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ON PRECISE ORBIT DETERMINATION OF NAVSTAR/GPS SATELLITES AND A RELATED
EUROPEAN TRACKING NETWORK
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SUMMARY

European tracking networks for the detemmination
of the orbits of NAVSTAR satellites of the Global
Positioning System are designed and simulation
studies are carried out.  In particular, the com-
putations are concerned with the effects of differ-
ent error sources (unadjusted measurement and dy-
namic errors) on the orbit determmination using
single-difference phase and pseudo-range data at
the proposed tracking stations.

As a preliminary result of the feasibility study
the orbit can be determined in the 1 m level from
each of the four considered networks in Europe
allowing relative positioning in the 0.1 ppm range.

Keywords: Global Positioning System (GPS), orbit
determination, geodetic positioning, European GPS
tracking network

1. INTRODUCTION

Three major reasons force the geodetic user of the
Global Positioning System (GPS) to study the orbit
and its determination, respectively, of the NAVSTAR
satellites more in detail.

(i) Whereas the real-time navigation users are
satisfied with the readily available "'broad-
cast ephemeris' modulated as so-called navi-
gation message on the basic GPS signals,
needs the geodesist and surveyor for precise
positioning a higher accuracy of the orbits.
Using the rule-of-thumb, see e.g. (Ref.6),

db _ dr
b P

m

This paper is a revised version of a presentation
given at the "Fourth International Geodetic Sympo-
sium on Satellite Positioning'', Austin, Texas,
April 28 - May 2, 1986

where b is the baseline length,
p is the receiver-satellite
distance,
dr is the orbit error, and
db is the error of the baseline-
length,

we get with p = 20 000 km the following
table.
Table 1.

BASELINE ACCURACY AS FUNCTION OF ORBIT ERROR

db/b [ppm] dr [m]
5 100

1 20

0.5 10
0.1 2

The accuracy of the broadcast ephemerides is
presently estimated to be of the order of
40 - 100 m corresponding to 2...5 ppm in
baseline determination. Geodesists and sur-
veyors, however, strive for accuracies less
than 1 ppm, for geodynamic applications even
for 0.1 ppm.

(ii) Where the so-called ''codeless receivers' are
used, the GPS orbital information has to be
provided from an external source. Customers
of those instruments might be charged for
the additional information.

(iii) Since the Global Positioning System is pri-
marily a military system the availability
of precise orbital information could be re-
stricted to certain organizations somewhere
in the future.

Above mentioned and other reasons therefore have
led the authors to discuss the establishment of a
GPS tracking network for Europe which could provide
the users the necessary orbits for relative posi-
tioning in the 0.1 ppm level.

The paper under consideration summarizes first pre-
liminary results of this study.
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2. ORBIT SENSITIVITY OF NAVSTAR SATELLITES

The forces acting on a GPS NAVSTAR satellite are
discussed by several authors, see e.g. (Refs.
1-3, 6, 10, 12). Tables 2 and 3 show the orbit er-
rors of the corresponding forces, which can be di-
vided into gravitational forces caused by earth,
sun, moon and other planets, their tidal effects
(Tab. 2), and into the non-gravitational effects,
like solar radiation pressure and albedo radiation
(Tab. 3).

Table 2.

NAVSTAR SATELLITE GRAVITY ACCELERATION MODEL AND
CORRESPONDING INFLUENCE ON THE ORBIT FOR

A ONE-DAY ARC

Force description | Acceleration | Orbit error T
(ms?] (m]

Earth central
body acceleration 0.59 =
Acceleration due 5
to earth's oblate- Cal s 10 000
ness (Czo)
Acceleration due
to non-sphericity 7
of the earth 5-10 200
(excluding Czo]
Attraction by 6
OR 5.10 3 000
Attraction by il
PR 2-10° 800
Solid earth =9
tides 110 0.3
Ocean tides 0.5-10°° 0.04

The quantities in Table 3 are determined using an
area-to-pasg rat;o of the satellites of

1.24-10-“ m” kg~ and a coefficient for the sur-
face reflectivity of 0.5. The radiation intensity
values were taken from Refs. 2, 11. Since the goal
of our orbit determination is + 2 m (correspond-
ing to 0.1 ppm in relative positioning) other ef-
fects than those mentioned in Tables 2 and 3 seem
to be negligible.

