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    CubeSats are ideal transponder carriers to integrate a new GNSS-free 
geo-referencing system. The system concept might be viewed as an “in-
verted GPS” configuration, utilizing four ground-based reference stations 
and a number of repeaters in space. A time signal transmitted by one of the 
reference bases is retransmitted by transponders in space, received back at 
the bases, producing four ranging measurements for each satellite. The 
measurements are corrected for time delays in every time coded 
retransmission caused by three main sources: the transit time at the 
transponders, the path delays, and delays at the ground-based transmitter and 
receivers antennas, cables and electronics. An algorithm compares the 
repeaters’ positions for at least two groups of three reference bases, 
minimizing unknown signal delays, providing the accurate position for each 
repeater. Once the repeaters’ coordinates are known, the other 
determinations and applications become straightforward. It is demonstrated 
by simulations, based on the system performance algorithms, that with a 
formation of at least four repeaters, the position of a remote target is 
determined for a single coded time signal transmission. A formation of 
multiple CubeSats in low earth orbits (LEO) is particularly suitable to 
accomplish the new geo-referencing system. Simulations are presented, 
exhibiting accuracies which may become comparable to other space-based 
systems. This system has various strategic and economic applications in 
remote clock synchronism, navigation and target geo-positioning. It may be 
used as a backup to GNSS location systems in critical applications, or when 
such systems are not available,   
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Introduction 

Current space geo-positioning techniques are part of Global Navigation 
Satellite Systems (GNSS). They include the first systems based on ranging 
and Doppler effect of radio transmitters at low orbit satellites, used until to-
day [1,2] and the global positioning systems, based on a constellation of slow 
moving high altitude satellites such as GPS and equivalents [3,4]. An alter-
nate GNSS-free system has been proposed The concept might be viewed as 
an “inverted GPS”, utilizing four ground-based reference stations and a 
number of repeaters in space. A time signal transmitted from one base is re-
transmitted by transponders in space, received back at the bases and target, 
producing ranging measurements for each satellite (see Fig. 1) [5-7]. 

Fig. 1. Schematic diagram of the system. A coded time 
signal is transmitted from base A, retransmitted by the 
transponders in the sky and received by the four refer-
ence bases and by the remote target P.  

The clock time differences measured at the bases and the target are for-
warded by any means to a processing center, which may be at base A. The 
accurate time differences needed to define the repeaters’ to bases and target 
segments become critically dependent on corrections for time delays caused 
primarily by signal transit time at the remote transponder and by signal 
propagation the medium. It has been shown that these time delays can be 
minimized by comparing the positions of the repeater referred to at least two 
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distinct sets of three of the four reference bases on the ground [5-7] calculated 
using known algorithm [8-9] for distinct sets of three bases, using one soft-
ware developed to simulate the new system applications in repeater’s posi-
tioning, navigation, remote clock synchronization and target coordinates de-
termination [10]. 

Coordinates Determinations Using Multiple Repeaters 

We extended to the original system performance simulation [1], using multi-
ple repeaters carried by satellites at about 500 km orbits, visible from the 
four ground bases and the target; and adopting path time delays δTEC given 
by the total electron content (TEC) [11]: 
 
δTEC = S x 1.343 (TEC/f2) x 10-7 
 
with TEC in e/m2, f is the transmission frequency in MHz, and S is the slant 
factor for the respective elevation angles E the repeaters are observed from 
the bases and target [12-13]: 
 
S = 1/cos {arcsin [(R/(R+h)) x cos E]} 
 
where R is the Earth radius and h ionosphere reference altitude. S equals 1 to 
2.5 for elevation angles of 90 to 15 degrees. The system geometry is shown 
in Fig. 2, with four reference bases with known coordinates, one target at ar-
bitrary coordinates assigned for simulation purposes, and four Cube Sats sat-
carrying transponders at low orbits (500 km), separated by 240 km. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. System geometry used for simulations. Ground 
reference bases are on continental Brazil and one at 
Trindade island, target at an arbitrary position, four re-
peaters carried by low orbit (500 km) CubeSats. 
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Simulations were carried out using the algorithms and software referred be-
fore [5], simultaneously for four repeaters. To confirm the algorithms correct-
ness he calculations were first performed assuming all parameters previously 
known, including the bases and target coordinates. The results exhibited er-
rors close to zero, as expected.  
 
