@) o
o
v —100— 2
Q
e N 2
wa/\ i o>\ Rveza/\ / of\ oS 9 A )L 21 £ ~ 2 o A o AL gt £2 s - s/
LA W A CUACTL VA ST AT L A SANOUAE ASTAS AW AW A VALY WA JOWLLIAR. A AT WL AR A WACS CRFLEUAR A AL [ a
vV V WV V V V V V V VARRY v v vV V,V WV V UV V V V V \V V J =
o
o
71
Z

|
o
o

—200

(@) Jvo.ol I
LAY —1000—

|

el buoy) 1

o

(

—v0°0

z

(@] — -
3 (e) tad
12
a @ .
¥ HV —100-T
= o - o
% w m SuS_ Siisz SeoRz , 9SPz SCI2 esiice  SULS1 9690 9%t M9l 96'GGL  81CMl .‘mn_ ~:u.:.»,_\ﬂ SLOLL 9666 9188 9FBL 9SS 995 96°Sh  SISE SN2 85 & 5. o 1||.0
82 g

(72 o
o% & —4100 &
P .
&5 $1318WO|I1% Ul aJe s1un .
o w —zoo
=

a

Q

<




THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

MARYLAND

LAUREL

As3poaD G’y 1dV YIM siiawayd3 | INYY L snssea suawaydl | INJO G B4

(©)

L,

SepER s | weiohe ] Bupst (aqwp | opoose) WvEst e SqUL ] Secpay. (whiegih fiies
' , \ ] W
’ y v VvV VoV ) V \ v VYV VYV VY VY VY MY

5188 51

e e L SR et Y

(®)

'S1818WO| 1Y Ul AJe iU

.4 B

& e 8 95 (8 39S L L b vM ¥4 5 o
" ! .S.H".‘nxl,i‘!lllr\..'\)(\ﬁl

—20°0—

N

l._.oolm,

ot o

“o @

—100 &

z
—Jzoo
00—

200— —

o

a

200 &
$00
—200—

= =

®

5

.

—{100 &
—zoo

- 22




THE JOHNS HOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY

LAUREL MakvLAN

As noted earlier, the values of three parameters are deter-
mined during navigation. The parameters are the frequency offset
correction, and the station movement in the two coordinates, p and
2s

Sets of (p,%) for a given station can be processed to de-
termine the three-dimensional position fit presented in Table 2.
The variables tabulated are r&, r cosp A)A, Ar (position errors
in the latitude, longitude, and radius directions scaled to me-
ters), the radial error, and the standard deviations of the input
data gy, o,. There are two points of note. First, significant
differences occur for different geodesies but not for different
station networks. This verifies what was evident when the ephem-
erides were compared. Second, WGS-72 solutions are uniformly
better than APL 4.5 solutions; this is also true of the tracking
errors. While too few passes are involved to get good absolute
positioning of the stations, there are more than enough for ade-
quate relative comparison.

NAVIGATION USING TRACKED EPHEMERIDES

We knew from the ephemeris comparison that station position
shifts would occur. Therefore, we sought a measure of the shifts
by looking at the tracking station position shifts for the passes
used in the tracks themselves. There were enough pass results
available over the various tracking spans to compare the relative
station positioning between WGS-72 and APL 4.5.

To position the station, p and & for all passes of that
station are combined along with the station-satellite relative
geometry for each pass to form a three-dimensional solution (A,@,r).
We found that 30 passes of well distributed geometry were barely
adequate to produce a stable solution.

