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Abstract

A new system’s geo-referencing from space is entirely free from any GNSS (GPS or equivalent) sys-
tems. The system addresses to various strategic and economic applications such as in remote
clock synchronism, aircraft and balloon navigation, missile and smart bombs tracking, satellite
orbital determination and remote target geo-positioning. The new geometry concept corresponds
to an “inverted GPS” configuration, utilizing four ground-based reference stations, synchronized in
time, installed at well known geodesic coordinates and a repeater in space, carried by an aircraft,
balloon, satellite, etc. Signal transmitted by one of the reference bases is retransmitted by the
transponder, received back by the four bases, producing four ranging measurements which are
corrected for the time delays undergone in every retransmission. A minimization function was de-
rived to compare the repeater’s positions referred to at least two groups of three reference bases,
to correct for the signal transit time at the repeater and propagation delays, and consequently to
provide the accurate repeater position for each time interaction. Once the repeater’s coordinates
are known, the other determinations and applications become straightforward. The system solv-
ing algorithm and process performance has been demonstrated by simulations adopting a prac-
tical example with the transponder carried by an aircraft moving over bases and a target on the
ground. Effects produced by reference clock synchronism uncertainties at the four bases on the
measurements are reviewed.
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Geodesy, Remote Ranging Transponder Transit Times, Propagation Path Delays

1. Introduction

A very well known principle to determine indirectly the distance of a remote object utilizes the echo of a trans-
mitted signal, which propagation speed is known. A remote repeater with three dimensional positions can be
geometrically determined in relation to at least three transmitters at known position coordinates. This principle
led to the concept of a geo-referencing system [1] which may be visualized as “inverted GPS” geometry in space.
However in practical applications, when applied to time reference marks transported by electromagnetic waves,
the feasibility of the concept becomes critically dependent on the knowledge of temporal effects due to four
principal causes: (a) the signal speed propagation the medium causing path length variations; (b) propagation
time at instruments, cables and connectors at the transmission module; (c) propagation time at instruments,
cables and connectors at the final reception modules; and (d) time of signal transit at the remote transponder,
which distance is to be determined.

The cause (a) is generally sufficiently well predicted by models for propagation in various media (ionosphere,
troposphere) as well as in space (see for example Refs. [2]-[7] and references therein). The path length varia-
tions, however, depend on the elevation angle the object (carrying a repeater) that is seen from the bases, which
need to be determined.

Causes (b) and (c) can be measured directly, with sufficiently high accuracy, depending on the quality of the
instruments that are utilized. The cause (d) however is undetermined since the remote object, carrying the trans-
ponder, is inaccessible for direct measurements. There are various long distance wireless transmission options
using electromagnetic waves, such as the radio waves. The signals are sent to great distances using retransmis-
sion repeating links represented by a transponder or repeater. At the transponders that the signals are received,
they may or may not be stored or processed, be amplified, and then retransmitted at a frequency which may be
the same, or different from the incoming frequency. The signal transit time at the transponder is affected by sev-
eral sources. It undergoes changes in its internal signal propagation thermal dependent physical characteristics,
which can change with time, changes in internal digital processing time which may be different for distinct coded
time messages, when it is the case, or for each sequence of signals used to determine its distance of the repeater.

Other known time changes need to be considered on fast moving transponders carried by satellites for exam-
ple. Doppler path change caused by frequency shifts in the direction of the repeater [8] [9] and of relativistic ef-
fects relative to the reference system containing the sites to which the distances are to be determined, which be-
come further accentuated when the satellites move over distinct gravity potentials relative to the geoid [10].
They may be neglected for velocities the speed of light, because they produce effects much smaller in compari-
son to propagation and delays at the repeater.

On the other hand, passive transponders, such as the signal scattered reflection by meteor trails in the upper
terrestrial atmosphere in the VHF frequency band [11], may undergo significant phase delays which need to be
taken into account for distance measurements.

