GNSS orbit prediction with enhanced force model
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Abstract—Orbit prediction algorithms can be used in a
portable positioning device to reduce the Time to First Fix
and to augment the received broadcast ephemeris. In this
work, we study the two-week prediction accuracy improvement
that can be obtained when adding some smaller forces to our
previously developed algorithm. These forces arise from solid
earth tides, relativity effect, and the gravitational pull of Venus
and Jupiter. Also, a box-wing model of solar radiation pressure
is considered. The new model with aforementioned extra forces
is tested for GPS, GLONASS and Beidou satellites using initial
conditions computed from precise ephemerides. It is found that
the enhancements give small but not negligible improvement, with
more accurate Sun and Moon coordinates having the most effect
and relativity correction for Earth’s gravity the least. However,
the improvements come at the cost of noticeable increase in
computational load.

I. INTRODUCTION

A GNSS satellite’s orbit can be predicted over a one or two
week interval using broadcast ephemeris data. The predicted
orbits can be used for example in an autonomous positioning
device to reduce the Time to First Fix (TTFF) or to augment
the broadcast ephemerides in difficult environments.

The accuracy of the predicted orbit depends on the quality of
the force model and on the quality of the initial conditions for
the satellite’s position and velocity. Increasing the complexity
of the force model leads to a computationally heavier algo-
rithm, which is not desired in a portable positioning device.
Therefore, a suitable compromise in between the detail of
modeled forces and the accuracy must be found. Typically,
the force model contains physical models for the gravitational
forces of the Earth, the Sun and the Moon, and an empirical
model to account for solar radiation pressure. The problem of
estimating suitable initial conditions from the satellite’s broad-
cast ephemeris is addressed in our previous publications [1],
[2]. Also, for a completely autonomous prediction algorithm,
we need a method in order to predict the satellite clock offsets.
Details for clock offset prediction can be found from [1], [3].

In this paper, we study the effects of some smaller forces on
the quality of orbit prediction. These include the tidal forces
of the solid earth, relativity correction for moving satellite in
Earth’s gravity, and gravitational forces generated by Venus
and Jupiter. A simple box-wing model was also adapted to
support our SRP model. A lot of other smaller forces were
also considered, but eventually neglected and judged to have
no significant result in overall prediction accuracy. The effect
of the additional forces on the prediction error is investigated
for GPS, GLONASS and Beidou satellite systems using initial
conditions computed from precise ephemerides.
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II. MODEL
A. Basic equation of motion

Our model for the satellite’s equation of motion is given by

I'sat = Agarth + ASun + AMoon + ASRP + Aunaccounted (D

where agyh, asuyn and aneon are the accelerations caused by
the gravitation of the Earth, the Sun and the Moon respectively.
The fourth term aggrp is the acceleration caused by the solar
radiation pressure. The last term aypsccounted Te€presents the
unaccounted acceleration terms which are the main topic of
this research. The forces are also shown in Figure 1.
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Fig. 1. The 4 main forces which contribute to satellite orbit estimation in
Terrestrial Intermediate Reference System. Three largest acceleration terms are
generated by gravitational effects from the Earth, Moon and Sun (agarth, @Moon
and agy,). Solar radiation pressure force causes the fourth major acceleration
term (agsgrp)-

For the Earth gravity model, we use spherical harmonic
expansion of the gravity potential with terms up to the degree
and order 12. The values for the geopotential coefficients are
obtained from the EGM2008 model [4]. The Sun and the
Moon are considered as point masses. The solar radiation
pressure model is of the form [5]

1
asrp = A (al 2 s + Oé2ey> ) 2

sun

where rg,, and e are the distance and unit vector from the
satellite to the Sun respectively. The vector e, points along
the satellite’s solar panel axis and is given by

_ sy X (rSun - rSat)
||rSat X (rSun - rSat)H
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The factor A € [0,1] is a shadow factor, such that A = 1,
when the satellite is in sunlight and A = 0, when the satellite
is completely in the Earth’s shadow. We have used the conical
shadow model described in [6]. The parameters oy and oo are
satellite-specific parameters that are estimated separately for
each satellite. The parameter «; is a scaling parameter that is
used to account for the uncertainty in the mass, surface area
and reflectivity of the satellite. The parameter aw represents
the magnitude of the y-bias acceleration. Variables rg, and
rsun are vectors from the Earth’s gravity center to satellite and
to the Sun in Terrestrial Intermediate Reference System.

