
Analyzing Satellite Orbit Error
for ARAIM Offline Monitoring

Jaymin Patel
Illinois Institute of Technology

Chicago, USA
jpatel97@hawk.iit.edu

Boris Pervan
Illinois Institute of Technology

Chicago, USA
pervan@iit.edu

Abstract—In this paper, we propose a new approach to
generate the Integrity Support Message (ISM) for Advanced
Receiver Autonomous Integrity Monitoring (ARAIM). In our
approach, we analyze the satellite ephemeris parameters that
directly contribute to the satellite position error and thus, result
in the ranging error for an ARAIM user. First, we develop an
ephemeris parameter error model for the broadcast GPS legacy
navigation message (LNAV) under nominal conditions. Then,
we describe the procedure to produce Signal-In-Space Ranging
Error (SISRE) using the ephemeris parameter error model. The
nominal SISRE bias and standard deviation are generated for
the ISM to capture GPS constellation performance.

Index Terms—truth ephemeris parameter, broadcast
ephemeris error, broadcast satellite clock bias error, generation
of the ISM

I. INTRODUCTION

Advanced Receiver Autonomous Integrity Monitoring
(ARAIM) is intended to support civil aircraft navigation using
multiple constellations, i.e., GPS, Galileo, GLONASS, and
BeiDou. The main objective of ARAIM is to mitigate the
integrity threats caused by GNSS Signal-In-Space (SIS) faults.
The utilization of multiple constellations and dual frequency
signals provides increased measurement redundancy and re-
duced measurement error such that ARAIM not only detects
the faults but can also exclude them [1], [2]. In the European
Union and the United States, considerable effort has been
invested to develop ARAIM due to its potential to support
aircraft navigation from takeoff, through en-route flight and
final approach, with minimal ground infrastructure.

The achievable performance of ARAIM, as measured by
either integrity risk or protection level (PL) at the airborne
receiver, is highly dependent on assumptions on the GNSS
nominal SIS ranging error models and a priori fault prob-
abilities. The constellations are being improved over time,
and account for these changes, ARAIM will use an Integrity
Support Message (ISM) to carry information defining SIS
error and fault statistics, including nominal measurement
biases, standard deviations of ephemeris and clock errors,
prior probabilities of satellite faults, and prior probabilities
of constellation-wide faults [2]. The ISM parameters will be
generated and validated at the ground and updated as needed,
depending on the results of offline ground monitoring for the
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GNSS signals over time [1]. The monitor is ‘offline’ in the
sense that it is running in the background: It does not send
alerts to users, but it can be used to validate constellation
performance improvements.

In prior work, researchers introduced methods to compute
the ISM parameters for multiple constellations [3], [4]. They
compared satellite positions and clock biases generated from
archived broadcast ephemerides with precise orbit and clock
information to observe nominal SIS errors as well as faults.
The precise orbit and clock data were obtained from the
International GNSS Service (IGS). For GPS, the computed
ISM parameters showed consistent reduction of the GPS con-
stellation satellite and clock errors over time and current stable
performance [5]. For the Galileo constellation, the computed
ISM parameters showed that the system is still evolving [6]. It
has also been made evident in this prior work that the position
and clock errors are highly correlated over time, which needs
to be taken into account when generating the ISM parameters.

We begin this work with the observation that any set of
broadcast ephemeris parameters will have nominal errors and
that the resulting computed position errors will be completely
correlated until a new ephemeris becomes available. Thus,
analyzing the ephemeris errors directly in the orbital-parameter
domain is of key interest because the ephemeris parameter er-
rors are the only truly random variables contributing to satellite
position error. Furthermore, we propose a new technique to
produce ranging error distributions for ISM generation.

