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Abstract—Precise  orbit determination of the GNSS
constellation is essential for its high quality performance. Two
new technologies are under development offering considerable
improvement of the accuracy of orbits: namely on-board
accelerometers and inter-satellite links. Due to the fact that some
non-gravitational forces cannot be modeled with the desired
precision, the direct measurements on the board of the satellite of
those forces may improve the solutions for orbits, positioning and
timing. The range and range-rate measurements between
satellites open the way to the elimination of errors caused by the
ionosphere and station uncertainties. In effect, this will allow us
to observe tens of objects (point masses) orbiting in the field of
pure gravitational potential, eliminating other factors and effects.
Thus, even very subtle distortions from the Newtonian motion
could be detected and measured. It means that GNSS can be an
excellent tool for relativistic mechanics consistent with the
modern understanding of space and time. The efforts to create
this tool have recently begun with works on the Galileo second
generation system.
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I. INTRODUCTION

In recent years the development of global satellite
navigation systems resembles an explosion. GPS is ripe, the
constellation is overbooked — the number of spacecrafts is
larger than planned. GLONASS is operational, its
constellation complete. The Chinese Bei-Dou is partly
completed and the European Galileo is arising. Very soon the
population of navigation satellites on MEO orbits will exceed
one hundred, all of them exactly monitored for purposes of
positioning and navigation. Responsibility for the precise orbit
determination of this large fleet of space objects is willingly
assumed by the International GNSS Service (IGS), apart from
the regular orbit control done by the operator of the each
individual system.

II. EGNSS SYSTEMS DEVELOPMENT

There are a number of scientific reports analyzing the
quality of the GNSS orbit determination. Let us consider the
recently published paper by Steigenberger et al. 2014 [1],
which gives an assessment of actual POD accuracy. It is
accepted that IGS provides the best orbit determination using a
rich data base as well as sophisticated processing path.
Different organizations are using slightly different software

and modelling procedures which allows us to control the
internal consistency of the published solutions. In the paper
mentioned here five GNSS systems are discussed by six
Analysis Centres. The differences between processing
procedures consist essentially of differences in Solar Radiation
Pressure modelling. In effect we have differences in orbital
solutions of the order of 10cm - 20cm. It seems that this is the
range of accuracy that could be attributed to the actual level of
the GNSS technology.

There are some barriers in trying to achieve the one order
improvement in the orbital solution accuracy to get the
uncertainty below 1 cm. We should mention here the
following:

1. The measurement of the pseudo-ranges by means of
the L band radio signals is burdened with the
influence of the ionosphere;

2. Perturbation of motion by the non-gravitational
forces is not modelled perfectly;

3. Distribution of the monitoring stations and hence the
coverage of the trajectory by observation is not
homogenous.

Therefore for the next generation systems some new
techniques are developed which will allow us to reach the
desired level of precision.

One of these techniques is accelerometry, which is helpful
for the elimination of the influence of the non-gravitational
forces. Accelerometers have been successfully applied for the
number of space missions, in particular for the gravimetric
missions CHAMP, GRACE and GOCE. The interplanetary
mission BepiColombo to the planet Mercury will also be
equipped with an accelerometer [2]. We can therefore assume
that the technology is mature, although it was not applied to
GNSS satellites till now. This should hopefully change in the
near future.

The original proposal has been done in the work of M. E.
Ash - Equipping GPS Satellites with Accelerometers and
Satellite-to-Satellite Observables [3] published as long ago as
in 2002. Ash conceived the GPS orbit determination with a
millimeter level of accuracy. Such an accuracy would be
useful for scientific applications including geodynamics and
relativity tests. To implement his concept Ash proposes to
install three additional measurements devices on board of the
satellites: three dimensional accelerometer, gyroscope and
satellite-to-satellite range and range-rate measurement system
(ISL — Inter Satellite Links). In his analysis he concludes that
the desirable precision of the accelerometer measurements



should be of the order of 10''g. The idea of applying
accelerometry had been accepted by GPS system designers
and the GPS III generation will be furnished with this device.

