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Abstract position observable geometrically. If the measunee
are accurate, a sequentially dynamical orbit
The main goal of this work is to investigate slifigd ~ determination may not need such a precise forceemod
models to determine in real time the orbit of aiifielal as the whole information is locally provided by the
satellite, using single frequency GPS measurementaeasurements. This approach was applied in the work
This model should be compact providing standardf Wu et al.'’, which uses the so-called reduced
precision at low cost. Cowell's method has beed trse dynamic technique.
propagate the orbit state vector. The modeled foate  The state estimation method adopted was the Kalma
geopotential up to 2%order and degree of the sphericafilter which is used to estimate the spacecraftst®n
harmonic coefficients. To propagate the state damae board, excluding the need of iterating the datdectdd
matrix, it has been considered a more simplifiedleho previously and being able to provide the currebitan
than the one used in dynamical model. For computimgal time.
the state transition matrix, it is considered only
keplerian motion. To estimate an orbit in real tithe
extended Kalman filter has been used throughoust thi Estimation Method
paper. Many tests are carried out starting from the
simplest two body model and varying the contributio The orbit determination problem, which has a non-
sources of the errors to be considered. In ordessess linear dynamical system and a non-linear measuremen
the results, the estimated orbit for several cdses system, can be formulated in a way that it is faedio
compared with a full reference Kalman filter, fdret apply one of the best known methods of sequential
Topex/Poseidon satellite. linear estimation, the Kalman Filter.
The extended Kalman filter is a Kalman filter sien
Key words: Kalman Filtering, GPS, Real time orbit applicable to problems like this one, constitutgdab
determination. time-update and a measurement-update cycles. The
time-update phase updates the state and the coearia
matrix along the time using the dynamical equations
Introduction In this work, a simple reduced state vector is ends
be estimated:
The GPS system has been used to determine iattific
satellitg Qrbits b_et_:ause it may provide orbit , _ (rT VT’b), 1)
determination precision as good as or better than
methods using conventional tracking stations. Hterl
provides standard precision around hundred metats awhere rT=(xy,2 and v' =(xy,2z) are the
the former can provide precision as tight as somgpacecraft's position and velocity vector, danis the
centimeters. The attractiveness of GPS is magnifigdceiver clock offset.
because of lower costs and autonomous navigatiohen, the differential dynamic equations of motion to
resources. With the advances of technology, thglesin pe integrated are given by:
frequency GPS receivers provide a good basis to
achieve enough precision at relatively low costl sti < _
1 . ! ¢ X = f(x,t), )
attaining the accuracy requirements of the mission.
The GPS system provides at a given instant afset
many redundant measurements which makes the orBHd



P=Fo, (3)
whereY,is the observed measurement.

where f (x,t) is the vector-valued function of time and The measurement update phase uses the Kalman

the state,@ is the state transition matrix which reIate%qeuafhﬁzfn;%t'snC?L%orgﬁv?: m;%:jmagg?al?‘g/er:rﬁgr;ved
the state betwedpandt,.;, and F =of (x,t)/0x.

estimates of the state and of the covariance:
Both equations should be numerically integrated
simultaneously, so thdt is evaluated always along the 1
most current statex . Next, one updates the covariance Kk = PcHy (HkPka + Rk)A ; )
matrix P by means of the discrete Riccatti equation:

Xk = X + Ky Vi s (10)

5 5 AT
Pt = PenrPiPran + Qi (CYN _
P = (1 =K H )R, f11

where P is the covariance matrix after processing all _ _ . .
measurements at ting @ is the state transition matrix whereRy is the discrete measurement noise covariance
obtained by the previous integration a@j is the which is basically a measurement weight matrix.sehe
discrete state-noise covariance which is a measite equatlor]s can be used to_ process m_easurements
error between the reference state and true staiegar S€duentially so that the matrix inversion in (9)as
from imperfect modeling. The matrix is a measure of Scalar. To be precise, the measurements should be
how well the errors are known. uncorrelated, in which case the measurement covaxia