B. Improved model

In this section, we study enhancements to our existing force
model terms and introduce some smaller forces previously left
unaccounted. As the term aypaccounted 1S constituted of several
dozens of smaller separate terms, we can’t include all physical
forces in our model. Otherwise our orbit prediction algorithm
would be computationally too heavy to run in portable devices.
This study concentrated on the largest forces.

The first correction that we included was Earth’s solid
tides. Solid tides are the result of Earth’s deformation from
disturbing gravity potentials. The correction is calculated
by changing the 2nd order unnormalized coefficients in the
spherical harmonic expansion for the gravity potential. The
normalized term changes can be calculated by

ACo, | GM cos(mA)
{ ASQm} = 4h2,m (GM@> *Nam { sin(m/\)} @

where

_ (Ra\" 242 2-m)P _
Nop, = (S> \/ 2+ m)!3 Py, (sing).  (5)

Here ks, represents the Love numbers and m is a gravity
potential coefficient index. Rq, and Mg are the distance from
Earth’s gravity center to satellite and Earth’s mass. M and s
represent the mass of disturbing object and its distance from
Earth’s gravity center. G is the gravity constant. Angles A and
¢ are latitude and longitude of the satellite. The function P,,,
is the value of Legendre polynomial of degree n and order m.
This model for solid tides is given in [6] and more accurate
Love number values can be found in [7]. The final step is to
unnormalize the term changes [6]. It can be done with

{A(jgm} _ 2+ m)! {Ac2m} ©
AS2m N 5 (2 — 607m) (2 - m)' ASQm .
Here g ., represents the Kronecker delta function which gains
the value of 1 only when m = 0 and the value 0 otherwise.
The second correction to the force model was an additional
scaling of the Earth’s gravity field. The theory of general
relativity states that a moving object sees the space-time
surrounding it differently than a resting observer. Therefore,
a moving satellite has to undergo relativistic coordinate trans-
formation if we desire to predict the motion really accurately.
Essentially, this means that the satellite experiences an increase

in gravity because of the relativistic coordinate transformation.
Without going further into details of general relativity, the
increase in Earth’s gravity for a satellite is given by [6]:

G M, 02
e, (302) . (7)

Here r is distance from Earth’s gravity center and v is the
satellite’s velocity. This approximation holds rather well for
all satellites on a circular orbit. Because most GNSS satellites
are in a nearly circular orbit, this formula suits us well.

The third major correction that we tested was a simple
version of a box-wing SRP model. We tested the correction
only for GPS satellites. This correction included a semi-
empirical sun-earth-satellite angle dependence in the satellite
surface area. We assumed that the technical box of the satellite
would rotate in relation to the Sun as it is kept directed toward
Earth, while solar panels always face the Sun (with a small
phase lag). The dependence was assumed to be simply of a
sine form. Therefore our modified SRP model is of the form:

1
agrp = A (-A st TTes + 0é2€y> ) ()

sun

AaEarth = -

where
A=1+asz- (sin(]y]) — 0.5). )

Here y represents the angle between the satellite and the Sun
if observed from the gravity center of the Earth. Parameter a3
was hand tuned by using a large number of orbit predictions.
We didn’t use any available box-wing models in determin-
ing the equation (9). However, it is noteworthy that certain
forces in already published box-wing models [8] resemble our
simplified box-wing-correction. We didn’t use a previously
designed box-wing corrections as they are, because most of
them are computationally noticeably heavier. Even our simple
correction slowed down the computation by over 10%.

The next correction in our force model was enhancing the
planetary body coordinate accuracy. Our force model used a
simple analytical formula to calculate the Sun and the Moon
positions [6]. To improve the position accuracy, we used
Jet Propulsion Lab’s DE202 planetary body ephemeris [9].
The ephemeris gives planetary body coordinate data in form
of Chebychev factors in pre-determined time intervals. The
older DE202 ephemeris is desirable in favor of the newer
DE400 series ephemerides because it doesn’t require an extra
coordinate transformation when used in our algorithm.

