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Abstract 0 We present a new process and method of geo-
referencing. The system takes into account correctis for
delays caused by signals transit times in remote @ansponder
and by propagation effects. The principal applicatios of the
system are for navigation, time synchronization ofremote
clocks, and location of targets. The delay correctis are an
essential requirement to obtain accurate ranging n@surements.
The new system utilizes four ground-based referencstations,
synchronized in time, installed at well known geodsgc
coordinates and a repeater in space, carried by aatllite,
balloon, aircraft, etc. Signal transmitted by one bthe reference
bases is retransmitted by the transponder, receivedack by the
four bases, producing four ranging measurements whbh are
corrected for the time delays undergone in every teansmission.
A minimization function was derived to compare therepeater’s
positions referred to at least two groups of threeeference bases,
providing the signal transit time at the repeater ad
propagation delays, and consequently providing theaccurate
repeater position. The system and process performaa has been
demonstrated by simulations adopting a practical exmple with
the transponder carried by an aircraft moving overbases on the
ground.

Causes (b) and (c) are measured directly, with hituracy
depending on the quality of the instruments that#ilized.
The cause (d) however is undetermined since theoteem
object, carrying the transponder, is inaccessible direct
measurements. It undergoes changes in its intesigalal
propagation physical characteristics, which camgkawith
time, or for each sequence of signals used to mhater its
distance. There are various long distance wireless
transmission options using electromagnetic wavash sas
the radio waves. The signals are sent to greairdies using
retransmission repeating links. At these links shgnals are
received, they may or may not be stored or procedse
amplified, and then retransmitted at a frequencyclvimay
be the same, or different from the incoming freaqyerAs
mentioned before, the signal transit time at taegponder is
affected by several sources.

Other known time changes on fast moving transpander
carried by satellites for example, may be neglecied
velocities << the speed of light, because they peeceffects
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transponder transit times, path delays
I. INTRODUCTION

A very well known principle to determine indirectiyhe
distance of a remote object utlizes the echo of
retransmitted signal. A remote repeater positiom ¢
geometrically determined in relation to three traitters at
known position. This principle led to the concefptaogeo-
referencing system [1]. However in practical apgtiiens,
and when applied to electromagnetic signals, tasilidity of
the concept depends entirely on the knowledge mptzal
effects due to four principal causes: (a) the digpeed
propagation the medium causing path length vanatigb)
propagation time at instruments, cables and cooreet the
transmission; (c) propagation time at instrumecéhles and
connectors at the final reception; and (d) timsighal transit
at the remote transponder, which distance is todbermined.

The cause (a) is generally well described by modeis
propagation in various media (ionosphere, troposphas
well as in space (see for example [2-7] and refs¥sn
therein). The path length variations, however etels on the
elevation angle the object (carrying a repeategeisn from
the bases, which needs to be determined.
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repeater. We refer to Doppler path change caused by
frequency shifts in the direction of the repeaf&8] and to
relativistic effects relative to the reference systcontaining

the sites to which the distances are to be detedmiwhich
become further accentuated when the satellites nowes
Gistinct gravity potentials relative to the geo®d.[

On the other hand, passive transponders, sucheasighal

scattering reflection by meteor trails in the uppenrestrial

atmosphere in the VHF frequency band [10], may topale
significant phase delays which need to be takem actount
for distance measurements.

The precise knowledge of the time changes at eayptals
interaction at the transponder is an essentialireapent for
accurate ranging measurements, and applicatiomeniote
positioning, navigation, and time synchronization.

2. THE SYSTEM AND METHOD

The new system consists in four reference baseghen
ground at know geodesic position, synchronized amon
themselves, and a repeater in space. The mettaeteomine
delays compares the positions of the repeaterresfeo at
least two distinct sets of three of the four refieeebases on
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the ground [11,12] (see Figure 1). A set of tem&@afiossible
delay values is established in advance. For angsiegle
time-coded transmitted signal, the calculations tbe
repeater’s positions are performed for differentluga
assigned to the delays for each set of three mferbases on
the ground (ABC, ACD and ABD).
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Figure 1 — The four ground based geodetic reference basBsC
and D, the repeater in the sky R, and a remotePsifEme signals
are emitted by one reference base (A), retrangite R and
received by all ground bases and the target wher differences
are measured[11,12].

We show that the delays become determined as pleater’s
positions converge to the same value in relatiomttéeast
two distinct sets of three out of four ground basefégrence
bases, for every single time-coded transmittedepuls

The delays are inferred from the convergence of
minimization function for the difference in repedteposition

for distinct sets of three ground-based referenegioss,

obtained by applying a known algorithm [13] for baset of

three reference ground bases.

3. SIMULATIONS
a) The accuracy of the new system and procAssew

software has been developed to perform simulatisngy the
minimization algorithm developed here [14]. We dighe
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time and setting an upper and lower range for @sation.
The correct time delay at the repeater is founthatend of
the minimization process.