The same idea is pursued by the Galileo designers. Under
the umbrella of the European Commission the expert group
MEAG (Mission Evolution Advisory Group) published the
report EGMER (European GNSS Mission Evolution
Roadmap) [4], in which the future development of GNSS is
discussed. In parallel ESA has established the Galileo Science
Advisory Committee (GSAC) with the task to investigate
more closely the possible technical progress and the scientific
benefits to be derived from the second generation Galileo
system. As a result of these deliberations by both expert
bodies the idea of the furnishing the next generation Galileo
spacecrafts with accelerometers has been envisaged and
supported. Finally the task to investigate this possibility in
detail has been entrusted to the Polish — Italian team from
Warsaw and Rome. The project named GALAC has been
launched in July, 2014.

The influence of the non-gravitational perturbations — NGP
— on the accuracy of the orbit determination, hence the
accuracy of the position of the satellite in space, has been
analyzed by a number of authors ([5], [6], [7]). The subject is
very complex, because NGP perturbations depend not only
from the physical environment but from many parameters of
the spacecraft and its motion as well. The most important
effect is the solar radiation pressure, which depends on solar
activity. The shape, mass, attitude, on-board activity etc. play
a role but are very difficult to model. The specific situation
occur when the spacecraft passes through the shadow
(penumbra and umbra traverse). Among other effects we can
mention is the Earth albedo radiation, the thermal radiation of
the satellite, residual atmospheric drag, technical activity in
the spacecraft. Taking all above into account, the optimal
solution would be the direct measurement of all resulting non-
gravitational acceleration. Preliminary simulations done in the
frame of the GALAC project indicate that to reach the desired
accuracy of the orbital position on millimeter level the
accelerometer sensitivity should be close to 10™'m/s?, that is
one order better than proposed by Ash. However, such
technology exists, as we have seen with the GOCE mission.

Another innovative idea which can improve the data
quality and the input data distribution, as well as the
strengthening of the orbital solution is the introduction of the
Inter Satellite Links - the measurements of the range and
range-rate between the spacecrafts visible one from another. In
earlier literature this technique has been known as the
satellite—to—satellite tracking in the low—low mode or high—
low mode.

There are various options under consideration and they are
investigated by ESA in the frame of the ESA GNSS Evolution
Programme (EGEP). The principal ones include:

1. L band — application of the technique used for the
monitoring of the low satellites by putting on the high
quality GPS receiver. It has been successfully applied
for gravimetric missions CHAMP, GRACE and
GOCE;

2. X Band - following the design of the PRARE system
using higher frequency band;

3. K band — following the system applied for GRACE
mission for inter-satellite measurements.

Of course there are different technical problems and
requirements related to each of the above mentioned options,
but the experiences from previous space missions permit us to
estimate the measurements precision of the selected system to
be + 2-4 mm (attitude motions, antenna phase center
definition, internal s/c motion etc., taken into account).

Very detailed analysis of the application of the ISL
technique to the orbit and position determination is presented
by Wolf [8]. His simulations indicate that the orbital solution
with ISL data is much stronger than with ground based data
only. Accuracy of the orbital position can be improved
significantly reaching the level of ISL measurement noise.

By successfully applying both techniques discussed above
we will be able to reconstruct the pure gravitational motion of
the mass particle in space with accuracy better than 1 cm
over a long time. When discussing the accuracy of position,
we cannot forget about the accuracy of timing. The relevant
accuracy of timing should be assumed better than = 50 ps. For
the following numerical modeling we shall assume ox = Smm,
ot = 30 ps, what is still in the limits of the modern space
technology.