Table 3.
NAVSTAR SATELLITE NON-GRAVITATIONAL MODEL AND

CORRESPONDING INFLUENCE ON THE ORBIT
FOR A ONE-DAY ARC

Force description | Acceleration | Orbit error
(ms=] (m]

Direct solar 3

radiation pressure 6-10" 200

(Pg = 1367 [Wm~7))

Albedo pressure .10-10

3. ORBIT ESTIMATION MODEL

3.1 Variational Equations

In the following we will briefly outline the orbit
estimation model. Readers who are more interested
in details are referred to (Refs. 4, 5, 9).

The motion of a satellite can be described by a
partial second-order differential equation of the
form

» @) (2)

where r is the satellite position vector,

T = ar/at the corresponding velocity vector, and
r = 3%r/at? is the satellite's acceleration. The
vector ¢ is defined by

- [

where X, Trepresents the initial state vector at
time t_ of the considered arc, and which depends
again off the satellite's position vector r. and
corresponding velocity vector f, , both at

t =ty . All coordinates are re?erring to an in-
ertial reference frame. The vector a is a dy-
namical parameter vector determined by the solar
radiation pressure C, , (certain) spherical har-
monic coefficients Cnm » S i of the earth's gra-
vity field, etc.

(e 13

r = 1,

W

m’s

s i) )
Applying optimal suited higher-order predictor-

corrector techniques, see e.g. (Ref. 4), we get
the position vector r and the velocity vector r
of the satellite at time t > t_ starting the in-
tegration at t, and using the initial state X5 -

Differentiation of (2) with respect to yields
the matrix differential equation of partial deri-
vatives

ar ar ar agai ar
— O e o o — —

. : . (5)
aq 3r aq 3T 3q 22

This relation is called the "variational equation
of satellite geodesy'.

Using matrix notation we get with

I ar ar

& = — , E = == ‘o3 g = o

ar ar 3a
. (6)

o = or ar

Z' e g = _ S

aq aq = 3q

the relation

Z = ArZ+B-2+g @)

where the first six columns of matrix C are null-
vectors.

Since we do-not expect significant velocity-depend-
ent terms for GPS satellites the following simpli-
fication is justified.
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Z = A-Z+C (8)

This variational equation is integrated by use of
numerical techniques which yield the matrix Z as
a function of time. In detail, it is defined for
the time interval (ty, t) , where ty is the in-
itial epoch and t the final epoch of the inte-
gration process. The initial epoch t, does not
coincide, in general, with the time when the obser-
vations start.

Let be tp the time of a satellite observation 1 .
Then the matrix Z(tp,ty) is needed for the set-
up of the design matrix for the orbit adjustment
process. From the integration mentioned above the
matrices Z(tp,tp-y) , Z(tp-1,tn-2) , -.., Z(t,,t5)
are resulting referring to the specific time inter-
vals. Thus, the matrix Zp(ty,ty) is determined
applying the chain-rule of differentiation.
Z(t,t) = Z(t

Ak St e B e

(9)

n’tn-1 n-2
The partial derivatives of the observations 1
with respect to the vector q are given by

al al ar
S e (10)
aq ar aq

3.2 Modelling GPS Observables

In our preliminary study we like to consider two
different types of observation techniques for
tracking GPS satellites: pseudo-range observables
and single-difference (between-station-difference)
phase observables. For the simulation it is suf-
ficient to deal with the orbit determination of
one satellite. This also justifies the single-
differenced phases as ''observations", and excludes
higher-order phase differences (double, triple).
The last have to be considered in cases where in-
sufficient time-keeping (< 10713%) at receiver's
sites takes place, so that those errors cancel
widely out.

Pseudo-range observation
The range measurement is described by the relation

I = i 5 J J
03 By Ii[+c(6t éti+Ti+Ii) an

where pi is the pseudo-range between receiver
i and satellite j ,
r) is the position vector of satellite j ,

is the position vector of receiver i
(ground station),

§t) is the satellite synchronization error,

§t. 1is the receiver synchronization error,
T! is the tropospheric propagation delay,
1] is the ionospheric propagation delay,
1 and

c is the speed of light.

The time synchronization errors are modelled by
quadratic polynomials.

Receiver clock error model
g - 4 A2
éti = au+a1(ti to] + az(ti to) (12)

Satellite clock error model

S i J_zy2
&t b0+b]{t to) + bz[t to) (13)
a,a,a, and b, b,, b, are unknown coeffi-
cfents. The simp1& moéélling of (12) and (13) can

be justified by the assumption that the ground con-
trol stations are equipped with Rubidium clocks
and/or hydrogen maser standards showing a frequency
f stability of about 2-10-'* (Ref. 8). The
corresponding clock errors

At o AF . —14
i 2 i 20 (14)

associate a range error of 0.18 m for a single sat-
ellite pass, 0.52 m for a one-day arc and 2.59 m
for a five-day arc. Since the major part of the
clock error can be approximated by a simple drift
parameter and an offset, possible lack in suffi-
cient modelling due to (12) and (13) will result in
a range error considerable less than 10 cm.

