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Work on the creation of a device that will be able to measure the parameters of the
Earth's gravitational field in space was started at the State Design Office «Yuzhnoye» in
2001 as part of the formation of a scientific research program on the «Sich-1M» space-
craft. But since there were no devices in the world to directly measure the parameters of
the Earth's gravitational field in space, the idea arose to use the relativistic «red shift»
effect to solve this problem. The possibility of practical implementation of this idea arose
in 2008—2010 during the implementation of the STCU project No. 3856 «Measurement
of the parameters of the Earth's gravitational field using navigation satellite systems».
Within the framework of this project, for the first time, a differential radiophysical gravi-
meter was created and tested, in which the radiation of navigation satellites was used as
a source of highly stable radiation. Radiophysical method for measuring the parameters
of the Earth's gravitational field based on the results of dissertation research, 4 patents
for an invention of Ukraine, 2 copyright certificates were obtained, and 16 articles were
published in scientific journals. In 2012, the fundamental patent No. 98358 «Method for
measuring geodetic parameters and a device for its implementation» was obtained, which
was recognized in 2014 as the best patent of Ukraine in the absolute nomination in the
competition «Best Patent of Ukraine». This patent formed the basis for the creation of the
«Gravika» — navigation control and correction station. This work has been continued at
JSC «RPC «KURS» since 2015. Since 2015, JSC «RPC «KURS» has been the head organi-
zation in the NSAU for the creation of a coordinate-clock and navigation support network
for Ukraine. In 2016, it was created, certified and put into operation control and correction
station (CCS) «Gravika», which can simultaneously operate both as a navigational base
station and as a gravimeter, that is, to solve a complete geodetic problem. The principle of
operation of the gravimeter is based on the relativistic effect of «red shift». One of the main
technical and economic problems is the need to use a highly stable hydrogen frequency
standard as part of the Gravika control and correction station, the cost of which is at least
USD 80,000 (code «Geomonitoring») in order to develop a concept for creating, on the
basis of the existing network of coordinate-clock and navigation support in Ukraine, a
complex a clear geophysical monitoring system using the Gravika control and correction
station and a satellite system for relaying signals of a highly stable TWSTFT frequency
standard. Such a solution will make it possible to abandon the use of a frequency stan-
dard at each station and thereby reduce the cost of the CCS and the system as a whole.
In addition, the work of the CCS «Gravika» showed the possibility of predicting seismic
activity within a radius of 500 km from the station. A three-axis version of the gravimeter
was also implemented, which allows you to simultaneously measure the absolute, relative
values of the gravitational acceleration and the angle of inclination of the gravitational
acceleration vector. Such functionality makes the radiophysical gravimeter indispensable
when used on mobile vehicles, including space vehicles.

Key words: radiophysical method, navigation support network of Ukraine, complex
geophysical monitoring system, relativistic «red shift» effect.

Introduction. For the most complete and cesses occurring in the near-Earth space and
deep understanding of the geophysical pro- the lithosphere, it is necessary to reconstruct
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the global space-time distribution of the
gravitational and magnetic fields with high
accuracy and resolution from gravimetric
measurements of ground stations. Possession
of such information and the construction of
a monitoring system on its basis is extremely
important for solving many fundamental sci-
entific and technical problems in such areas
as geodynamics, geodesy, the study of the
internal structure of the Earth, geological
history, and many others. Astrometry and
geodetic issues are equally important for de-
termining the main directions and reference
surfaces used for spatio-temporal referencing.
The addition of existing and prospective glob-
al navigation satellite systems (GNSS) with
global geophysical monitoring significantly
expands their capabilities in various techni-
cal applications and opens up fundamentally
new areas of use and research. In this context,
knowledge of the gravitational field parame-
ters becomes important for celestial mechan-
ics since it provides ballistic and navigation
requirements for controlling the motion of all
space objects operating in the regions where
these fields are determined. Thus, gravimetry
in combination with GNSS finds application
in various fields of science and technology
and makes it possible to create fundamentally
breakthrough technologies.