Therefore for accurate ranging measurements, it becomes essential requirements to know the precise know-
ledge of the path length changes due to propagation as well as time changes for each coded time signal interac-
tion at the transponder, for applications in time synchronization, navigation and remote positioning.

2. The System and Method

The new system consists in four reference bases on the ground at known geodesic position coordinates, syn-
chronized among themselves, and a repeater in space. The method to determine delays compares the positions of
the repeater referred to at least two distinct sets of three of the four reference bases on the ground [11] [12] (see
Figure 1). A set of tentative possible delay values within a certain time interval is established in advance. For a
given single time-coded transmitted signal, the calculations of the repeater’s position coordinates are performed
for different values assigned to the delays for each set of three reference bases on the ground (ABC, ACD and
ABD). Calculations are done using a known algorithm [13] for every set of three reference bases on the ground.
With a time signals transmitting site located at base A, the other reference bases B, C, D and a target in P, the

segments measurements obtained are [12]:



P. Kaufmann et al.

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 [11] [12].

AR (8¢, A poug ) = (A, = Sy = Sp =32 )(6/2) ~ A pyue

BR (55, A paar+ A pase ) = ( — O —52)C— AR(S )~ A pger — A e

CR( 55, A pgagr A pace ) = ( Spe = Ser =32 )C— AR (S ) = A pyer = A pan (1)
DR(é‘R,ApdAR,ApdDR) ~Spr =02 )C— AR(83) = A or — A par
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where the parameters to be determined are the coded time signal transit time at the repeater &z and the propaga-
tion path delays, Apgar, Apdsr: Apdcrs Apddr-

AR, BR, CR, DR and PR are the distances of bases A, B, C, D and of the target P to the repeater R, respective-
ly, expressed as a function of time variations caused by the signal transit at the repeater &g, to be determined, and
corrected for the respective propagation path delays Apgar, Apder, Apdcr, Apdpr aNd Apger; Ata, Atg, Atc, Atp and
A are the time differences effectively measured at bases A, B, C and D, as well as at the target P, respectively,
with respect to their clocks; Jy is the time variation due to signal transit in circuits and cables when transmitted
from base A, previously measured and known; Sar, s, ocr, dprand Jp, are the time variations due to the coded
time signal transits on circuits and cables when received at bases A, B, C, D and P, respectively, previously
measured and known; and c is the speed in free space of the electromagnetic waves that transport the coded time
signal.

Since the repeater’s position in the sky is not known a priori, the time variations & at the repeater and the
path delays can, in practice, be determined simultaneously. As we determine &g, the approximate repeater’s po-
sition is determined, and consequently the elevation angles it is seen from each one of the four bases are defined.
The propagation path delays for each distances AR, BR, CR and DR are found utilizing the repeater’s elevation
angles as seen from the bases applied to a selected propagation model to derive the fully corrected repeater’s po-
sition. Therefore the values for path delays Apgar, Apder, Apdcr: @Nd Apgpr are added to the system of Equations
(1), which become a function of & only. The value of Aypr Will be found similarly but afterwards, when the
target position is determined.

The coordinates of the repeater platform R in relation to the x, y and x coordinate axis to be found using the
known algorithm [13]. With measurements obtained at bases A, B, and C, as function of the transit time at the
repeater oz we obtain Xg(dR), Yr(Jr) and zz(dg). On the other hand, adding the measurements obtained with bases
A, Band D, we get x;(dz), Yr(Sz) and zx(8y).

