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1. Introduction

The orbit of an artificial satellite carrying a radio signal transponder is determined using a new geo-referencing system. It utilizes
four ground-based reference stations (see Figure 1), synchronized in time, installed at well known geodetic coordinates, and a repeater in
space. It is based in coded time signal propagation times from one base to the others bounced back by the transponder. The process
corrects added up time delays due to signal transit times in the transponder, and for delays due to propagation paths and electronics at
distinct ends. We examine the process application for an artificial satellite carrying transponder, the orbit of which we want to determine.
The influence of harmonics of high order and degree due to the non-uniform distribution of the Earth’s mass are considered in orbit
determination. The paper describes aspects of the new geo-referencing system and the dynamic modeling used in the orbit determination
system. The specific uncertainties of measurements arising from this system are properly taken into account. A simulation performed with
four ground bases located in Brazil and low altitude transponder proved the system concept. Results show that transponder position
accuracies of less than 1 meter are attainable using standard good quality synchronized clocks. We extend this simulation to orbit
determination of satellites. The major advantages and drawbacks of such system are discussed..

Figure 1- The four ground based geodetic reference bases, A,B,C and D, the
repeater in the sky R, and a remote site P. Time signals are emitted by one
reference base (A), retransmitted by R and received by all ground bases and
the target where time differences are measured

2. Position Measurements with Geolocal

Let us consider four references ground bases A, B, C, D at known geodesic positions coordinates, synchronized among
themselves and a repeater R in an artificial satellite. The coordinates ( Xg,Yr,Zgr) Of the repeater are defined in the reference system
llustrated in Figure 2. The ranging measurements obtained at a given instant can be written as

AR = (0 = %)+ (¥ = Vo) + (20 = 20)" = (A = G =8 = 5)(2) = Ay

BR =/ (Xg —Xa )2 + (Vs — Va)? + (Zs — Zp)? = (Aty = Spe — Far = 50 )C— Ay = A paass

CR = (% =% )? + (Yo = Yg)* +(Zc = 25)" = (Ale = S = Gy = 5)C = A g = A pane:

DR = /(X5 = Xg)? + (Yo = Yr)* +(Zp = 23)? = (Aly =8 = Sy — 32 )C = A o = A pane.

Figure 2

where AR, BR, CR, and DR are the distances of bases A, B, C and D to the repeater R, respectively, expressed as a function of time
variations caused by the signal transit at the repeater O0R, to be determined, and corrected for the respective propagation path delays
Ajiars Dpasrs Lpacr @Nd Aygpr; Ay, Atg, At and Aty are the time differences effectively measured at bases A, B, C and D, respectively,
with respect to their clocks; dAt is the time variation due to signal transit in circuits and cables when transmitted from base A, previously
measured and known; 0,,, Og, Oq, and Oy, are the time variations due to the coded time signal transits on circuits and cables when
received at bases A, B, C, and D, respectively, and c is the speed Iin free space of the electromagnetic waves that transport the coded
time signal.

The pair of systems of equations to obtain the repeaters' coordinates in relation to bases A,B,C and A,B,D (or B,C,D and A,C,D and so
on)allow us to determine the discrepancy between the repeater’s positions caused by the propagation path delays, transit times 65 at the
repeater and detays at the bases. Therefore all delay parameters become negligible by minimizing the following expression:

f(8r) = IXr(Br) » Yr(BR) + Zr(BR)] - [X'Rr(BR) » YR (8R) » Z&'(8R)]1? =
= [Xg(8R) - X (OR)]* * [Yr(OR) - YR (8R)]* +[Zr(SR)-ZR (R)]

In this procedure, 8 actually include the transit times as well the path delays, and other instrumental delays. The closest value
found for oy for every time signal interaction at the repeater corresponds to the minimum value obtained for f(dg) with varying values of
Or- This can be found by a number of well known numerical calculation methods, as it was demonstrated by the simulations later in this
paper. The accuracy of o, determinations will be in the limit of the instrumental accuracies utilized for the coordinate’s determination.

3. Preliminary (Quick Look) Orbit Determination

The Geolocal system will provide locations of repeaters and target by using geometry, algorithms, and high-technology clock
synchronization, as described in Kaufmann et al. (2012; 2014). The accuracy of the system has been reported here and it is well known
that orders of meters accuracy are possible. In this context, one describes a quick look method to determine preliminarily the orbit of a
satellite using a time sequence of 3 position vectors computed by the Geolocal system. Assume that Geolocal yields 3 position vectors
1=1,2,3 at 3 different instants .Some computation has to be made to transform those coordinates to inertial system of reference, say
J2000.

Then we can compute the three velocities at these instants by using the well known formula
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If velocity vectors are recovered at i=1,2,3 then the preliminary orbit at such instants are promptly available, and one can use
the analytical methods to propagate quickly the orbit anywhere in time.

4. Simulations and Tests of Quick Look Orbit
Determination

The Figure 3 shows the geometry between the 4 repeaters and the orbit, used by Geolocal to compute the position vector
of the orbit in successive instants. The clocks (master and the others) are assumed being at the station locations specified in Table 1.
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Longitude (°) Latitude (°) Altitude (m)

Sao Paulo -46.64 -23.63

Vitoria -40.30 -20.31

Brasilia -47.91 -15.72

Campo Grande -54.65 -19.75

Table 1 — Simulated locations of the ground stations of Geolocal system.