It will open immense possibilities of the use of GNSS
orbits for scientific applications. In the first place we have to
mention the classic problems of geosciences which are
supported now by space data, such as:

1. More accurate, robust,
coordinate determination;

and global ground site

2. Real-time determination of neutral atmosphere water
vapor content for input to weather prediction models;

3. Very accurate airborne gravimetry;

4. Millimeter accuracy low-altitude satellite orbit

determination using GNSS observables;

5. Length-of-day and Earth wobble monitoring. at finer
detail.

But the possibility to monitor the pure gravitational motion
of the mass particle in space connected with the high precision
time measurement opens truly new opportunities for research
in the theory of gravitation.

In the actual procedure of the GNSS application we use
some relativity effects which are taken into account in the
system design or receiver software. Let us remind they here:

e Special and General Relativity Time and Frequency
Shifts;

e Relativity of Simultaneity;
e Sagnac Effect;

These effects are discussed and defined by Ashby [9].
With the new GNSS tool we will be able to test the accuracy



of the introduced corrections and prove if the relativity
principle is not violated.

However, even more interesting are the second order
effects, not taken into account in the routine GNSS data
processing. We can point out some of them:

e  The Shapiro signal propagation delay;
e  Spatial curvature effects on measured distance;
e Lense-Thirring frame drag;

e  Earth Gravitational Field Torsion;

III. SHAPIRO SIGNAL PROPAGATION DELAY

This effect is connected with the gravitational potential
difference between the point of the emission and the reception
of the electromagnetic signal. It was originally derived for the
reduction of the laser ranging distance measured with the SLR
technique, but it could be applied to the radio signals, as well.
According to Ashby [9] it is expressed by the equation:
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The value Aryg of this effect for GNSS satellites is 10mm < Arg
= Atc < 20 mm, that is right in the limits of the desired
accuracy of the precise GNSS systems. The measurements
could be used to test correctness and accuracy of this
theoretically derived formula.

IV. SPATIAL CURVATURE EFFECTS ON DISTANCE

The curvature of the space-time produced by the presence
of the mass of the Earth body is resulting in the distortion of
the straight line of the radio signal. The proper distance
between the two points in space defined by vectors rl and r2
should be corrected by the term:
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The above effect is in the range of few millimeters, not
exceeding 6,5 mm. With the precise GNSS system testing of
the correctness of this term will be possible.

V. LENSE — THIRRING EFFECT

Let us discuss the effect of the Lense-Thirring frame drag.
This effect has been theoretically predicted by Lense and
Thirring in 20th century, soon after Einstein published his
theory of General Relativity. Modern presentation of the
mathematical description of this phenomenon can be found in
Ciufolini & Wheeler [10]. To investigate and test the Lense-

Thirring effect the very difficult and costly space mission has
been performed — Gravity Probe-B. More successful
experiments has been done using the laser ranging data to
satellites Lageos 1 and Lageos 2 ( Ciufolini & Pavlis[11],
Lucchesi & Peron[12], [13]). Satellites Lageos are very well
suited for this kind of experiment, because they are very heavy
compact objects, playing well the role of the point test masses.
Both Lageos are orbiting on the altitude about 6300 km. For
the determination of the change of the right ascension of the
orbital node (nodal precession) the expression is used and
applied for Lageos:
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where:
G — gravitational constant,
¢ — speed of light,
Ja= 5.9-10"g cm?/s - Earth angular momentum,

a, e, i - semi-major axis, eccentricity and inclination of the
orbit

In the case of the navigational satellites, the orbital altitude is
between 20 000 and 23 000 km, therefore the effect is smaller,
and orbits are almost circular, therefore only the nodal
precession can be used. According to Combrinck [14] for
GPS the value

OLT - 8,8 pas/d = 3,2 mas/y.