The pair of systems of equations to obtain the repeaters’ coordinates in relation to bases A, B, C and A, B, D
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(2) allow us to formulate the discrepancy between the repeater’s positions caused by the transit time &z value
given by the following expression [11] [12]:

F(00) = [ % (). Ve (82 2a ()]~ [ %6 (3 ), Vi (62). 28 (3 ) |
=[ % (62) = %5 (6:) ] +[ Va (60) = i ()] +[ 2 (6x) 25 (82) ]

The closest value found for &g for every time signal interaction at the repeater corresponds to the minimum
value obtained for f(&g) with varying values of &. This can be found by a number of well known numerical cal-
culation methods, such as by iterative procedures or by successive approximations, as it will be shown in the
simulations later in this paper. The accuracy of &z determinations will be in the limit of the instrumental accura-
cies utilized for the coordinate’s determination. The same procedure may be repeated simultaneously, using
measurements at bases A, C, and D, improving the accuracy by averaging the two independent estimates for &k.

The path delays for each distance AR, BR, CR and DR, caused by propagation in the medium, Aggar, Apder,
Apger, @nd Apgpg, are derived at the same time calculations are performed to determine J, adopting the respec-
tive elevation angles the repeater is seen from each one of the four bases, which were determined during calcu-
lations. For the path delay derivation, an adequate propagation model must be adopted, depending on the fre-
quency band used for the coded time signals transmissions. At higher SHF and EHF radio bands, for example,
the corrections are due to propagation in the lower atmosphere [7]. The path delay corrections can be approx-
imated using a plane parallel model for the atmosphere

O]

Ay =CTy, /SINH (3)

atm

where c is the speed of light, z, the atmosphere zenith delay, and H the object elevation angle with respect to
the horizon. At low frequency bands, at VHF and UHF and to a certain extent at L-band, the path delay correc-
tions are mostly caused by propagation in the upper atmosphere, ionosphere and plasmasphere [5].

3. Applications
3.1. Synchronism of a Remote Clock

Every transmitted coded time signal will be also received at other targets, as the example P given in Figure 1.
Assuming that the position coordinates of P is known, once the coordinates of the repeater R is determined, the
segment PR becomes known in advance. Therefore the discrepancy between the local clock at P and the time
received from the clock at the transmitter A can be written as:

Aty = AR/C+PR/C+ 8 + 8y + S + A gy + A por (4)

where the segments AR and PR are measured by ranging, da; and J, are experimentally determined and known,
and dr, Apgar and Apger are determined by the method described here. The clock time correction at P, needed for
synchronization will be At, — Ay, where A, is the theoretical correct time expected for the clock at position P.

This application can be extended to synchronize clocks at various actuators simultaneously. These may be
telecommunications re-transmitters which essential requirement is to operate synchronized to prevent cross-talks
and mutual message garbling interferences. The precision of clock corrections can be close to the accuracy at-
tained in the synchronization of reference bases A, B, C and D.

3.2. Repeater’s Position and Navigation

The values of &z and of Aygar, Apgsr: Apdcr, @Nd Apgpr found with this method are introduced in the system of eq-
uations [13] to obtain the repeater’s actual coordinates, for each coded time interaction. The navigation of the
platform is straightforward. It is immediately derived from successive repeater’s positions determinations.

3.3. Remote Target Location

The remote target coordinates corrected for time delays at the repeater and due to propagation are readily calcu-
lated using the known algorithm [13]. The distance from the repeater R, PR, can be determined by a single time
interaction, provided that (a) the clock at P is sufficiently well synchronized with respect to the reference bases
A, B, C and D and (b) the temporal change of the coded time signal at the repeater & and the propagation path
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delays are determined accordingly to the method demonstrated here. The coordinates of P can be determined
univocally by obtaining four different measurements of its distance to the repeater R, at four distinct instants,
provided that the respective repeaters’ positions are not part of a straight line. The calculations are applied here
referring to one set of three reference bases, including A where the time code transmitter is located (i.e., A, B, C
or A, B, D or A, C, D). We obtain the equations for four spheres which intersections give the coordinates of the
target P. The fourth position might not be needed when the surface of the Earth is taken as the fourth sphere of
reference.