-

Figure 3 — Geometry between
the stations and orbit.

Time

Date UTC X (m) Y(m) Z(m) Time spacing Radial Normal In-track Total Initial velocity Pointing
12/02/2015 22:00:00 6698018 67662909  -3667946,8 (s) SIS0 () | cen () | ey () | ene (), | @ren () | e )
12/02/2015 22:00:10  639801,8 67993838  -3611700,7 10 T O e P EOIE R P Y Lo L
12/02/2015 22:00:20  609746,5 6831889,0  -3555141,8
12/02/2015 22:00:30  579638,5 6863803,7  -3498274,9
12/02/2015 22:00:40  549480,3 68951251  -3441105,0 - :
12/02/2015 22:00:50 5192747 69258505  -3383636,9 Table 3 — Errors after one orbit pe”Od
12/02/2015 22:01:00 4890242 6955077,1  -33258757 of prediction (time spacing 10s)
12/02/2015 22:01:10 4587314 6985502,4  -3267826,3
12/02/2015 22:01:20  428398,9 70144238  -3209493,8
12/02/2015 22:01:30 3980294 70427388  -3150883,2
12/02/2015 22:01:40 3676255 7070444,9  -3091999,6
12/02/2015 22:01:50  337189,8 7097539,6  -3032848,0
12/02/2015 22:02:00  306724,9 71240208  -2973433,7 Initial velocity error
2PN 2230200 2626351 MFELIEE 1) NS~ LR Time spacing () Radial error (m) Normal error (m) In-track error (m) Total error (m) (m/s) Pointing error (°)
12/02/2015 22:02:20  245718,2 7175132,8  -2853837,2 10 7910 16712.20 99867 10 28323.20 L ad 021
12/02/2015 22:02:30 2151817 71997593  -2793665,4 20 612,80 16812.50 95288.90 96762.70 L5o 079
CANVIANS L APRUAL 0 SEROAS) UPRIOOA L AIRRAS 30 1831.40 16911.00 -167642.50 168503.30 1.60 1.25
LW 22a2ash | WeRUSED| TN TIAZA| 2orAsiiG 60 9551.00 17195.70 -384523.70 385026.50 1.83 2.86
T20720T5] 2 02:00] I TooiiC) W26 I8 03] o thte 80 18079.80 17376.50 -528916.70 529510.80 1.98 3.93
Table 2 — Orbit position vectors: Table 4 — Errors after one orbit period
3 minutes of data which was prOVIded at every 10s. of prediction for several time Spacings

Kaufmann et al. (2014, 2012) simulated typical errors of in the order of few meters on the repeater’s (or satellite) positions,
assuming the four reference clock synchronization uncertainty of £ 5ns spread around zero with a Gaussian profile. In this work one
assumes regular meter level achieved by Geolocal when computing the position vectors. Therefore a quite straightforward reasoning

IS that a Gaussian profile could also be adopted for the position errors as provided by Geolocal system.
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Figure 4 — Error distribution of initial velocity and pointing for 10s time spacing
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Figure 5 — Error distribution of initial velocity and pointing for 60s time spacing

6. Conclusions

The work has described a method for quick look orbit determination from 3 position vectors generated by the Geolocal
system. A careful analysis has shown that the choice of time spacing between the position vectors is paramount to the performance
of the procedure.

Acknowledgments This work was partially supported by FAPESP and CNPq.

References

V.A. Chobotov, “Orbital Mechanics”, A., 3a. Ed AIAA Educational Series, 2002.

P. Kaufmann, P.L. Kaufmann, S.V.D. Pamboukian, R. Vilhena de Moraes “Signal transceiver transit times and propagation delay
corrections for ranging and georeferencing applications.” , Math. Problems in Engineering, V. 2012, article ID 595823, 15pages,
2012.

P. Levit Kaufmann, R. Vilhena de Moraes, H.K. Kuga, L.A. Beraldo, C.N.Motta Marins,, and P. Kaufmann, P. “Non recursive algorithm
for remote geolocation using ranging measurements”, Math. Problems in Engineering, V. 2006, 1-9, article id79389,
doi:10.1155/mpe/2006/79389, 2006.

P. Kaufmann, P.L. Kaufmann, S.V.D. Pamboukian, R. Vilhena de Moraes “A new —independent GPS-free system for geo-referencing
from space.” , Positioning, 5, 37-45, 2014.

P. Kaufmann, and P. Levit Kaufmann/Instituto Presbiteriano Mackenzie “Process and system to determine temporal changes in
retransmission and propagation of signals used to measure distances, synchronize actuators and georeference applications”,
Patent of Invention PI03003968-4, filed in Brazil on 19 March 2012, international PCT, application filed on 17 April 2012, 2012.

S.D. Pamboukian/Instituto Presbiteriano Mackenzie ,"Novo processo de georeferenciamento: determinagao de posicao de
transponder remoto e aplicacées no posicionamento de alvos e disseminacao de tempos”, Software registered in Brazil, protocol
020120032225, 2014



mailto:rodolpho.vilhena@gmail.com
mailto:bhelio.kuga@dem.inpe.br
mailto:jkennety@yahoo.com.br
mailto:tstuchi@if.ifrj.br