In this paper, we aim to provide new insight on ephemeris
errors and propose a new method to generate the ISM pa-
rameters. First, Section II describes the GPS legacy model
which is employed in the legacy navigation message (LNAV)
to provide satellite positions to GPS users. Then, we derive
“truth” ephemeris parameters and examine their behavior over
time in Section III. Section IV utilizes the truth ephemerides to
observe broadcast ephemeris parameter errors and develops an
ephemeris error model. Similarly, Section V provides a broad-
cast satellite clock error model. Finally, Section VI describes a
new method to obtain nominal SIS ranging biases and standard
deviations (the ISM parameters) using the ephemeris error and
clock error models.



II. GPS LEGACY MODEL

This section briefly explains the GPS legacy model, which
provides an instantaneous satellite position to a GPS user.
Basically, the model contains so-called ephemeris parameters
to describe satellite motion for a certain period. Similar to
any celestial body, a satellite travels in elliptical orbit around
Earth and motion can be described though the (six) Keplerian
parameters. In addition to Earth’s gravity, the satellite experi-
ences other external forces and thus, precise motion cannot be
described through the Keplerian parameters alone. Therefore,
there are nine more parameters in the GPS legacy model to
compensate for the perturbation.

Keplerian parameters are the basic way to describe an orbit
in the inertia space. Figure 1 shows the elliptical orbit with
semi-major axis (A) and eccentricity (e). These two parameters
(A and e) are sufficient to describe the shape and size of
the orbit. The position within the orbit is obtained using the
mean anomaly (M ) parameter, which is directly related to true
anomaly (υ). Next, orientation of the orbit in the inertial space
is described through three Euler angles as shown in Figure
2. The Ω parameter describes a point where the orbit passes
through the equatorial plane while moving northward, which
is known as the right ascension of the ascending node. The ω
parameter, known as the argument of periapsis, is the angle
between the equatorial plane and the point of Earth closest to
approach. The last parameter, inclination angle i, provides the
angle between the orbital plane and Earth’s equatorial plane.
Thus, the satellite position is described though the Keplerian
parameters (A, e,M,Ω, ω, i) in the inertia space.

Fig. 1. The Keplerian Elements : A, e describe orbit shape and size

Table I shows the list of parameters in the GPS legacy
model. We discussed the first six parameters earlier and the
remaining nine parameters are classified into two categories:
harmonic corrections and secular corrections. The harmonic
corrections come in pairs of cosine and sine to improve posi-
tion in the radial (Crc, Crs), along-track (Cuc, Cus), and cross-
track (Cic, Cis) directions. Three rate terms (∆n, Ω̇, IDOT )
capture secular drift.

The computation of satellite position using these parameters
is described in [7]. More detailed description about ephemeris
parameters can be found in [8]. In the following section, we
will observe each parameter behavior for the GPS constella-
tion.

Fig. 2. The Keplerian Elements : ω,Ω and i describe orientation of the orbit
in inertia space

TABLE I
EPHEMERIS PARAMETERS

Parameter Units Description√
A

√
meters Square root of the semi-major axis

e dimensionless Eccentricity
M0 semi-circles Mean anomaly at reference time

Ω semi-circles Longitude of ascending node
of orbit plane at weekly epoch

ω semi-circles Argument of perigee
i0 semi-circles Inclination angle at reference time

∆n semi-circles / sec Mean motion difference
from computed value

Ω̇ semi-circles / sec Rate of right ascension
IDOT semi-circles / sec Rate of inclination angle

Cuc, Cus radians Amplitude of the cosine and
sine harmonic correction

terms to the argument of latitude

Cic, Cis radians Amplitude of the cosine and
sine harmonic correction

terms to the angle of inclination

Crc, Crs meters Amplitude of the cosine and
sine harmonic correction
terms to the Orbit Radius

toe sec Reference time of ephemeris
Note : Semi-circle unit is converted to radian in this paper
by multiplying π

III. “TRUTH” EPHEMERIS

In actual ARAIM offline monitoring, the truth ephemeris
parameters are estimated using GPS ranging measurements
collected from the globally distributed ground network [9].
In [10], [11], the prototype to generate precise ephemeris is
demonstrated. However, this prototype is still under develop-
ment and the available precise orbit information is provided in
a format that does not allow a direct comparison of broadcast
ephemeris parameters. Thus, we will use an alternate orbit



fitting method to look at truth ephemeris parameters.
In this paper, we estimate ephemeris parameters from the

precise satellite position from the IGS product [13]. In general,
satellite position (X) is a non-linear function gorb of fifteen
ephemeris parameters (porb) as shown in Equation (1).