4. Simulations
4.1. The Algorithm Demonstration and the System Performance

A new software has been specifically developed [14] to demonstrate the algorithm [13] for the geo-referencing
applications and to perform simulations using the minimization function (2) for multiple three bases sets shown
here. Details on the software description, using MATLAB, version R2010a [15] has been given elsewhere [12]
[14].

An updated practical application is shown in Figure 2, exhibiting a realistic representation of the selected
ground-based reference base locations at four cities in Sdo Paulo State, Brazil: S&o Paulo, Itd, Campinas and
Braganca Paulista, with known geodesic coordinates. The city of Atibaia, in the same State, has been selected to
simulate the target P. It has been conceived a transponder carried by an aircraft flying at an altitude of about 6
km above the city of Jundiai.

The minimization of the repeater position discrepancy process, i.e., the iterative minimization of function (2)
performed by the new software, has been done adopting an initial value for transit time and setting an upper and
lower range for its variation. The correct time delay at the repeater is found at the end of the minimization
process. To proceed with simulations the bases and target position coordinates were converted into the ECEF
(Earth-Centered, Earth-Fixed) coordinates system, using datum WGS84 [16]-[18] for the reference ellipsoid.
The location of a point in this system can be done in coordinates (X, Y, z). The origin of axes (0, 0, 0) is the cen-

Braganca Paulista

“ Atibaia
B a

[
Target with clock to be synchronized

- G L
T rsag Paulﬁ_ﬁ _
5 Sao-Paulel o s
o o 3'3 ol R

-« Google eaith
=

£

Figure 2. Realistic simulation scenario with ground-based reference bases at four cities in Séo Paulo state,
Brazil with known geodesic coordinates. Another city in the same state has been selected to represent the
target. It has been conceived that a transponder is carried by an aircraft flying at an altitude of about 6 km at
above the city of Jundiai, being seen by all four bases and the target.
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ter of the Earth, the axis Z points to the North, axis X points to Greenwich meridian (where latitude = 0 degrees).
The altitude is taken as the distance perpendicular and above the surface of the ellipsoid [16]-[18]. The iterative
process has been repeated for three more positions of the transponder, to allow the target position determination.

To demonstrate initially the functionality of the algorithm and of the software application we have assumed
that the exact coordinates for the bases are previously known, as well as for the target, and for the respective as-
sumed positions for the aircraft carrying the repeater. The time delays due to the signal propagation in the me-
dium were introduced in the following step, assuming a propagation model. The calculations of delays at the re-
peater, of the repeater’s position, and propagation path delays relative to each base were obtained by simultane-
ous iterations since these variables are interdependent. To obtain a new position for the repeater the path delay
lengths were then added, after the model expressed by equation (3), for the approximate calculated elevation an-
gle the repeater as observed from the reference bases and target at every iteration. The process has been repeated
until obtaining the convergence of values. The results obtained with the simulation software assuming known
positions and synchronized clocks, demonstrate the full algorithm functionality, exhibiting discrepancies in the
repeater’s position and in the target position less than 0.001 mm. This value, of course, is just for the algorithm
test demonstration. In practice the discrepancies are larger, depending primarily on reference and target clocks
synchronization uncertainties, as it will be shown in the following section.

The results obtained from the above simulations demonstrate the algorithm applicability. For previously as-
sumed known base’s and target coordinates, the clocks of the system perfectly synchronized, the ideal error at
the receiving location is practically zero.

4.2. The Effect of Gaussian Distributed Uncertainties

The major source of uncertainties in the determinations is related to errors between clocks and/or in delays mis-
calculations. The two sources can be added together within a certain approximation. To perform simulations of
the clocks (and/or delays) uncertainties on the determinations of Jz and of path delays we have introduced here a
realistic Gaussian distribution of errors generating random values for clock/delay uncertainties at the four refer-
ence bases and at the target, within a plausible time interval.