It is equivalent to orbital position differences 1,2 mm/d or ca
12 mm during the 10 days time interval. This is well within
reach of the assumed accuracy of the system. Of course, it will
be not the simple measurement but the orbital solution with
many unknowns and for the defined time period. But we have
to have in mind that there will be dozens of satellites and some
of them could be launched on the retrograde orbits what will
give an additional advantage. With data statistics from the one
year period and 100 satellites the LT effect could be
determined with the accuracy better than 1%.

VI. THE TORSION OF THE EARTH GRAVITATIONAL FIELD

The problem of the gravity field of rotating bodies is a
subject of vast studies in general relativity and new aspects are
still raised. For the weak gravity field and slow rotation which
is the case of the Earth, the mentioned above Lense—Thirring
effect is thoroughly studied. Another interesting effect is the
torsion of the Earth Gravitational Field resulting from the
finite speed of the gravity propagation. In the local inertial
coordinate system the field is rotating following the rotation of
the Earth. In the Newtonian interpretation the field is rotating
stiffly with the Earth. In Fig.l1 there is a schematic
presentation of the Earth’s cross section in equatorial plane,
with the exaggerated ellipsoidal deformation of the equator.
Further ellipsoidal contours are representing equipotential
surfaces of the geopotential. The axis of rotation is



perpendicular to the equatorial plane and to the page of paper.
When the earth is rotating distant ellipsoids are oriented
conformal to the Earth ellipsoid.

Fig.1. Propagation of the gravitational field in the Newtonian space

In the post Newtonian interpretation the distant gravity
field with its equipotential surfaces is not able to rotate with
the same phase as the Earth. When the gravitational signal
from the ground reaches the height H, the earth will rotate by
the angle o
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where: @ — angular velocity of rotation, ¢, - velocity of the
gravitational signal (see Fig.2). We should consider the
question if it would be possible to detect this effect with the
high precision GNSS satellites.

Fig.2. Angular phase shift caused by the time of gravitational signal
propagation.

In geodesy one is working with the static gravitational
field of the Earth described by the polynomial

o= 2 S

m=0
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In this expression ¥ is a function of coordinates r, [], A of
the point external to the sphere E of the radius a, assuming
there are no masses outside of this sphere. Coefficients C,,,
S,m are dimensionless quantities, called gravitational multipole
moments or Stokes coefficients and they depend on the
distribution of masses inside of the sphere E. Taking the
Newtonian definition of the gravitation the parameter r in the

above expression can be extended in any way without the loss
of accuracy. But according to the GR definition, the gravity is
propagated with the finite speed equal speed of light. Then,
the (5) must be changed taking into account the rotation angle
(4). This concept was presented first in [16].
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It means that for the given height H above the Earth we
will have different angle oy and consequently the whole model
will be twisted following function (4).

In order to detect this effect we have to determine the
Earth gravity field model on different altitudes. It is done with
high accuracy for the low altitude orbits with the help of
missions CHAMP, GRACE and GOCE [15]. For GNSS orbits
we will take Hgps = 20 000 km, Hiuieo = 23 600 km. With @ =
3600/24h and ¢, = 300.000 km/s we get:

ogps = 1.0, Ogatileo = 17.18

Above numbers denote the change of the orientation of the
model with height with respect to the ground level. This
orientation angle concerns the coordinate A.

Numerical simulations indicate that it would be difficult to
reach the required level of accuracy of the models using even
very precise GNSS data, including accelerometry and inter
satellite links. However it is possible to implement one more
space technique, e.g. gradiometry. Very successful
1mplementat10n of the gradiometer took place in the GOCE
mlssmn It had the sensitivity + 3-10”° EU (E6tvés Unit: 1 EU
= 10° m/s”/m is used for quantifying the gradient). More
detalled analysis of this possibility with application of the
advanced gradiometer has been presented by Zielinski [17].

VII. CONCLUSION

With the desired accuracy of few mm level for the point
position in space linked with sub-nanosecond accuracy for
timing, the next generation of the GNSS will be a powerful
tool for the research of gravitation with far reaching
consequences for the fundamental physics.
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