We would like to make two points regarding the navigations:
(a) They use full-precision ephemerides over the tracking span
(i.e., not predicted), and (b) tropospheric refraction has been
corrected (usually with default weather data since submission of
actual weather data is rare). Incidentally, one should remember
when comparing the Editor and simulated navigation solutions that
these points are the two major error sources in simulated naviga-
tions. Additionally, while both types of navigation find two-
dimensional solutions, they are resolved along different axes.
Since the navigations are two-dimensional fits to a three-dimen- °
sional error, they absorb the third dimension differently; there
exists no transformation between them.
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Table 2

Evaluation Station Position Fit (OIP)
(entries in meters)

Station 013 (13 passes)
Tracking
Network Geodesy rAp r cos® AA Ar Radial 9, op
TRANET WGS-72 -4.93 -6.79 -1.14 8.47 7.4 1.4
TRANET APL 4.5 -9.52 -6.24 6.94 13.33 8.2 8.4
OPNET WGS-72 -3.34 -4.08 -0.25 5.28 75 2.5
OPNET APL 4.5 -5.45 -9.72 9.52 14.66 7.7 10.0
WGS~72 (TRA-OP) -1.59 -2.71 -0.89 3.27 = =
APL 4.5 (TRA-OP)  -4.07 3.48 2.58 5.94 - —
Station 112 (18 passes)
TRANET WGS-72 -0.54 5 21 2.97 6.02 7.9 5.
TRANET APL 4.5 8.06 -3.85 -0.75 8.9%0 11.4 4.8
OPNET WGS-72 -0.30 -5.32 -3.16  6.19 7.6 4.0
OPNET APL 4.5 11.09 -7.83 -2.14 13.74 10.4 4.3
WGS-72 (TRA-OP) -0.24 -0.11 0.19 0.33 = =
APL 4.5 (TRA-OP)  -3.03 3.98 1.39 5.19 - -
Station 121 (8 passes)
TRANET WGS-72 -1.23 -1.82 -4.59 5.09 k! 4.9
TRANET* APL 4.5 -3.28 -0.26 -2.02 3.86 17.0 17.0
OPNET WGS-72 -0.41 0 -3.88 3.90 5512 5.0
OPNET APL 4.5 -2.00 -3.57 -3.53 5.40 17.0  17+6
WGS-72 (TRA-OP) -0.82 -1.82 0.71 212 - -
APL 4.5 (TRA-OP)  -1.28 3.31 -1.51 3.56 - -

*Nine passes
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Table 3 shows the tracking station shifts. The numbers in
the table are the difference in the absolute position of the sta-
tion as determined using (a) WGS-72 ephemerides against NWL-10D
station coordinates, and (b) APL 4.5 ephemerides against APL 4.5
station coordinates, and then removing the difference in the sta-
tion coordinates. The doppler data, program, and other force
models were identical. Since the corrections are in meters, the
entries are actually rlde, r cosep A\, and Ar rather than Ay, AA,
and Ar.

THE PSEUDONAVIGATION

A by-product of each orbit determination is the satellite
ephemerides over the tracking span; these consist of satellite
position and velocity at equal time steps, usually every minute.
Ephemerides produced over the same span with the two different
geodesies are differenced and transformed into H, %, C. Addition-
ally, the earth-fixed coordinates (©®,)\) are associated with each
H, 2, C set.*

We are now ready to perform the pseudonavigation, which is
based on the fact that navigation errors are equivalent to ephem-
eris errors over the satellite trajectory arc used in the naviga-
tion and vice versa. Thus we will simulate multiple navigations
by averaging the ephemeris differences over an appropriate area.

All navigation satellites are at an altitude of approxi-
mately 1000 km, which places them in view of a station whenever
they are within 30° (great circle) of that station. If the satel-
lite is 12° above the station's horizon, the angle is reduced to
20°. Because low-elevation passes are generally eliminated for
station survey work, we used data only within this distance of the
point under consideration.

The earth was partitioned into equal areas of 40 x 40° at
the equator with appropriate latitude compensation for areas not
on the equator. We then calculated the average and standard de-
viation over all H, ¢, and C in each area and assigned these val-
ues to the area midpoint. We did this for areas centered every
10° in both latitude and longitude. Maps showing these averages,
which we refer to as predicted position shifts, are presented in
Figs. 6a, 6b, and 6c.