. _ = noiseRy is diagonal.
At the end of this process,; and P, are K g

obtained and are called time-updated state and

covariance, respectively. Dynamical Model

The measurement residual and sensitivity matréx a

found by forming the computed observation equation.The choice of the propagation method depend$en t
The model for a GPS pseudorange measurement éguirements of the mission. As the goal of thisknie

given by: to have relatively standard accuracy along with
minimum computational cost, the Cowell's method has
Ye(Xitk) = o + B ) (5 been used to propagate the state vector.
The modeled forces in this work are due to
where geopotential taking into account the spherical fwarim

coefficients up to 23 order and degree of GEM10B
> > > model. The integration is carried out by usinggimeple
p:\/(XGPS_X) +(Yops ~¥)" +(Zeps ~ 2) (6) fourth order Runge-Kutta algorithm without any
mechanism of step adjustment or error control. The
is the geometric range, y, and z are the positional fourth order Runge Kutta is considered an adequate
states of the user satellite at reception timgs, Yops  humerical integrator due to its simplicity, faircacacy,
andzgps are the positional states of the GPS satellite and low computational burden.
transmission time (corrected for light time delaghd  The dynamic equation of motion is given by:
S« are errors steaming from ionosphere path delayy GP
satellite and receiver clock offsets, GPS ephemeris. u
error, multipath, and other unmodeled errors. r=-—3*aceo: (12)
Using the above equation the sensitivity matigx i
given by:

whereu is the geo-gravitational constant amgo is the

acceleration due to perturbing geopotential, coexgbut

Hy :|:_ (XGPS - X) - (YGPS - y)’_ (ZGPS - Z) .0,001|- @) according to Pinés

p p p The user satellite coordinates are in true equanal

equinox of date frame (ToD) and the computatiothef

The measurement residual, or innovation sequience acceleration of the satellite due to the spherical
geopotential requires the coordinates of the et

Vi = Y = Ve (X ti) 8)( the rotating Earth-fixed equator and prime meridian

frame (EF). Then, it is necessary to provide tHeisoe




with the coordinate transformations considering ththe orbit, and E is the eccentric anomaly. The
effects of precession, nutation, polar motion, angolynomial coefficientsay, a5, anday, are transmitted
sidereal rotation. Polar motion and difference eetv in units of sec, sec/sec, and secdseespectively. The
UTC and UT1 was disregarded as it requires uplo@ds clock data reference tintg. is also broadcast. The value
these parameters to the satellite computer, incrgéise  of t;, must account for the beginning or end-of-week
ground task load and decreasing the satellite antgn crossovers.

To decrease the computational burden further,The user clock offset is part of the estimateatest
precession and nutation parameters and matricedbeayvector.

considered constant for a span of one day.

lonospheric Correction
Measurement Model
The GPS transmitted signals pass through the
The equation of the pseudorange in L1 frequescy ionospheric layer causing errors in the measuresnent

given by: being the ionospheric effects one of the harddscesf
to model.
P|(1=Pk+|k +C[dtGPS(tk)_dtU (tk)]_5k1 (13) As the user is a satellite, tropospheric effeats

considered irrelevant, and a simple elevation nvaiflk
reject measurements reflecting into the Earth's
where F1(1 is the pseudorange in LA, is the geometric troposphere.

range given by Eq. (6), is the ionospheric delag,is ~ The ionospheric effects depend on the frequeltdy.
the vacuum speed of lightteps(t) is the GPS satellite POssible to remove them easily by using dual freque
clock offset,dty(ty) is the receiver clock offset; is the However, in single frequency measurements, thegecau

observation instant in GPS time, asdis a remnant Many real troubles in the data processing, wheee th
error supposed random gaussian. degradation of precision can achieve reasonablgesal

depending on the solar activity and the spatial
(geomagnetic) environment. The maximum effect in