The whole process has been repeated for three positons
of the repeater, to allow the target position deteation.
The results obtained were very close to the real- pr
established values, exhibiting position errors diowt
0.001mm. This first step was a necessary to demaiasthe
functionality of the method.

b) Estimate of path delay$he time delays due to the signal
propagation in the medium were introduced in tHefdng
step, and assuming a propagation model. The céilmsaof
delays at the repeater, of the repeater's positiandg
propagation path delays relative to each base sierelated

by simultaneous iterations since these variableg ar
interdependent. The path delay lengths were theleddo
obtain a new position for the repeater. The protessbeen
repeated until obtaining the convergence of values.
Comparing the values found in this phase with the- p
established values we find that the approximati@msained
excellent, with discrepancies in the repeater’stijpssand in
the target position less than 0.001 mm.

c¢) Clock synchronisnilhe time of arrival of the transmitted
time coded signal at a target with known coordisigermits
the synchronization of the clock at that locatidme time
elapsed for the coded time signal to travel fromitistant of
transmission to the target at a known position d¢an
calculated. The obtained time difference can bed use
synchronize the target’s clock to the clock attia@smitting
base. The results obtained from simulations areslkd.
Assuming the clocks of the system perfectly synoized,
the ideal error at the receiving location is preadty zero.

d) Estimate of uncertaintiesThe practical source of
uncertainties of the determinations is primarilyated to

efrors in clocks and/or in delays miscalculatiofbe two

sources can be added together within a certainerasfg
uncertainty.

To perform simulations of the error effects caussgdthe
clocks (and/or delays) uncertainties, we have ggadr
random values for clock/delay errors at the foudenmence
bases and at the target, within a plausible tinbernnal. The
propagation of errors due to the clock synchronism
uncertainties on the repeater’s position, on thgetaocation
and on the clock synchronism, are shown in Figui&/@ set

programming language of MATLAB software, versionarbitrarily clock plus path delays uncertaintiestod ns. For

R2010a [15]. As an example of application, to espnt the
ground-based reference bases we have selectedifi@srin
Sdo Paulo state, Brazil. Another city in the sanateshas
been selected to simulate the target. It has beroetved a
transponder carried by an aircraft flying at antwude of
about 6 km being seen by all four bases and tlgetar

The minimization of the repeater position discragyan
process has been done starting with an initialevébu transit
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each delay it was determined the repeater’'s paositibe
target position and the clock synchronization aacyr The
most typical errors found are of less than 2 meierthe
repeater’s position, of tens of meters for the @aigcation,
and of few ns on clock synchronization.

4. APPLICATIONS
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This new method has a wide range of applicationgdo-
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the transmitter A can be readily determined, ametbecome

referencing, which do not depend on other spaceebassynchronized.

positioning systems (such as GPS and Doppler-bBsed,
etc.). We may give the following examples:
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Figure 2 — Example of errors caused by clock uagdies, which
may include the path delays errors, for a range 6fns. In (a) the
effect in the repeater position; (b) the error ba target location;
and (c) the error in clock synchronization [12].

a) Repeater's navigationThe method is readily used to

obtain the repeater’s actual coordinates, for eaded time
interaction. The navigation of the platform is indiaely
derived from successive repeater’s positions detetons.

b) Synchronism of a remote clodkt locations where the

coordinates are known, the discrepancy betweenldta
clock at P (Figure 1) and the time received from ¢lock at
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¢) Remote target locationiThe coordinates of an unknown
target position can be found univocally by obtagnifour
different measurements of its distance to the repeR, at
four distinct instants, provided that the respectigpeaters’
positions are not part of a straight line. The glatons are
repeated referring to one set of three referencseda
including A where the time code transmitter is tech(i.e.,
AB,C or AB,D or AC,D), which are a requiremerg t
determine the transit times at the transponder thadpath
delays due to propagation. After corrections ardedd we
obtain the equations for four spheres which intgisas give
the coordinates of the target.
5. CONCLUDING REMARKS

The new geo-referencing system and method of
calculations, using four reference bases at kn@wations on
the ground and a remote transponder in space, ethe
calculations of time delays of signals transiting the
repeater, and other caused by the signal propagatidhe
medium. The method allows the navigation of theeeser,
remote target positioning and remote clock syncizagion
with very high accuracy. The simulations demonetrtte
analytical performance of proposed algorithm onctcal
application with a transponder carried by an aftcriihe
main sources of uncertainties are the clocks symitim at
the reference bases and the target.

Another relevant application for this new systema isew
approach for the determination of satellite orbissuming a
repeater placed in an artificial satellite and aofable
geometry its position can be determined for evang tmark
interaction with the same errors or uncertaintiesnfl for
repeaters at lower altitudes, shown here. A studgatellite
orbital applications is currently being developex future
publication
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