Table 4 shows the pseudonavigation estimates for the TRANET
and OPNET sites.

*We have these differences resolved into earth-fixed coordinates
for 44 arc days from four different satellites.
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Table 3

OIP Absolute Mean Navigated Position Using
WGS-72 and APL 4.5 Geodesies

Position Shift*

(m)

Station rip r cose AA Ar
008 0.3 Le5 -5.8
013 4.1 -2.1 0.8
014 2519 =4.7 0.6
018 0.7 -1.7 2.9
019 2.4 3.7 -7.7
103 4.9 4ok 0.8
106 249 -4.7 1.4
) | 1.8 ~11.0 1.4
117 5.4 -9.0 -1.7
311 2l -7.7 -1.5
321 4.5 -0.4 4.4
330 3.4 -3.0 -0.1
340 6.8 =35 -5.5

Mean 3.20 -2.95 -0.79
o 3.68 5.3k 3553
S 1.81 4.42 3.44

*Position shift = NAV, o - NAV, . + ASTA

ASTA = NWL-10D - APL 4.5 station coordinates
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Iable 4
Pseudonavigation Position Shifts (m)

Station r o T coseg AX Ar
008 1.0 -3.0 -7.:0
013 4.5 -1.0 -5.0
014 3.0 -1.0 -2.0
018 ~1..0 ~-1.0 =1.0
019 1.5 -1.0 -6.0
103 4.0 0 -2.0
106 2.0 0 -2.0
111 3.0 -1.0 -2.0
117 3.0 -1.0 -5.0
311 1.0 -1.0 -3.0
321 2.0 10 -2.0
330 3.0 1.0 -2.0
340 4.5 0 -5.0

Mean 2.42 -0.65 -3.38

(o] 2585 1.18 3.86

9 s 1.50 1.00 1.86
= JU =
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Table 5 compares the OIP navigation and pseudonavigation
results. As to the quality of these measures as shift indicators,
one is forced to accept the mean values from the OIP navigation as
most precise, at least those that contain 30 or more passes. The
passes are well distributed in elevation, azimuth, and direction.
In the case of the Editor navigations (Table 6), all known signif-
icant error sources are modeled to the meter level, and full-pre-
cision, tracked ephemerides are used. We have included in the
table the mean position relative to the station coordinates (in
both APL 4.5 and WGS-72) as an indicator of data quality, the as-
sumption being that the closer the better.

ERROR SOURCES

There are certainly errors associated with all the above
results. The problem is to identify and quantify these errors to
judge their effect on our conclusions.

Noise* is our constant companion and will not be discussed
beyond what has been said regarding its magnitude. The effect of
the tracking network has also been discussed.

It is categorically true that the station coordinates are
in error (i.e., not exact). We have eliminated these errors by
reducing our results to difference in absolute position, i.e.,
subtracting out the reference positions.

In our effort to believe that the pseudonavigations were
more accurate than the station-fit results, we pursued a detailed
investigation of the latter. One of our discoveries was that the
compiled thresholds in the Editor navigation were not tight enough.
Since the amplitude of the doppler decreases with elevation, sen-
sitivity of the ECA, ECR fit also decreases. We found that the
navigation was sometimes breaking out at false minima, especially
on low-elevation passes. We examined parameter values at the end
of various numbers of iterations (up to 20) to determine the sta-
ble value of each parameter for every pass (25 passes were inves-
tigated). We found that by reducing the breakout thresholds from
0.60 to 0.02 m, the breakout values were identical to the stable
values.