Clock Error Terms single frequency receivers is around 20m and fer th
case of dual frequency it is around 4.8cm

The third term of the right-side is the clocksighich ~ Despite assuming single frequency in this wohe t
represents the combined clock offsets of the sateihd dual frequency model has been used to correct the
of the receiver with respect to GPS time. Each GPgnospheric effects in the pseudo-range measurament
satellite contributes with one unknown clock biige AS Such it allows one to analyze the impact of egith
information for the GPS satellite clocks is knownda N€gdlecting or not the ionosphere effect on the torbi
transmitted via the broadcast navigation messagbein €Stimates. In this case, this is possible because o
form of three polynomial coefficients with a refece Satellite test case, TOPEX/Poseidon, has a dual

timety.. The clock correction of the GPS satellite for thd"@quency receiver on board. The equation to cotrec

epochtgps is’: ionospheric effects of the pseudo-range measureiment
L1 is givenby®:
dtgy=ag +agn(tsy~toc ) tar2(tsy~toc )2+ AR, (14) 2
| P = (R-R?) a7
with fz - fl

where Ifis the ionospheric correction to range
tsy = tgps ~ Asy (15) _ . )
measurements in L1 frequencyi;and RS are the
and pseudorange measurements in L1 and L2, respectively
f, is the frequency in L1 (1.575 GHz), afgdis the
frequency in L2 (1.227 GHz).
Ay :—%,/a,ueﬁinE:—%x- X, (16) a Y ( )
c c

wherestgr is a small relativistic clock correction caused
by the orbital eccentricitg, a is the semimajor axis of



Transition Matrix

the evaluation of the Jacobian
derivatives) and integration of the current vadadl

expressions when using a complex force mbdel

considered the keplerian motion. The state tramsdi
differential equation is defined as:

The T/P receiver can track up to 6 GPS satelbites
both frequencies if Anti-Spoofing is inactfverhis raw

The calculation of the state transition matriegents data was recorded 10 second interval of GPS time.
one of the highest computational costs becauseeiti;i  The observation data in Rinex format were obthine

matrix (partiabia Internet’. The navigation data in Rinex format were

sent by Binning although they also could be obtained
equations. This matrix can pose cumbersome analytiovia Internef.
The precise GPS satellite coordinates are olutaine
A simple force model to state transition matrixhrough Internet and interpolafetb appropriate times,
providing the coordinates in EF frame.

The initial conditions tdy, = 1sec in UTC time as of
November, 18, 1993 are given in the Table 1.

Bty to) = Flti J@(tic o). (18) y " .
Table 1: Initial conditions to user satellite
where ¢7(t0,to)s | is the initial condition, coordinates.
_ _ Initial Conditions Nov 18, 1993
oo g ToD x (m) 7617202.243009592
0o 353 0Vo 33 ToD  y(m) 1235354.688733236
ov ov ToD z(m) -135607.5368155133
Plty . to)=| — — 0 19
(tcto) Moai MNoag o 19 Fopx (miseq) -353.5738692980746
O1x3 Oix3 L ToD vy (m/sec) 2898.599146009871
L ] ToD 2 (m/sec) 6568.36541232146
and The initial conditions are obtained through the
TOPEX/Poseidon Precise Orbit Ephemeris (P®E)
0343 l3xs Oz generated by the Jet Propulsion Laboratory (JPL) in
F(t )_ G(t ) 0 0 (20) UTC time. The JPL POE is claimed to estimate Tapex'
k/71PVk/3x3 ¥3x3 M3 |- position to an accuracy of better than 15 cm (Sefe R
O3 Oz Owa for details). The states in the POE are providedria

minute increments in Inertial True of Date coord#sa

G(t)=of (r,t)/ or
geogravitational force anf{r,t) is the acceleration o

the satellite that, in this case, considered thplét&an
motion.