The atmospheric propagation time delays T-i and

1J are computed using specific models and dual-
frequency measurements. It will be discussed later
on.

Single-difference observation
The unlinearized observation equation for single-

difference phase observations at epoch t is given
by (see also Ref. 5)

Vi) = P8, -5t i+ P pd) -0 ()] +
e O+l )+ N (15)
where fj is the frequency of the oscillator

of satellite j ,

§,t, 6§,t are the receiver clock errors at
station 1 and 2, modelled by poly-
. nomials (12) and (13),
p{, pg are the slant ranges between satel-
lite j and receiver 1 and 2,
- respectively,
J
Tl,z is the tropospheric time delay
effect of stations 1 and 2 with
] respect to satellite j ,
J
I1,2 is the corresponding ionospheric
time delay,
c is the speed of light, and
N is the unknown phase ambiguity.

Unknown parameters in the single-difference obser-
vation (15) are the position of satellite j , the
clock error polynomial coefficients (see (12) and
(13)), and the phase ambiguity. In contrast to
the pseudo-range observation (11) the satellite
clock error does not affect (15).

Let us assume that dual-frequency measurements
were carried out so that the ionospheric effects
can be sufficiently corrected. The '"corrected"
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single-difference observation § is formed by a Network 3. Hammerfest (N), Canary Islands (E),
linear combination of the two single-differences Iceland (IS), and Dionysos (GR)
L L Network 4. Network 2- stations, and Wettzell (D),
-j j j Grasse (F)
) = o ¥ () *+a, 4 (1) (16)
1 2
with .
f§ ek 00
B P MERFEST (N)
@, P (17)
1 2
-f f
112
o= T 18
£,-1
where
i 154 x 10.23 mHz = 1575.42 mHz
£ = 120 x 10.23 mHz = 1227.60 mHz .

Observation errors

According to (Ref. 7) the pseudo-range measurement
noise can be assumed to be + 1 m. Although the
phase measurement noise is only of the order of
millimeters, we will deal in our computations with
+ 2 cm in order to be on the save side. As men-
tioned above we will further assume that the at-
mospheric effects are corrected by using dual-fre-
quency data. Possible remaining errors are assumed
to be of the order of 5 % of the correction.

Figure 1. Considered European Tracking Networks
in the GPS Orbit Determination

Solution: tedknige Feasibility Study

For the solution of the adjustment process of orbit
determination we used the "'square-root" formula-
tion, equivalent to the commonly-used procedure of
building up nommal equations. The reason for that
is its advantage of numerical stability and accu-
racy (Ref. 9). Unknowns in the adjustment process
are the satellites' initial state vector, clock
errors and phase ambiguities.

4. ORBIT ERROR ANALYSIS SATELLITE GROUND TRACKS

For the simulation various computations were car-

ried out in order to analyse the effect of differ-
ent error sources and of tracking network geometry
on orbit detemmination.

4.1 Design of Tracking Network

Three different European tracking networks are se-
lected. Each of them varies in size, however, all
consist of four tracking stations. As far as it
was possible we considered locations where already
existing space activities (satellite laser ranging,
Very Long Baseline Interferometry - VLBI) take
place and precise geocentric coordinates are avai-
lable. A fourth network contains the stations of
network 2 and two additional stations (Grasse,
Wettzell), in order to get some statements con-
cerning number of stations versus orbit accuracy
from the computations.

Figure 2. Ground Tracks of Navstar # 4,
The following networks were formed (see also Fig. 1). Navstar # 8 and Navstar # 9

Network 1. Wettzell (D), Grasse (F), Jodrell
Bank (GB), and Kiruna (S)

Network 2. Jodrell Bank (GB), Kiruna (S),
Madrid (E), and Dionysos (GR)
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Whereas network 1 and 2 consist of more or less al-
ready established space observation stations, is
network 3 formed of stations without any space ac-
tivities at present (except Dionysos, GR). It
seems, however, preferable at the first look due
to its geometry.