Because relativity correction for moving satellite accelerates
the satellite towards the Earth and we don’t have a good model
for albedo that is roughly in the opposite direction, we decided
to calibrate antenna thrust to roughly compensate for both
Earth albedo and the actual antenna thrust. If we know the
directional transmit power P of the antenna, we can calculate
antenna thrust with formula
F dp 1 P -

R . 10
m dt m me  ||Psat| (10)

Here m is the satellite’s mass, F is the antenna thrust force,
p is the total momentum of the emitted photons and c is the
speed of light.
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C. Unaccounted Forces

The largest force that we didn’t consider fully was Earth’s
albedo. However, as previously mentioned, we -calibrated
antenna thrust to roughly match a constant albedo. In future
work it would be good to estimate albedo as time and angle -
dependent force and try to build sufficiently lightweight model
for it to be used in portable devices. Previous research like [10]
should be consulted in such undertaking.

During the research, we also tested briefly several other
smaller forces. The maximum accelerations caused by these
forces vary in the range of 1079 — 10*125%. These forces
included: relativity correction for satellite moving in the Sun’s
gravity and redshift-blueshift SRP corrections for moving
satellite. A moving satellite also experiences change in SRP
force direction because of relativity and specifically aberration
of electromagnetic radiation. The Sun’s radiation power also
changes a little bit over time, but that was not taken into
account in our orbit predictor.

It is also noteworthy to realize that satellite emits a lot of
infrared radiation and some of this radiation may be directional
and dependent on satellite’s attitude [11]. More accurate
radiation pressure models would also need to consider this.
The emitted infrared radiation becomes especially influential
for satellite orbit prediction when the satellite passes behind
the Earth’s shadow. This is due to the fact that the satellite
does not cool down instantly after passing into the shadow
nor does it heat up instantly after it leaves the Earth’s shadow.
According to our tests, some satellites behave better with our
current force model than others in the case of entering and
leaving Earth’s shadow.

D. Reference frames

A satellite’s position is usually reported in an Earth-fixed,
Earth-centered (ECEF) reference frame. An ECEF system has
its origin at the mass center of the Earth and its axes are fixed
with respect to the Earth’s surface. However, the integration of
the satellite’s equation of motion has to be done in an inertial
reference frame. An inertial reference system maintained by
the IERS is the Celestial Reference System (CRS). CRS is a
reference system whose origin is in the center of the Earth and
whose coordinate axes maintain their orientation with respect
to distant stars. Instead of using the CRS system directly as
an inertial reference frame, we have adopted the use of the
Terrestrial Intermediate Reference System (TIRS) at epoch
to, where % is the initial time of prediction. The use of this
intermediate reference system allows computationally lighter
transformation between ECEF and inertial frames when we
neglect the small change in precession and nutation during
the relatively short prediction intervals. More details about the
transformation matrices can be found in [1].

III. RESULTS

The quality of the satellite’s initial position and velocity are
crucial for good orbit prediction accuracy. For example, a GPS
satellite travels roughly 3]%“ If the initial velocity has an error
of 0.3 (one ten-millionth of the satellite’s speed), prediction

will be off by more than a one meter after just a single hour.
That is why we decided to use precise ephemerides.

Altogether, we calculated well over 4000 years worth of
orbit predictions to get accurate enough statistics.

The SISRE (Signal-In-Space-Range-Error) describes how
GNSS satellite location and clock errors contribute in pseu-
dorange standard deviation. SISRE can be approximated with
formula [1], [12], [13]:

OSISRE.GPS = \/a(’?AR—cAt + E(U2AT +0AN)- (11)

Here, the parameter oar—.A: represents the standard devi-
ation of radial and clock errors. Parameters oA and oar
are transverse and normal component standard deviations.
Parameters a and b are orbit-specific and are found in table I.

TABLE I
SISRE PARAMETERS [1], [12], [13] FOR FORMULA (11)

| GPS GLONASS BDS/MEO BDS/IGSO,GEO
a 1 0.98 0.98 0.99
b 49 45 54 127

SISRE roughly also describes end user’s positioning error,
but for this use SISRE error would also need to be factored
with GDOP (Geometric-Dilution-Of-Precision).