X = gorb(porb) + νorb (1)

where, porb represents the ephemeris parameters of the GPS
legacy model (porb = [p1 · · · p15]T ) and νorb is the de-
viation of model output from the actual position X . νorb

represents the model’s inability to capture the exact orbit. In
[9], the fidelity of the GPS legacy model is investigated and it
is concluded that the resulting ranging errors can be bounded
by a zero-mean Gaussian distribution with a standard deviation
of 12 cm. Moreover, the GPS orbit model is valid over a
four-to-six-hour interval noted TFIT [7]. Here, we use a four-
hour fitting interval, which is the most common value for GPS
ephemeris.

While estimating the parameters for a satellite i, we utilize
broadcast ephemeris (p∗,orbi ) to linearize and the resulting
measurement equation is formed as below.

δXi,k = XIGS
i,k −X∗i,k

= Jorbi,k δp
orb
i,m

(2)

where, k represents a time-epoch within the mth TFIT ,
XIGS
i,k is precise position of satellite i from the IGS product

at the Antenna Phase Center (APC) as explained in [12], and
Jorbi,k is the Jacobian matrix for the GPS legacy model:

Jorbi,k =


∂xi,k

∂p1
· · · ∂xi,k

∂p15

∂yi,k
∂p1

· · · ∂yi,k
∂p15

∂zi,k
∂p1

· · · ∂zi,k
∂p15


3x15

(3)

Now, the least-square estimation method is employed as
shown in Equation (4) to obtain precise ephemeris parameters
p̂i,m = p∗,orbi,m + δporbi,m for the mth time interval.

δporbi,m = (JT,orbi,k Jorbi,k )−1JT,orbi,k δXi,k (4)

The estimation procedure is illustrated through Figure 3 for
PRN 1 on February 1, 2016. As a result, we would obtain
fifteen parameters, but for illustration purposes, Figure 3 shows
only

√
A parameter. During the first TFIT , PRN 1’s positions

from 22 UTC to 26 UTC are processed using Equations (2)
and (4) and the resultant

√
A is plotted for reference time

(toe) 24 UTC (blue circle). For the next TFIT , we slide the
4-hour TFIT by 15 minutes to obtain

√
A at reference time

24.25 UTC (IGS product is available with a sample rate of 15
minutes). Similarly,

√
A is estimated for different reference

times 24.5, 24.75, and 25 UTC using multiple TFIT as shown
in Figure 3.

Slowly moving TFIT enables ephemeris parameters at a
higher rate and provides smooth variation. For example, Figure
4 shows estimated

√
A for February 1, 2016. We can clearly

see the repeated dip at an interval of 12 hours, which matches

Fig. 3. Illustration of estimating ephemeris parameter using different TFIT

the orbital period of a GPS satellite. Further, we process
4 years (February 1, 2016 to January 31, 2020) of PRN
1 position to observe the variation in

√
A. Figure 5 shows

the slow overall decrease in
√
A. Moreover,

√
A contains

multiple cyclic behaviors such as satellite orbital period, but
we will discuss more about its cyclic nature in the next section.
Focusing on Figure 5, we see an obvious jump in the middle
due to a planned maneuver, which was announced though
a Notice Advisory to Navstar Users (NANU) message [14].
Since it was a planned maneuver, we simply ignored the PRN
1 GPS outage period for our analysis.