Simulations assumed the same value of TEC for all the area occupied by the 
bases and target. An intermediate TEC = 1017 e/m2 was adopted in calcula-
tions for the frequency band of 2000 MHz. The approximate elevation an-
gles and respective slant factors the repeaters and target are viewed from the 
bases are recalculated and estimated for each iteration of the minimization 
process. We obtain elevation values close to the real ones. The satellites 
were placed in the sky at an altitude of 500 km displaced by about 2o (i.e. 
about 240 km) from each other. It has been assumed an overall system ran-
dom clock synchronism uncertainty of 3.3 nanoseconds. The preliminary re-
sults provide typical uncertainties of 20-100 m for the repeaters (satellites) 
positions; 5-80 m for target positions and 1-90 nanoseconds for remote clock 
synchronism (when assuming the target at known coordinates).  
 

 
 

Fig.3. Projected 3 D graphic representation of simu-
lated calculations showing the target P position coordi-
nates obtained at the interception of four spheres cen-
tered at the four repeaters carried by CubeSats. 

 
Concluding remarks 
 
The new geo-referencing system performance using four satellite repeaters is 
highly encouraging, even assuming gross approximations. Delays due to sig-
nal transit times at the transponders and to radio propagation are efficiently 
minimized by the algorithms utilized. The obtained accuracies remain about 
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the same for TEC changes within one order of magnitude. Assuming a gaus-
sian 3.3 ns uncertainty distribution in system clocks synchronism and resid-
ual time delays, we obtain typical uncertainties of 5-80 m for target coordi-
nates; 20-100 m for repeaters positions, and 1-90 ns for remote clock syn-
chronism. System improvements are currently investigated, including en-
hancing accuracies by statistical treatment, the development of new mathe-
matical solutions, and the use of two radio frequencies links to allow actual 
TEC estimates. 
 
CubeSats are ideal transponder carriers. There are no critical on-board re-
quirements. The power requirements for the transponder are of the order of 
20 W, which are attainable by CubeSats. The implementation of one opera-
tional pilot system using CubeSats as the repeaters’ carriers is being consid-
ered. 
 
Acknowledgements. This research has been partially supported by Brazil 
agencies CAPES and CNPq. 

References 

[1] Guier, W.H., Weiffenbach, Theoretical analysis of Doppler radio signals from 
earth satellites, 1958, Nature, 181, 1525-1526. 

[2] Kouba, J., A review of geodetic and geodynamic satellite Doppler positioning, 
1982, Reviews of Geophysics and Space Physics, 21, 27–40. 

[3] Cariveau, B.,K., Therkelsen, K.L., Satellite data management in DoD NAVSTAR 
GPS receivers, 1990, in Navigation: Land, Sea, Air & Space (M. Kayton, ed.), 
IEEE Press, Selected Reprint Series, IEEE Aerospace and Electronic System 
Society, New York,120-130. 

[4] D. Wells (ed.), Guide to GPS Positioning, 1987, Canadian GPS Association, New 
Brunswick, 1987 

[5] Kaufmann, P, Kaufmann, P.L., Pamboukian, S.V.D., Vilhena de Moraes, R., A 
new independent GPS-free system for geo-referencing from space, 2014, Posi-
tioning, 5, 37-45.  

[6] Kaufmann, P./Universidade de São Paulo,1997,  Sistema e processo de posi-
cionamento geográfico e navegação, Brazil Patent of Invention, PI91012.70-8 .  

[7] Kaufmann, P.  and Levit Kaufmann, P. /Instituto Presbiteriano Mackenzie, 
2012, 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 Bra-
zil on 19 March 2012, international PCT, application filed on 17 April 2012. 

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

[9] Kaufmann, P., Levit Kaufmann, P., Pamboukian, S.V.D., and Vilhena de 



 6 

Moraes. R., 2012, Signal transreceiver transit times and propagation delay 
corrections for rangiung and geo-referencing applications, Math. Problems in 
Engineering, 2012, 1-15, article id 595823, doi:10.1155/2012/595823 

[10] Pamboukian, S.V.D. /Instituto Presbiteriano Mackenzie, 2014,  Novo processo 
de georeferenciamento: determinação de posição de transponder remoto e a-
plicações no posicionamento de alvos e disseminação de tempos, Software re-
gistered in Brazil, BR 61 2013 000616-3. 

[11] International Telecommunication Union, 1997, Ionospheric propagation data 
and prediction methods required for the design of satellite services and sys-
tems, Recommendation ITU-R P.531.4., 1-15. 

[12] Klobuchar, J.A., 1987, Ionospheric time dalay algorithm for single frequency 
GPS users, IEEE Trans. Aerospace Electronic Systems, AES-23, 325-331. 

[13] Otsuka, Y., Ogawa,T., Saito, A. Tsugawa, T., Fukao, S., Miyasaki, 2002,  A 
new technique for mapping of total electron content using GPS network in Ja-
pan, Earth Planets Space, 54, 63-70. 

 
 
 