A. GPS

The GPS system is the oldest and most popular GNSS
system currently in use. Its satellites have undergone several
generations and technology has matured during last decades.
We decided to use precise ephemeris data for the year 2012
from NGA to evaluate our force model. The GPS satellites
that didn’t have the entire year worth of precise ephemeris
data were left out from the tests. These satellites included the
ones that were either launched or decommissioned during the
year.

The tests were run separately for each force model addition.
For each satellite, we run 350 orbit predictions, each 14 days
in length with initial times spanning the whole year 2012.

In Figure 2, we see the GPS orbit prediction results for the
satellite that showed the best improvement.

As we can see, enhancements in the force model are quite
visible in the best case scenarios. Especially using DE202 data
for the Sun and Moon positions seems to be an important
addition. For short term predictions (0-2 days), the results are
improved by 30% on average. With longer predictions, the
accuracy starts to deteriorate. Only few GPS satellites get over
10% improvement on average from the enhanced force model,
if prediction length is as long as 14 days.

In general the two most important additions for the force
model seem to be: using the DE202 ephemeris for Sun and
Moon coordinate calculations and box-wing SRP addition.
Solid tide correction for Earth’s gravity seems to help sys-
tematically too, but not as much. Relativity correction is not
showing much improvement either. We believe that relativity
correction would be important if we were to implement a better
Earth albedo force into our force model.
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Fig. 2. Orbit prediction results for GPS satellite PRN14. The corrections are
added from left to right, each new correction also including all the previous
corrections. Old force model (red), solid tide correction (green), DE202 Sun
and Moon coordinates (blue), relativity correction for Earth’s gravity and
antenna thrust (black) and box-wing SRP adaptation (magenta).

B. GLONASS

GLONASS is the second GNSS system to reach worldwide
coverage. We used the IGS precise ephemeris data for tests.
As this ephemeris data not include satellite velocities, we
estimated initial velocity by minimizing the prediction error
between two consecutive precise error positions. Because the
results with GLONASS satellites resemble the results with
Beidou MEO and IGSO satellites, we omit GLONASS here
altogether.

C. Beidou

Beidou system is fully functional in Asia and China has
promised to increase its coverage to the whole world by 2020.
We used Wuhan University’s precise ephemeris data to get
satellite locations, but this data has some gaps in it. We were
able to fill some of the gaps with GFZ precise ephemeris data.

The results for IGSO Beidou satellite are shown in Figure
3. Because Beidou satellites undergo more orbit corrections
with their thrusters and our force model has no information
about thruster usage, we concentrated only on shorter 7 day
predictions to be able to have more viable predictions in our
statistics. If we had used longer 14 day predictions, we would
have needed to discard considerable amount of them.

As we can see, the only improvement that really affects the
results visibly is DE202 ephemeris data for Sun and Moon
position calculations. This seemed to be true for all GNSS
satellites that were tested during this research.

Figure 4 shows the results with Beidou satellite 4 in
geostationary orbit. Again, the only correction that shows any
improvement is using DE202 ephemeris.

D. Force model enhancements and RTN error.

Figures 5-7 show the GPS orbit prediction errors in the RTN
(Radial, Tangential, Normal) coordinate frame. The results are
shown for GPS, but other tested satellites behave similarly.
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Fig. 3. Orbit prediction results for Beidou satellite PRN7 in IGSO orbit. The
corrections are added from left to right, each new correction also including all
the previous corrections. Old force model (red), solid tide correction (green),
relativity correction for Earth’s gravity and antenna thrust (blue) and DE202
Sun and Moon coordinates (black).
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Fig. 4. Orbit prediction results for Beidou satellite PRN4 in GEO orbit. The
corrections are added from left to right, each new correction also including all
the previous corrections. Old force model (red), solid tide correction (green),
relativity correction for Earth’s gravity and antenna thrust (blue) and DE202
Sun and Moon coordinates (black).

Figure 5 shows the radial error, namely error in distance from
Earth’s gravity center.