Fig. 4. Estimated square root of the semi-major axis (
√
A) for February 1,

2016

The eccentricity (e) parameter behaves inversely relative to√
A, which can be observed through Figures 4 and 6. The

shapes are opposite in the figures and it seems like they cancel
out each other’s variations to make a fixed shape during orbit.
Figure 7 also shows a counter-trend in the eccentricity relative
to
√
A over 4 years. The other thirteen parameters of the GPS

legacy model are similarly estimated and results are shown in
Appendix A.



Fig. 5. Estimated square root of the semi-major axis (
√
A) during 4 years

Fig. 6. Estimated eccentricity e for February 1, 2016

IV. BROADCAST EPHEMERIS ERROR

In this section, we will compare broadcast ephemeris
[15] with our estimated “truth” ephemeris. Since broadcast
ephemeris are available at a rate of 2 hours, the high frequency
components in Figures 4 and 6 will not be visible. The goal of
this section is to develop an error model to bound the broadcast
ephemeris error with a Gaussian distribution. Equation (5)
is a mathematical representation of the broadcast ephemeris
error. Here, we have validated that the estimated ephemeris
errors due to fidelity of the GPS legacy model are negligible
compared to broadcast ephemeris error; The error in Equation
(5) is completely dominated by broadcast ephemeris error.

εporb = porb − p̂orb (5)

where, εporb represents the ephemeris error,
porb is the broadcast ephemeris, and
p̂orb is the estimated (truth) ephemeris.

Figure 8 shows the error in the broadcast
√
A parameter for

PRN 1. It is assumed that 4 years is a sufficiently long period
to observe any characteristic of the ephemeris error. Though
the
√
A error contains high and low frequency components, the

Fig. 7. Estimated eccentricity during 4 years

error has a constant mean over time. Similarly, the eccentricity
εe error is shown in Figure 9 for PRN 1, which contains a low
frequency component close to one year period. The ARAIM
algorithm takes a snapshot for a position fix, therefore, the
error bounding with Gaussian distribution is sufficient to
describe its instantaneous characteristic. The time correlation
of ephemeris error will be analyzed in future work. Similarly,
Appendix A shows the ephemeris error for the remaining GPS
legacy model parameters.

Fig. 8. Broadcast
√
A error during 4 years

The mean value of the
√
A error is evaluted using Equation

(6). Similarly, mean value is computed for each ephemeris
error and µ̂eph vector is obtained for the GPS legacy model
(Equation (7)).

µ̂√A =
1

N

k=N∑
k=1

ε√A (6)

where, k is a sample number and N is total sample size (17518
samples)

µ̂eph = [µ̂√A µ̂e · · · ]T15×1 (7)

Equation (8) shows an example covariance matrix for the



Fig. 9. Broadcast e error during 4 years

√
A and e parameters. The diagonal terms of the matrix

are obtained using the sample auto-covariance function of
each parameter, while the non-diagonal terms, representing
correlation between two parameters, are obtained using the
sample cross-covariance function. Figure 10 shows the auto-
covariance value for

√
A parameter error. As explained earlier,

we are currently interested in only variance of the errors for
ARAIM, C√A√A(0) is the main focused value. Similarly, the
Cee(0) value is obtained from Figure 11 for the eccentricity
error variance. For the off-diagonal term in the covariance ma-
trix, the cross-covariance function is computed and C√Ae(0) is
obtained. Likewise, the other parameters are observed through
auto-covariance and cross-covariance to achieve the variance
(Σ̂eph, 15 × 15 matrix) of the broadcast ephemeris error.
For actual ARAIM application, the ephemeris error must be
overbounded as suggested in [3], [6]. But, to demonstrate our
new approach, we use simply use 1-σ covariance in this paper.

Σ̂√Ae =

[
C√A

√
A(0) C√Ae(0)

C√Ae(0) Cee(0)

]
(8)

Fig. 10. Autocovariance plot for square root of the semi-major axis error

Fig. 11. Autocovariance plot for eccentricity error

We want to point out an interesting observation from Figures
10 and 11. These errors are obviously highly correlated over
time as satellite orbits repeat twice a day. But there are also
two slower trends present. The first slow variation is close to
the orbital period of Earth (365.256 days): 354.5 days for the
e error in Figure 11. The second slow variation is close to
the orbital period of the Moon (27.3 days): 26.92 days for
the
√
A and e errors in close-up view of Figure 10 and 11,

respectively.