Data Set

As observation data TOPEX/Poseidon (T/P) GPS da

is the gradient matrix of the in UTC time. But, the TOPEX GPS measurements are
f in 10 second increments in GPS time. Accordingly to

IERS, the difference between the UTC and GPS times
9 seconds to this date. Therefore, it was necegsary
interpolate the states in one second steps through
ODEM Orbit Determination softwaté

Table 2: Extended Kalman filter input parameters.

ta

set is used, because this satellite has dual fregue

GPS receiver onboard and such data are easily fioung

Internet.

As suggested by BinnifAgone uses the T/P data set o

November 18 1993, because Selective Availability

(SA) was also not in operation for 17 of the 25ilakde

GPS satellites allowing civilian users access torttost

precise GPS measurements. At that time the G¥

constellation was not yet considered fully operzilp

Filter Input Parameter Initial values

P, (m°) 1.0x 10"
P, (m“/sed) 1.0x 102
P, (sed) 1.0

Q, (m) 1.0x 10"
Q. (m%sed) 1.0x 10°
Q, (sed) 1.0x 10°
R (m?) 2.5x 10"

and therefore, Anti-Spoofing was also off. Thioaléd

all users to receive clean data in both L1 and L2The Kalman Filter input parameters are givenhie t
Table 2, wherd, is the position erroi, is the velocity

error, Py is the user clock errof) is the corresponding

frequencies.



dynamical noise, andR. is the covariance of
measurement error. Table 4: Accuracy of the fixed step integrator RK4.
The considered constants are given in Table 3.

Case After At(sec) Ar(m) Av (m/sec)
Table 3: Constants in Topex case study.
1 60 sec 1 13.248 0.442
WGS 84 gravitational 3.986005x 10" 2 hours 43594.4  40.801
parameter m*/seé 2 60sec 10 13.248 0.442
WGS 84 rotation rate 7.29211516% 10° 2 hours 43594.4 40.801
rad/sec 3 60 sec 30 13.248 0.442
WGS 84 Earth's radius 6378137 m 2 hours 43593.7 40.800
speed of light 299792458 m 4 60 sec 60 13.246 0.442
J, 1.08263% 10° 2 hours 43581.3 40.787
5 60 sec 1 0.121 0.004
2 hours 641.805 0.585
Results 6 60sec 10 0.121 0.004
2 hours 641.814 0.585

All tests are accomplished considering the ihitig 7 60sec 30 0.121 0.004
conditions cited in Tables 1 and 2. 2 hours 642.579 0.586

The first test is aimed at checking the accurafcthe 8 60 sec 60 0.121 0.004
integrator of fourth order Runge-Kutta. The filter 2 hours 656.153 0.598
turned off and several fixed step sizes are attethpt| 9 60 sec 1 0.012 0.
Also the geopotential truncation order is changed 2 hours 87.601 0.084
verify the different level of errors. 10 60 sec 10 0.012 0.

In the cases 1 to 4, it is considered the Kegmteri 2 hours 87.609 0.084
motion. In the cases 5 to 8, the geopotential oheduthe 11 60sec 30 0.013 0.
term in J. In the cases 9 to 12, up to"28rder and 2 hours 88.387 0.085
degree of spherical harmonic coefficients ar 12 gosec 60 0.042 0.
considered. The step siz&t) varies from 1 second to 1 2 hours 102.123 0.098

minute. In Table 4Ar and Av are the errors on the
position and velocity states, respectively, compavéh  The full model Kalman filter results are then dige

the POE. compare the several contribution sources to thererr

Table 4 shows the maximum_ accumulated errors f@hiy 1 shows the pseudorange residuals in L1 dufiag
each case after both one minute and two hours @fst 15 minutes of the filtering. Also, one cantedhat

integration with different step sizes. One can @@t the filtering is converging. It is impossible toosh all
that better accuracies are obtained in the cas@sl 90. |esiquals because of scaling. Fig. 2 shows the Bumib
As the difference between them is very small, tbe 1gps satellites at each epoch of the filtering. The
second step size is adopted in all foregoing cestsa  5yerage number of available GPS satellites is 5585