We can clearly see that all other enhancements have small
impact on radial error, but relativity correction doesn’t seem
to be of any use.

The tangential or transverse error is shown in Figure 6.

As we can see, solid tides and relativity correction do not to
help much. Other enhancements in the force model are helping
in reducing the satellite drift in the orbit track direction.

Using DE202 data for the Moon and Sun location calcu-
lations improves accuracy very clearly. Almost every satellite
seems to be halving their normal error that accumulates during
predictions. Solid tide code also shows visible results.
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Fig. 5. Orbit prediction results for GPS satellite PRN13. The corrections are
added from left to right, each new correction also including all the previous
corrections. Old force model (red), solid tide correction (green), DE202 Sun
and Moon coordinates (blue), relativity correction for Earth’s gravity and
antenna thrust (black) and box-wing SRP adaptation (magenta).
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Fig. 6. Orbit prediction results for GPS satellite PRN13. The corrections are
added from left to right, each new correction also including all the previous
corrections. Old force model (red), solid tide correction (green), DE202 Sun
and Moon coordinates (blue), relativity correction for Earth’s gravity and
antenna thrust (black) and box-wing SRP adaptation (magenta).

IV. CONCLUSIONS AND DISCUSSION

All the added force model corrections are orders of mag-
nitude smaller than empirically determined SRP blackbox
acceleration. For this reason, the corrections studied here were
not expected to have a significant impact on overall prediction
accuracy, and the results confirm this. This research used
precise ephemerides in calculating satellite orbit predictions.
In practical applications this wouldn’t be plausible because
only broadcast ephemerides are available in realtime. However,
we believe that the relative effects of the model changes on
prediction accuracy would be similar.

Overall, the modification that had the largest impact was
the use of more accurate Sun and Moon coordinates. The
results from our box-wing SRP adaptation tests lead us to
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Fig. 7. Orbit prediction results for GPS satellite PRN13. The corrections are
added from left to right, each new correction also including all the previous
corrections. Old force model (red), solid tide correction (green), DE202 Sun
and Moon coordinates (blue), relativity correction for Earth’s gravity and
antenna thrust (black) and box-wing SRP adaptation (magenta).

conclude that improving SRP model can also yield better
results. Enhancing SRP model can easily lead to significant
decrease in computation speed and therefore it should be
done cautiously. The next phase in implementing the box-
wing-correction further would be building a suitable estimator
algorithm that would require less computing power when
estimating a3 -parameters.

For some unknown reason, our prediction algorithm does
not work reliably for geostationary satellites. It is possible that
either our estimates for solar radiation pressure parameters are
slightly incorrect or that we would need to have a better Earth
albedo model. Another possibility is that the solar radiation
pressure parameters have a strong time dependence that would
need to be taken into account. Gravitational forces from Jupiter
and Venus often brought slight differences in the end result
accuracy, but taking those forces into account yielded no
overall improvements with any GNSS satellite system.

Overall, the studied enhancements in the force model seem
to make a significant impact on short term (0-2 days) pre-
dictions, but long term (7-14 days) prediction accuracy often
deteriorates from satellite drift in the transverse direction.
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APPENDIX

The table below shows approximated computational time
increases for predicting the orbits of entire GPS constellation.
Notice that DE202 and Solid tide corrections do not need to
be calculated separately for each satellite.

TABLE II
TIME INCREASE ESTIMATED FOR 32 SATELLITE CONSTELLATION.
Force model Extra load
DE202 5%
Solid Tide 5%
Relativity 3%
Antenna thrust 0%
Box-wing SRP 7%

Here we also present tables of orbit prediction confidence
intervals. The first table is for GPS, the 2nd is for GLONASS
and the last one for Beidou. The tables display the SISRE
confidence intervals of each satellite after prediction. The
leftmost columns represent the results with old force model
(0Ol1d). Each next column make 1 addition into the force model.
Tested corrections: solid tides (+Ti), Moon and Sun positions
from DE202 (+DE), antenna thrust and Relativity correction
for Earth’s gravity (+A,R), box-wing adaptation (+Bw.) and
Planetary gravities from Jupiter and Venus (+Pl.). The last
columns have a percent number that represents the total change
in accuracy with all enhancements in use.