V. BROADCAST SATELLITE CLOCK BIAS ERROR

In this section, we utilize available precise clock information
from IGS product to observe a broadcast satellite clock bias
error. We noticed that the final IGS products (igs.sp3) were
missing clock information for some time epochs. Therefore,
we utilized an alternative product (cod.sp3) from Center for
Orbit Determination in Europe (CODE), which is one of the
IGS analysis centers, and refer to as an IGS product in this
section [13].

The LNAV message provides satellite clock bias information
though quadratic parameters (af0, af1 and af2) to GPS users.
These parameters are reference to time of clock (toc) parameter
which can be different from reference time of ephemeris
(toe 6= toc). Equation (9) shows the broadcast clock bias (τ brd),
in meters, for satellite i using the quadratic parameters [7].

τ brdi (t) = c
(
af0 + af1(t− toc) + af2(t− toc)2

)
(9)

where, c is speed of light.
Though the GPS signal is broadcast from a single APC

point, the realization of APC could differ due to different
strategies to estmate orbit and clock bias. In [12], it is shown
that precise IGS clock data refers to different APCs than GPS
control segment (CS)-defined APC. To make a comparison of
IGS and broadcast clock bias, the IGS clock bias must be
transformed to GPS CS-defined APC as shown in Equation
(10).

ε̃clk,i,k = τ brdi,t=k − τ codi,k − (∆APCIGS,i,z −∆APCGPS,i,z)
(10)



Fig. 12. Broadcast satellite clock bias error during 4 years

where, τ cod,ki is truth satellite clock bias from the CODE,
∆APCIGS,z is distance between satellite’s center of mass
(COM) to the IGS-defined APC in the radial direction,
∆APCGPS,z is distance between satellite’s COM to GPS CS-
defined APC in the radial direction.

Since the reference time is synchronized differently in the
CODE product and GPS navigation message, clock error
ε̃clk,i,k is corrected by removing the constellation mean for
each epoch,

εclk,i,k = ε̃clk,i,k −
1

l

i=l∑
i=1

ε̃clk,i,k (11)

where l is total number of satellite in the constellation.

Figure 12 shows the broadcast clock bias error for PRN 1
over 4 years with sample rate of 15 min. On few occasions,
the clock error is drifting over a day, representing upload
LNAV issues, and is reset with next day’s updated message.
This event is visible in the figure as eight spikes. Since this
error never exceeds the 4.42 × σURA limit, these are not
considered faults. Similar to the previous section, the mean
and variance of the clock error are evaluated. To incorporate
a single covariance matrix for LNAV message error, the
cross-covariance function is evaluated across the ephemeris
parameter errors and the clock error. Equations (12) and (13)
represent an error model for the LNAV ephemeris and clock
error.

µ̂eph+clk,i =
[
µ̂eph µ̂clk

]T
16×1 (12)

Σ̂eph+clk =

 Σ̂eph Ceph,clk(0)

Ceph,clk(0) Cclk,clk(0)


16×16

(13)

One may argue that we should have analyzed the quadratic
clock parameters as we have seen in previous section, rather
than clock error directly. Unfortunately it is not possible to
generate truth clock parameters because the quadratic model is
not sufficient to match the actual clock errors precisely enough.

VI. ISM PARAMETER GENERATION

The ISM parameters describe the constellation perfor-
mance with nominal SIS ranging bias, standard deviation of
ephemeris and clock errors, and prior fault probability for
individual satellite and constellation. In this paper, we have
so far discussed the ephemeris parameter errors and the clock
bias error, and developed the error model to contains GPS
LNAV message error. Now, in this section, we present how to
access SIS ranging bias and the standard deviation using the
developed error model.