The current state and development of
space technology and measuring technology
and its new developments make it possible to
assert the possibility of implementing such a
project of a global monitoring system. Using
anew method of the radiophysical method for
measuring the parameters of the gravitational
field, based on the use of the relativistic red-
shift effect, it is possible to create a complex
geodetic system thatis a prerequisite for the
effective implementation of such a project.

The article presents the results of experi-
mental tests and certification of the world's
first geodetic control and correction station.
The station is currently in trial operation in
Zolochiv, Ukraine, part of the national RTK
network.

Modern state of research. Radiophysical
methods (methods based on measuring the
characteristics of electromagnetic signals) are
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now widely used to solve many problems of
environmental monitoring [Fedynskiy, 1964;
Parkinson, 1986; Brunelli, Namgaladze, 1988;
Astanin, Kostylev, 1989; Johnson, Kileen,
1995]. With the development of space (sat-
ellite) technology, the scientific and techni-
cal direction associated with the use of radio
measurement to solve problems of monitor-
ing, received significant impetus for its fur-
ther development: there are opportunities to
improve accuracy, resolution, range of mea-
suring equipment (RME), it is proposed to use
new radio technical RMEs to measure addi-
tional physical characteristics of outer space
[Belyaev et al., 1995; Vladimirskiy, Temury-
ants, 2000]. The problem of monitoring the
Earth's gravitational field (EGF) and diag-
nostics based on monitoring the geological,
seismic and weather conditions of the planet
is a separate topical area of human activity
[Grushinskiy, Sazhina, 1981; Tsuboi, 1982].

Geophysical studies of the Earth are cur-
rently one of the most dynamic areas in which
remote methods are widely used. Given the
exceptional importance of operational infor-
mation on the characteristics of the Earth's
gravitation field (EGF) for solving many sci-
entific and technical, and applied problems
in such fields as geodesy, geophysics, envi-
ronmental protection, life safety, etc., it can
be started the relevance of development and
research of new methods and tools for mea-
suring parameters of EGF and gravitation
field of others planets.

Currently, absolute (ballistic) and relative
gravimeters are widely used [Peshekhonoy,
2017]. Since the principle of operation of
these gravimeters is based on Newton's laws,
we call modern gravimetry «Newtonian gra-
vimetry». Newtonian gravimetry is character-
ized by a drawback due to the principle of
equivalence of gravitational and inertial ac-
celerations and does not allow conducting on
moving objects.

Relativistic gravimetry does not have such
shortcomings, being based on half-reports of
A. Einstein's General Theory of Relativity.

Relativistic gravimetry is the science of
measuring quantities that characterize the
gravitational field using the redshift effect of
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the frequency of an electromagnetic signal.

Accordingly, in relativistic gravimetry, it
is necessary to distinguish between radio-
physical, optical, and radioisotope methods
for measuring EGF parameters.

Theradiophysical method of measuring
the EGF parameters is based on measuring
the gravitational displacement of the frequen-
cy of the electromagnetic signal in long radio
waves, radio-, and microwaves.

The optical method of measuring the pa-
rameters of the EGF is based on measuring
the gravitational displacement of the fre-
quency of the electromagnetic signal in the
IR, optical, and UV frequency range.

The radioisotope method of measuring the
EGF parameters is based on measuring the
gravitational displacement of the frequency
of the electromagnetic signal in the X-rays
frequency range.

The author of the article has been develop-
ing the radiophysical method for measuring
the EGF parameter since 2000. The result of
this activity is the dissertation «Radiophysi-
cal method for measuring the Earth's gravita-
tional field» [Matviienko, 2012], eight patents
of Ukraine [Makarov et al., 2008; Matviienko,
2008, 2010, 2017a,b, 2018; Matviienko et al.,
2010, 2012], more than 60 scientific publica-
tions, and a certified valid differential radio-
physical gravimeter, which was created by
order of the National Academy of Sciences
of Ukraine as part of the experimental design
work «Navigation-RNIS».