The last row represents the average value changes with
entire constellation. Blue and red colors in the table note over
5% changes in accuracy.

For comprehensive collection of orbit prediction tables, one
can look http://tut.fi/posgroup/ and see MSc thesis by first
author of this research. The tables are in appendix section.

TABLE III
GPS SATELLITE PREDICTIONS FOR 1 DAY.

Confidence interval of 95%
Old +Ti +DE +AR +Bw. +PL TOT
135 131 123 121 119 0.99 -27%
.13 101 072 072 068 0.65 -43%
125 125 095 09 092 0.84 -33%
1.14 106 083 082 082 082 -27%
.10 101 071 072 066 0.64 -42%
121 L11 057 058 056 0.62 -49%
098 1.00 078 0.83 083 095 | -3.1%
1.01 101 068 074 070 0.69 -32%
095 099 070 071 071 0.71 -25%
127 125 090 092 092 092 -27%
118 116 070 067 060 0.64 -45%
111 L11 071 068 058 0.62 -44%
1.10  1.09 074 073 068 0.69 -37%
1.37 1.24 070 0.68 071 0.80 -41%
135 137 123 119 122 141 4.3%

Confidence interval of 50%
+Ti +DE +AR +Bw. +PL

Typ | Ol
2 R | 069 067 053 055 056 054
3 A 051 050 043 042 033 026
4 A| 061 059 049 048 043 039
5 RM | 055 051 045 044 044 044
6 A |050 050 043 042 036 030
7 RM | 043 040 038 037 034 041
9 A|052 053 050 051 050 046
10 A | 048 044 041 039 036 034
11 R | 051 051 038 039 039 040
12 RM | 0.53 054 047 048 048 048
13 R | 050 046 048 048 041 039
14 R | 046 042 039 041 033 037
15 RM | 041 040 030 033 030 034
R | 045 043 038 037 042 056
17 RM | 0.64 067 061 058 054 056
R

18 0.63 0.60 058 055 051 056 122 117 093 096 095 1.13 | -7.5%
19 R | 067 059 052 051 054 053 127 134 1.08 107 103 0.84 -34%
20 R [ 062 060 056 057 048 048 1.16 114 0.88 0.87 088 1.08 | -7.1%
21 R [ 074 070 055 055 056 053 1.68 158 127 130 128 1.17 -30%
22 R [ 054 050 044 044 038 041 1.07  1.09 0.87 088 092 1.11 4.0%
23 R [ 043 043 042 044 037 036 124 124 065 066 060 0.63 -49%
26 A [ 051 050 040 042 037 036 112 1.02 067 066 063 0.64 -42%
28 R [ 061 060 048 046 044 052 133 127 121 L16 114 123 | -8.1%
29 RM | 059 058 046 047 047 047 135 134 118 117 117 117 -13%
30 A [ 063 058 049 049 043 036 1.09 109 087 082 078 0.78 -29%
31 RM | 045 043 037 036 030 031 123 125 088 094 093 1.00 -19%
A

051 046 042 042 042 042
046 -4.1% -13% 0.1% -6.7% 0.5%

093 091 069 074 074 0.74 -20%
1.01 -24% -26% 0.5% -2.4% 3.0% -27%

z

TABLE IV
GLONASS SATELLITE PREDICTIONS FOR 1 DAY.