We also investigated the effect of initial station position
on final solution. The range of input coordinate error was 4 to

*The words '"noise'" and '"random" are used loosely to indicate sources
of which we are ignorant, either because of the nature of the phe-
nomena or the difficulty in analyzing them.
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Table 5

Comparison of OIP-Navigated and Pseudonavigated

Mean Station-Position Shifts (m)

(0IP-Pseudo)

OIP-Navigated Pseudonavigated Difference
Station riep r cosep AX Ar rkp r cose AX Ar rAp r cosep AX Ar
008 0.3 1.5 -5.8 1.0 -3.0 -7.0 -0.7 4.5 1+2
013 4.1 -2.1 0.8 4.5 -1.0 -5.0 -0.4 1Lt 5.7
014 2.5 -4.7 0.6 3.0 =1.0 -2.0 -0.5 -3.7 2.6
018 0.7 -1.7 2.9 -1.0 -1.0 -1.0 -1.7 -0.7 39
019 2.4 3.7 =i WS ~1.0 -6.0 0.9 4.7 =1.7
103 4.9 4.1 0.8 4.0 0 -2.0 0.9 4.1 2.8
106 2.9 -4.7 1.4 2.0 0 -2.0 0.9 -4.7 3.4
111 1.8 -11.0 1.4 3.0 -1.0 -2.0 -1.2 -10.0 3.4
117 5.4 -9.0 =1.7 3.0 ~1.0 -5.0 2.4 -8.0 3.3
311 2.1 -7.7 =145 1.0 -1.0 -3.0 11 -6.7 1.5
321 4.5 -0.4 4.4 2.0 1.0 -2.0 245 -1.4 6.4
330 3.4 -3.0 -0.1 3.0 1.0 -2.0 0.4 -4.0 1.9
340 6.8 -3.5 -5.5 4.5 0 -5.0 2.3 =3.5 -0.5
Mean 3.20 =2.95 =0.79 2.42 -0.65 -3.38 0.79 -2.18 2.61
c 3.68 5.31 3.53 2.85 1.18 3.86 1.42 5.08 3.37
S aan 1.81 4.42 3.44 1.50 1.00 1.86 Lisili8 4.59 25113
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Table 6

OIP Mean Radial Navigated Position and Standard Deviation
for Selected TRANET and OPNET Stations Using
WGS-72 and APL 4.5 Geodesies (m)

WGs-72 APL 4.5
Station No. of Mean No. of Mean
No. Passes Radial o Passes Radial o
068 40 1.83 5.36 43 8.59 9.76
013 27 4.08 5.01 24 4.95 9.50
014 51 3.36 5 54 58 12.03 9.31
018 70 4.31 7.99 77 1.51 14.81 |
019 42 3.34 12.70 38 11.07 19.15
103 36 3.66 8.31 37 15.47 11.04 g
106 42 5.78 5.13 41 6.19 8.50 3
111 63 6.25 6.16 63 11.12 10.42 |
117 38 4.62 4.26 40 8.94 7.05
311 64 6.10 4.80 70 6.67 11.50 |
321 44 3.72 3.81 50 5.34 8.09 i
330 36 2.53 2.59 39 4.73 8.54 i
340 40 4.63 3.36 51 8.59 6.79 |
Mean radial = (rﬂpz + r cosg a2 2 )l/2 é
mean mean mean
S & o |

calong-track i %radial
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22 m with resultant errors of 0.1 to 0.6 m. For this region, the
error is linear at about 0.025 m/m.

Finally, we looked at the effect of including the frequency
drift parameters in the Editor and found that this speeded conver-
gence but the solution was not affected.

The tracking data for station 020 were systematically de-
leted from the tracks done with APL 4.5 geodesy because of poor
coordinates for that station. The passes deleted amounted to a
9% difference in the data used in the track, which will certainly
have an influence on the resultant ephemeris, but we did not know
exactly what the size of the change would be. To find out, we re-
ran two of the WGS-72 tracks without data from station 020, which
had formerly been included. A comparison of the tracking results
showed the effect to be less than 1 m.
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4. CONCLUSIONS

The station navigation results are excellent measures of the
position shifts tliat would be expected in the regions they occupy.
From a comparison of the navigation and pseudonavigation results,
we see that pseudonavigation gives only a fair measure of the
shifts to be expected. Where one wishes to know the position shift
to better than 5 m, he is advised to reposition that particular
site.
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