We adopted here clock accuracies consistent with realistic compact simple and compact rubidium clocks
available in the marked, exhibiting short term stability (typically one month) of the order of 10™s, and long
term stability (one year) of few nanoseconds (see for example Refs. [19]-[21]). To calculate the system errors on
the remote clock synchronism, on the repeater’s position and on the target location caused by propagation, we
adopted a Gaussian distribution of uncertainties set in the r.m.s. range of £0.5 ns, which is attainable when the
bases and target clocks are periodically synchronized, as for example every month.

The resulting system error distributions are shown in Figure 3. The plots correspond to 1000 randomly gen-
erated delay values within the Gaussian distribution, for four repeater’s positions. For each delay it was deter-
mined the scattering (or errors) in remote clock synchronization accuracy, in the repeater’s position, and the the
target position. It can be seen that the typical errors on remote clock synchronization are comparable to the
transmitted setting uncertainties. For reference bases and target clock uncertainties of 0.5 ns, r.m.s, the errors
become smaller than few tenths of a ns; less than 0.4 meters in the repeater’s position, and less than few meters
for the target location.

5. Concluding Remarks

We have presented the functionality, tested the algorithm and simulated the performance of a new independent
and GPS-free space’s geo-referencing system. This is a powerful space’s geo-referencing system and method to
be used for remote clock synchronization, the navigation of various types of platforms carrying at repeater, and
remote target positioning and with very high accuracy.

The system concept may roughly be seen as an “inverted GPS geometry”, using at least four reference bases
at known locations on the ground and a remote transponder in space. With this configuration, it is possible to
eliminate the most critical errors caused by time delays of signals transiting by the repeater, and others caused
by the signal propagation in the medium. Special software has been developed to demonstrate the new system’s
functionality and performance. It has demonstrated the accuracy of the analytical algorithm solutions for prac-
tical application.

Although the new system is not intended to be regarded as a replacement of the well settled and commercially
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r.m.s, for 1000 randomly generated delay values. In (a) the error in a remote
clock synchronization; (b) the error in the repeater’s position; and (c) the error

on the target location.
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successful space geo-referencing based on GNSS, specially GPS (and equivalent systems such as GLONASS,
COMPASS, Galileo), it may bring profound impact on a number of commercial and strategic applications, for
its competitive simpler implementation; for its independence from complex and expensive permanent geo-ref-
erence’s satellite orbital ephemeris updating needed because of irregular earth rotation, such as the regular sup-
port from geodetic very long baseline interferometry (VLBI) monitoring. It can also be used as a back-up re-
placement of existing systems on critical disturbance situations (environmental or operational). It is able to be
used independently from any other space-based positioning systems for certain strategic uses such as aircraft and
balloon navigation, missile and smart bombs tracking.

In sum, the new system provides means, with certain advantages over existing space based systems, to syn-
chronize accurately remote clock at locations where the coordinates are known. The accuracies might be better
than those obtained by the new generation of GPS timing receivers (of tens of ns) [22]. This is a known re-
quirement for remote actuators which must operate in synchronism, such as in a number of telecommunication
repeaters’ networks in extended areas, assuring their regular operation without depending on GPS-dependent
clocks. The system can be readily used to obtain the transponder platform’s actual coordinates, for each coded
time interaction. Thus the platform navigation is readily derived from successive repeater’s positions determina-
tions. Immediate foreseen applications are for the navigation of aircrafts, balloons and drones. For a repeater
placed in an artificial satellite, its position can be determined for every-time mark interaction with the same er-
rors or uncertainties found for repeaters at lower altitudes, shown here. A study is currently being developed on
a new method to determine satellite orbital parameters using the new system.

This system can also be used to determine the coordinates of an unknown remote target. This requires mea-
surements of its distance to the repeater at four distinct instants, provided that the respective repeater’s positions
are not part of a straight line. Or alternatively, at the same instant, if four repeaters are simultaneously available
on the target’s field of view. This possibility might be particularly relevant as a back-up to other space-based
GNSS geo-referencing or for independent applications of strategic interest.
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