Using first-order approximation, as shown in Equation (2),
satellite position error can be expressed as a function of
Jacobian matrix and ephemeris parameter errors. Similarly,
expected value of satellite position error is computed using
Jacobian matrix and the developed ephemeris error model.
Equation (14) represents a satellite position error mean at time
t in the ECEF frame using the Jacobian matrix (Jorbi (t)). Since
the orbital period of a GPS satellite is 12 hours, evaluating the
Jacobian matrix of 12 hours will be sufficient to describe an
overall mean variation in satellite position error:

µ̂δXi(t) = Jorbi (t) µ̂eph,i (14)

where, µ̂δXi represents a 3 × 1 mean position error vector for
satellite i at time t. µ̂eph is the obtained mean vector for the
GPS legacy model from Equation (7). It is worth to point out
that µ̂eph is achieved in discrete time domain while µ̂δXi

is
continuous in time. One may transform Equation (14) to local-
level frame to observe radial, along- and cross-track direction
bias. But, here, we aim to expose directly ranging error as a
deterministic function of the random ephemeris parameter and
clock errors.

For the ISM, we are interested in SIS ranging bias (mean)
and standard deviation, therefore, the position error mean from
Equation (14) and the clock error mean (µ̂clk,i) are projected
along line-of-sight to all ground locations of Earth. A GPS
satellite will be at the same location for a ground location
over 24 hours of Earth rotation, thus projection of 24 hours of
position errors are sufficient to capture ranging bias. Figure 13
shows SIS ranging error (SISRE) mean, using Equation (15),
at an example Chicago location using the developed LNAV
error model for PRN 1. The figure shows two frequencies that
we discussed earlier; 12-hour orbit period of a GPS satellite
and 24-hour Earth rotation. Therefore, the resulting worst case
SISRE mean for satellite i is evaluated using Equation (16).
Likewise, SISRE bias for the ISM, corresponding to broadcast
ephemeris and clock error, can be evaluated as shown in
Equation (17).

µ̂SISRE,i,q(t) =
[
eTi,q(t) − 1

] [µ̂δXi(t)

µ̂clk

]
(15)

where, ei,q(t) is a line-of-sight vector from ground location q
to satellite i at time t.

µ̂SISRE,i = max
q=1,...ALL

(
max{| µ̂SISRE,i,q(t) |: 0 < t < 24h}

)
(16)



bnom,eph+clk = max
i=1,...32

µ̂SISRE,i (17)

where, bnom,eph+clk is nominal SIS ranging bias due to
broadcast ephemeris and clock bias error.

Fig. 13. Projected mean value of SISRE for PRN 1 using the developed
LNAV error model

Fig. 14. Running mean of ephemeris parameter errors for PRN 1

In the prior work, ranging error biases were observed to
be very small and assumed to be effectively zero [3], [4].
However, in our results, Figure 13 indicates that the bias
error actually varies over a day. Because it could be possible
that our analysis period of 4 years is still not long enough
to estimate the true ephemeris parameter mean due to time
correlation of the error. So we computed a running mean at
10 day intervals for each parameter to provide more insight
(Figure 14). The units of all the ephemeris parameter errors are
converted (approximately) to meters to more easily visualize
their convergence. Except M0, ω, e,Ω0 and i0, all parameter
errors converge to a level of just a few centimeters within
a one year period. The most notable exception is Ω0, which
converges to an unexpected 0.5 m. This is the the main reason
behind fluctuating SISRE mean in Figure 13.

The evaluation of standard deviation on SISRE is similarly
carried our using a Jacobian matrix and line-of-sight vector.
Equation (18) shows a mathematical expression for satellite
i at ground location q for time t. Then, the worst case
SISRE standard deviation is evaluted thorough all ground
locations during 24 hours (Equation (19)). Finally, Equation
(20) represents the ISM parameter to describe the standard
deviation of ephemeris and clock bias errors. Currently one
satellite (PRN 1) is being processed. Figure 15 shows a
standard deviation of SISRE over two days at an example
Chicago location.