4.2 Effect of Different Error Sources on GPS
Orbit Determination

In our simulation we considered the effect of fol-
lowing error sources:

Unadjusted measurement errors

Tracking station coordinate
uncertainty:

Measurement noise: Tm
pseudo-ranging

10 ecm in (x,y,z)

Measurement noise: 2 cm

single-differences
Tropospheric refraction: 5 % of the effect

Ionospheric refraction: 5 % of the effect

Unadjusted dynamic errors

S % of the effect

5 % of the lumped
potential error due
to differences in
gravity field models
(Ref. 11)

0.003 arcsec

Solar radiation pressure:
Gravity field:

Pole position:

4.3 Simulation Techniques

In order to analyse the effect of different error
sources on orbit determination we were using the
following procedure.

Starting with an initial state vector for the dif-
ferent satellites derived from broadcast ephemeris
data we were generating a "perfect errorless' orbit.
This was achieved by applying a numerical integra-
tion technique and considering the different forces
given in tables 2 and 3. For further information
about the considered force model the reader is re-
ferred to (Ref.6).

The tracking network stations together with the
"true" orbit were then used to calculate pseudo-
range and single-difference observations. Noisy
measurements were derived from these ''true'" obser-
vations by using a random number generator and an
appropriate atmospheric model.

The effect of unadjusted dynamic errors was modelled
by applying a 5 % change to the solar radiation
pressure constant and a 0.003 arcsec change to the
pole position. The effect of insufficient know-
ledge of the earth's gravity field was considered
by using different earth models for generating the
"true" orbit and detemmining the orbit by simulated
measurements.

The tables presented in the following contain the
root mean square errors for the along, cross and
radial component of the orbit.

4.4 Analysis Results

For the tracking networks described in chapter 4.1
and NAVSTAR # 4 satellite the effect of unadjusted
measurement errors as well as dynamic errors on its
orbit were computed for a four-hour arc. The cor-
responding ground track of NAVSTAR # 4 is graphi-
cally shown in Figure 2. The results of the com-
putations are summarized in Tables 4 and 5.

For each network and each error component the best
results are obtained by combining pseudo-range
and single-difference observations. Whereas mea-
surement noise and uncertainty of station position
have relative small influence on orbit accuracy
the residual error of atmospheric corrections af-
fects satellite position accuracy on the 30 cm
level. In spite of the geometric superiority of
network 3 the results of it are worse in compari-
son to network 2, if single-difference observa-
tions are used. This is due to the fact that the
number of single-differences is much smaller for
network 3 than for network 2.

The orbit accuracy improvement by adding two more
tracking stations in network 4 is very small. The
results are given in Table 6.

The effect of dynamic errors is given in Table 5,
which is nearly identical for all considered net-
works. The magnitude of these influences is small
in comparison to the assumed atmospheric effects.

In order to analyse the effect for different satel-
lite passes we considered two additional satellites
and computed rms-errors for different error sources.
The results are given in Table 7. The ground tracks
of all satellite passes are graphically described
in Figure 2.

Since we supposed that the mms-error derived from
the adjustment process does not represent the ac-
tual orbit error we defined a different error esti-
mate which was given in Table 6. These values
were derived by comparing the orbital plane compo-
nents of '"true" and ''computed" orbit for each mea-
surement epoch corresponding to the '"true' initial
orbital plane state vector. Therefore they are
representing the ability of our model to reproduce
the "true orbit" from noisy measurements much bet-
ter than the rms-values do.

Table 6 shows that the accuracy of the computed
orbit in the considered case is of the order of 1 m.

Table 5.

EFFECT OF UNADJUSTED DYNAMIC ERRORS ON NAVSTAR # 4
ORBIT FOR A FOUR-HOURS ARC IN CENTIMETERS
(RESULTS ARE NEARLY IDENTICAL FOR ALL
CONSIDERED NETWORKS)

RMS error [cm]

Error source

Radial Along Cross
Gravity field 2 1
Pole position 15 10
Solar radiation 1 1 1

Total 16 11 10
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Table 4.

EFFECT OF UNADJUSTED MEASUREMENT ERRORS ON NAVSTAR
# 4 ORBIT FOR A FOUR-HOURS ARC IN CENTIMETERS

(RMS-VALUES)

Error source

Network

1 Network 2

hetwork 3

Radial

Along Cross

Radial

Along Cross

Radial

Along Cross

Pseudo-range data:

1139 observations

1142 observations

1073 observations

Measurement noise 799 333 537 623 317 448 427 163 301
Station position 81 34 54 63 23 45 43 17 31
Tropospheric refraction 232 97 156 183 64 132 126 48 8S
lonospheric refraction 397 154 248 294 102 212 189 72 134
Total 898 374 603 704 245 507 480 183 339

Single-difference data:

785 observations

735 observations

575 observations

Measurement noise 3 1 2 2 1 2 2 1 2
Station position 18 9 15 13 6 12 17 7 14
Tropospheric refraction 51 24 43 35 18 32 49 21 42
lonospheric refraction 69 33 58 46 23 a1 48 20 41
Total 82 39 69 56 28 50 67 28 57
Pseudo-range and

single-difference data:

Measurement noise 2 1 2 2 1 2 2 1 2
Station position 10 4 8 8 3 [ 9 3 7
Tropospheric refraction 26 12 20 22 18 26 10 22
lonospheric refraction 38 17 29 27 12 22 25 10 21
Total | 48 20 35 33 14 28 36 14 39

Table 6.
COMPARISON OF RMS AND "TRUE'" ERROR FOR NETWORK 4 Table 7
able /.

AND ONE PASS OF NAVSTAR # 4

(1724 PSEUDO-RANGES AND 1273 SINGLE-DIFFERENCES)

RMS = ROOT MEAN SQUARE ERROR FROM
ADJUSTMENT PROCESS
"TRUE'ERROR = + (fee/n)O-5

WITH

EFFECT OF UNADJUSTED MEASUREMENT ERRORS ON
NAVSTAR # 8 AND # 9 FOR ONE PASS IN
CENTIMETERS USING TRACKING NETWORK 2

e = "TRUE"-COMPUTED (RVS-ERBOR)
Brror RMS error [cm] "TRUE" error [cm] Error Orbit NAVSTAR # 8 | Orbit NAVSTAR & 9
source Radial Along Cross| Radial Along Cross SR Radial Along Cross | Radial Along Cross
Mea_sure_ B’basure_
ment 2 i = 7 4 2 ment 2 Ry 9 g
noise noise
Station Station 10 10 14 2 1 4
pon.tiOn 7 3 6 15 8 25 pos]_tlon
Tropos- Tropos-
pheric re-| 18 & 7 14 n 46 pheric cor- 43 w62 4 2 §
fraction rection
Ionos- lonos-
pheric re-[ 26 1 21 119 101 40 pheric cor- 1< b e 5 L 1
fraction rection
Total % 13 4 | 50 9 173 Total ). T ARTS ¥ & 9
Pseudo- 565 1161
ranges
Single-
differ- 238 822

ences
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SLR and VLBI stations in Europe

WESTERBORK
KOOTWIJK

C%ELSBERB
WETTZELL

50°

LUSTBUEHEL-GRAZ

ZIMMERWALD*

A

0
. MADRIL o *
“*fitg)P"gus
.3-:",¢
= " T k == 30°
0° o0 20"

Figure 3. Actual status of stations in Europe where through ground laser
and VLBI techniques precise geocentric coordinates are available.
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5. CONCLUSIONS AND FURTIIER ACTIVITIES

Looking onto the results in Tables 4 to 7 the

goal of determining a GPS orbit better than 2 m as
a prerequisite for relative positioning in the

0.1 ppm level can be considered as achievable.
Moreover, by combining between-station-to-station
phase differences (single-differences in phase)
and pseudo-range observations the orbit can be de-
termined in the 1 m level using anyone of the con-
sidered European tracking networks. Differences
in accuracy of the orbit between the four networks
are so small, that no considerable advantages for
a certain tracking network can be given, except
the reason of presently already available space
instrumentation, and, consequently, precise geo-
centric coordinate information.

Thus, Fig. 3 shows the actual status of stations
in Europe where through ground laser and VLBI
techniques precise geocentric coordinates within
the 10 cm - level are available. Two GPS orbit
determination tests are still planned for this
year - so far no further break-down of one of the
few GPS satellites is happening. During the
establishment of a precise zero-order threedimen-
sional network with average side lengths of about
100 km in West Germany the stations Onsala (5),
Kootwijk (N), Wettzell (D), Lustbuehel-Graz (AUS)
and Zimmerwald (CH) will permanently record the
selected four GPS satellites using Texas Instru-
ments TI 4100 receivers and precise frequency
standards. Although the area covered by these
stations is extremely small, we hope to determine
(may be better to improve) the orbits to such an
extent to permit positioning in the 10-" (0.1 ppm)
range.

A second European campaign is concerned with the
observation of more or less a traverse of stations
between England and Austria.

Also here an orbit determination of GPS satellites
is anticipated. Final goal of those studies
should - at least in the opinion of the authors -
result in the establishment of a European GPS
tracking network which could provide European
users of the U.S. military GPS/NAVSTAR satellites
the necessary precise orbit information.

In the meantime also experiences of a GPS orbit
determination test by U.S. non-government insti-
tutions are available, see, e.g., Refs. 13-15.
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