goal of minimizing the computational cost. ~ the average number of used GPS satellites (natteeip
Therefore, in the remaining cases, the TOPEXS or g 5 515

state is generated every 10 second step size mBXimu  For cases 13 and 14, the tests are related to the
The next results are achieved with the filtenéd on, dynamical model, i.e., only the perturbation of the
considering around 2 hours of data. The referenqﬁ,namicm model changed in each case. In caseh&3, t
trajectory is accomplished considering the full ®od pyre Keplerian motion was considered, while indhse
Kalman filter, which shows good agreement with thq, the effect of Jis considered. Table 5 shows the

JPL/POE ephemeris. It considered up t& Beder and regylts obtained compared with the reference case.
degree of the spherical harmonic coefficients amal t

effects of precession and nutation. The relatiyist
ionospheric, GPS and user receiver clock offse¢s ar
considered in the measurement model as shown
previously.



Conclusions

This paper considers several aspects of modeliren
using the GPS for real time orbit determinationisit
observed that for sampling rates of 10 seconds and
using a simple fourth order Runge-Kutta numerical
integrator the higher order geopotential model yietd
already reasonable results. At ledsshall be included
in the geopotential model because a single Kepleria
Time (min) model can not account for the short period osultes,
even for 10-second step size.

Figure 1. Sample of Residuals for the full model. The measurement model shall be carefully modated
some effects can be very pronounced. The GPS clock
offset shall be taken into account, secondly thymadi

Residuals (m)

6 travel time correction. After comes the user clotfket,
p st s oSsme= o the ionosphere, and to a lesser extent the redttvi
- effect. As a last remark, the precession and rautaif

coordinates shall be taken into account as they
T T considerably change the actual coordinates. Tlaidsle

0O 80 100 120 to an additional computational burden which can be

minimized if one considers the precession and imutat

parameters constant over a given period, say one da

0 1 T
0O 20 40 6

Time (min)

Number of GPS
satellites
N

Figure 2: Number of processed GPS satellites in two Table 6: Errors due to variation of the measurement

hours run. model.
Case RMS; (m) RMS, (m/sec)
Table 5: Errors due to variation of the dynamical 15 2.03x10° 0.15
model. 16 3.71x10" 3.03
17 6.27 0.008
Case RMS, (m) RMS, (m/sec) 18 3.86 0.005
13 2.87%10" 4.21 19 6.89%10" 0.09
14 0.33 0.05

) Table 7: Errors due to neglecting of the effects of
In cases 15 to 18, one of the following effeats aot precession and nutation.

considered in each case: GPS clock offset, receiver
(satellite) clock offset, relativistic effect, iosphere
effect, and signal travel time. To depict the igkat
importance of each one to the accuracy of the orbit
estimates, in case 15 the GPS clock offset is not
considered; in case 16 without considering theivece
clock offset; in case 17, without accounting foe th Acknowledgements

relativistic effect; in case 18, without the ionbsgc , , L
correction; and, in case 19, without the signaveta |Nne authors wish to express their appreciatiortife

time correction. Table 6 shows the obtained resulPPort provided by CAPES (Fundagdo para
compared with the reference case. Coord_enagao de_Aperfeu;oamento d_e_ Pessoal de Nivel
Finally, in case 20, the effects of precessionl arpuperior) - Brazil and INPE (Brazilian _Instltuterfo
nutation in the coordinates are disregarded (SéseTaSPace Research) - Brazil. We would like to thank

7), when transforming the coordinates from J20006.0 Patrick W. Binning of the Naval Research Laboratory
True of Date (See Table 7). and Colorado Center for Astrodynamics Researcheat t

University of Colorado for providing kindly the GPS
navigation files.

Case RMS,;(m) RMS, (m/sec)
20 8.8x10° 7.84
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