σ̂SISRE,i,q(t) =
√
WT
i,q(t)RLL,i,q(t) Σ̂eph+clk RTLL,i,q(t)Wi,q(t)

(18)
where,

Wi,q(t) =
[
ei,q(t) − 1

]
= transformation matrix to observe range error

RLL,i,q(t) =

[
Jorbi (t) 0

0 1

]
= transformation matrix to observe local-level (LL) error

σ̂SISRE,i = max
q=1,...ALL

(
max{σ̂SISRE,i,q : 0 < t < 24h}

)
(19)

σnom,eph+clk = max
i=1,...32

σ̂SISRE,i (20)

Fig. 15. Projected standard deviation of SISRE for PRN 1 using the developed
LNAV error model

In future work, we will address following issues concerning
practical implementation of the proposed method in ARAIM.
The underlying assumption in our approach is that the new
ephemeris error model captures sufficient statistical proper-
ties to define SIS ranging bias and standard deviation. This
assumption must be validated as a few of the ephemeris
parameters error cannot be treated as stationary over short
analysis period. Subsequently, analysis period must be selected
properly to capture truth error model under highly correlated



parameter error. Finally, the ephemeris and clock errors must
be overbounded for integrity purpose.

VII. CONCLUSION

In this paper, we proposed a new method to generate ISM
parameters, including nominal SIS ranging bias and standard
deviation for ARAIM. First, we estimated GPS legacy model
parameters using the precise IGS product as a surrogate for
the “truth” parameters. Then, we analyzed broadcast GPS
ephemeris error over 4 years and developed an error model to
capture the ephemeris parameter and clock bias errors. Finally,
we demonstrated a new method to generate SIS ranging bias
and standard deviation using the developed error model.
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APPENDIX A
ESTIMATED EPHEMERIS PARAMETERS AND BROADCAST

EPHEMERIS ERRORS

Fig. 16. Estimated mean anomaly during 4 years

Fig. 17. Error in mean anomaly during 4 years
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Fig. 18. Estimated mean motion difference during 4 years

Fig. 19. Error in mean motion difference during 4 years

Fig. 20. Estimated longitude of ascending node during 4 years

Fig. 21. Error in longitude of ascending node during 4 years

Fig. 22. Estimated inclination angle during 4 years

Fig. 23. Error in inclination angle during 4 years



Fig. 24. Estimated argument of perigee during 4 years

Fig. 25. Error in argument of perigee during 4 years

Fig. 26. Estimated rate of right ascension during 4 years

Fig. 27. Error rate of right ascension during 4 years

Fig. 28. Estimated rate of inclination angle during 4 years

Fig. 29. Error in rate of inclination angle during 4 years



Fig. 30. Estimated amplitude of the cosine correction term to the argument
of latitude during 4 years

Fig. 31. Error in amplitude of the cosine correction term to the argument of
latitude during 4 years

Fig. 32. Estimated amplitude of the sine correction term to the argument of
latitude during 4 years

Fig. 33. Error in amplitude of the sine correction term to the argument of
latitude during 4 years

Fig. 34. Estimated amplitude of the cosine correction term to the orbit radius
during 4 years

Fig. 35. Error in amplitude of the cosine correction term to the orbit radius
during 4 years



Fig. 36. Estimated amplitude of the sine correction term to the orbit radius
during 4 years

Fig. 37. Error in amplitude of the sine correction term to the orbit radius
during 4 years

Fig. 38. Estimated amplitude of the cosine correction term to the the angle
of inclination during 4 years

Fig. 39. Error in amplitude of the cosine correction term to the the angle of
inclination during 4 years

Fig. 40. Estimated amplitude of the sine correction term to the the angle of
inclination during 4 years

Fig. 41. Error in amplitude of the sine correction term to the the angle of
inclination during 4 years
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