Confidence interval of 50% Confidence interval of 95%

Typ Old +Ti +A.R +DE TOT Old +Ti +AR +DE TOT

1 M 0.86 0.87 0.87 0.82 -5.3% 1.54 1.52 1.52 1.43 -7.1%
2 M 0.85 0.83 0.85 0.82 -3.9% 1.50 1.43 1.44 1.29 -14%
3 M 1.50 1.42 1.45 1.41 -5.7% 2.35 2.31 2.32 2.18 -7.2%
4 M 0.62 0.61 0.62 0.55 -11% 1.25 1.23 1.27 1.02 -18%
5 M 091 0.92 0.93 0.90 -1.2% 1.57 1.54 1.52 1.39 -11%
6 M 1.05 1.01 1.03 0.99 -5.9% 1.67 1.61 1.62 1.50 -11%
7 M 1.10 1.06 1.09 1.10 -0.5% 1.81 1.74 1.76 1.66 -8.1%
8 M 0.87 0.87 0.88 0.83 -5.2% 1.59 1.52 1.49 1.47 -71.5%
9 M 0.56 0.56 0.56 0.57 1.8% 1.19 1.22 1.19 1.10 -7.9%
10 M 0.63 0.60 0.62 0.55 -12% 1.15 1.17 1.19 1.02 -12%
11 M 0.68 0.68 0.68 0.67 -2.0% 1.45 1.44 1.48 1.32 -8.6%
2 M 0.65 0.65 0.66 0.62 -4.3% 1.22 1.22 1.25 1.06 -14%
13 M 0.61 0.62 0.63 0.57 -6.7% 1.16 115 1.19 1.07 -7.6%
4 M 0.64 0.63 0.62 0.58 -9.0% 1.22 1.26 1.21 112 -7.6%
15 M 0.57 0.57 0.58 0.52 -9.0% 115 117 115 0.97 -16%
16 M 0.62 0.63 0.64 0.60 -3.7% 1.24 L.19 1.21 1.03 -17%
17 M 0.68 0.63 0.65 0.60 -11% 1.42 1.42 1.48 1.36 -4.3%
18 M 0.52 0.51 0.51 0.44 -15% 123 115 1.20 0.99 -20%
19 M 0.51 0.51 0.51 0.41 -20% 1.16 1.09 1.11 1.01 -14%
20 M 0.67 0.63 0.66 0.57 -15% 1.33 1.32 1.36 1.07 -20%
21 M 0.58 0.58 0.60 0.51 -11% 1.31 1.26 1.27 1.11 -15%
2 M 0.51 0.53 0.53 0.46 -9.2% 1.24 118 1.23 0.96 -23%
23 M 0.52 0.50 0.51 0.44 -16% 1.23 1.20 1.24 1.00 -18%
24 M 0.54 0.53 0.53 0.45 -16% 1.25 1.20 1.24 1.08 -14%
AV 0.72 -1.8% 1.7% -1.2% -7.4% 1.39 -2.1% 1.2% -11% -12%

TABLE V

BEIDOU SATELLITE PREDICTIONS FOR | DAY.

Confidence interval of 50% Confidence interval of 95%

Typ Old +Ti +AR +DE TOT Old +Ti +A.R +DE TOT

1 GEO 4.14 4.19 4.22 3.90 -5.9% 771 175 778 7.38 -4.3%

2 GEO 3.35 332 327 2.83 -15% 8.51 8.50 8.49 8.24 -3.1%

3 GEO 5.84 5.85 5.87 549 -5.9% 10.2 10.2 10.2 9.85 -3.3%

4 GEO 4.58 4.61 4.65 4.50 -1.8% 7.80 7.84 7.90 7.21 -1.6%
5 GEO 4.12 4.10 4.07 3.53 -14% 7.50 747 7.44 6.65 -11%

6 IGSO 1.05 1.06 1.09 0.75 -28% 2.74 2.73 2.73 1.32 -52%

7 IGSO 0.89 0.90 0.94 0.35 -60% 231 2.34 2.38 1.04 -55%

8 IGSO 0.85 0.84 0.83 0.49 -42% 2.11 2.08 2.10 1.20 -43%

9 IGSO 0.99 0.99 0.99 0.68 -31% 2.54 2.52 2.52 1.69 -33%

10 1GSO 0.84 0.84 0.85 0.34 -60% 221 224 221 1.09 -51%
11 MEO 0.50 0.49 0.51 0.37 -26% 1.37 1.39 1.40 0.93 -32%
12 MEO 0.46 0.47 0.47 0.32 -31% 1.36 1.33 1.35 0.87 -36%
13 MEO 0.61 0.56 0.59 0.48 -22% 1.47 1.35 1.41 0.94 -36%
14 MEO 0.56 0.56 0.58 0.38 -32% 1.48 1.41 1.46 1.02 -31%
AV 2.06 -0.0% 0.5% -16% -15% 4.23 -0.2% 0.4% -17% -17%