Radiophysical method of measuring earth
gravitational field. In order to implement the
monitoring system of the EGF, not only high-
quality models are required that describe it
with sufficient accuracy, but also precise lo-
cal measurements of this field. Moreover, the
measurement equipment should be inexpen-
sive, such that it would allow its placement
on geophysical micro-satellites, from which
groups are formed similar to those used in
GNSS. The composition of the grouping and
their configuration should be made so that
when assimilating these measurements into
the mathematical model of the EGF, one can
find a solution of inverse gravity problems
that satisfies those requirements that are de-
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fined by all the previously mentioned areas
and applications. Of course, measurements
carried out by the group of geophysical mi-
cro-satellites should be supplemented by a
complex of ground measurements.

All existing methods of the EGF measure-
ments implemented in the previous projects
have one common disadvantage: they use
measurements of ballistic parameters of test
bodies in space, which require the creation
of additional specialized space vehicles and
special equipment, which may cause some
difficulties in their use in groups for geophysi-
cal monitoring.

A group of Ukrainian scientists and spe-
cialists based on ideas of and led by S.A. Mat-
viienko developed, investigated, and tested
the radiophysical method for measuring the
parameters of the EGF, which is based on
measuring the magnitude of the frequency
change of electromagnetic radiation under
the action of gravity with the subsequent de-
termination of the EGF gradient or the free-
fall acceleration. In the radiophysical method
of measuring the gravitational potential, the
relativistic redshift effect is used, which mani-
fests itself precisely in the frequency shifting
of the electromagnetic signal propagating in
a non-uniform gravitational field.

This method has two varieties:

— differential radiophysical method;

—integral radiophysical method.

The differential radiophysical method is
based on measuring the gravitational dis-
placement of the frequency of an electro-
magnetic signal between several receivers of
this signal.

The differential radiophysical method and
gravimeter are protected by a patent of Uk-
raine [Matviienko et al., 2012].

The integrated radiophysical method is
based on measuring the gravitational displa-
cement of the frequency of the electromag-
netic signal between the radiation source and
the receiver of this signal.

The integrated radiophysical method and
gravimeter are protected by a patent of Uk-
raine [Matviienko et al., 2010].

Differential radiophysical method of
Mmeasurement. The differential equation of
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measurements is obtained as follows: we shall
assume that the points with gravitational po-
tentials are spaced apart in height above the
Earth at a rather small distance, on which the
variable can be considered almost linear on
spatial variables. Then, expanding in a series
nearby and limiting by linear on expansion
members to simplify the analysis, we obtain

ou
U =u, +—AH +.... 1
L=+ (1)

Since the vertical gradient of the potential
is nothing more than the gravity acceleration

ou
g =——, then, taking into account (1), we ob-
oH fo—f, AH
0~ 1 .
=0—— from which
f, c
we obtain an equation for determining the
value of g by the gravitational shift Af of the
signal with the frequency f during the passage
of this signal of some rather small distance AH
in a non-uniform gravitational field

tain an equation

Af ¢?
=—— 2
f AH &
Taking into account (2) the equation er-
ror for the case when f; and f; are measured
separately, is of the form

2
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As it follows from (3) that even with the
magnitude of the relative error of synchroni-
zation of the frequencies of the GNSS refer-
ence generators located at different heights,
at the level of 1x10', we obtain the error of
determining the free-fall acceleration in the
form of a value of 10 mGal based on 10 km.

In addition, it should be stressed, not indi-
vidual frequencies are measured, but directly
the difference between these frequencies.
Therefore we obtain the error equation for
the differential method in the form

2 2 2
(e} o (e}

7= Afz : (4)
9° (AH)" (af)

Assume that Gg:100 mGal, that is

26

5, 100-10°
g 10°

If AH=10 m, then 6,4=10"*x10 m=10""x
x10* mm=1 mm can be provided with the use
of the same GNSS receivers and reference
base station.

With a height difference of 10 m we obtain
Af=10"x10x1.5x10°=1.5x10"° Hz.

Oat _1n4 _ 4 -6

Due to E—lo . 0AFAfX107°=1.5x10""x
x107%=1.5x1071° Hz, thatis a requirement that
can be satisfied.

For the practical realization of the experi-
ment for determining the free-fall accelera-
tion near the Earth's surface, a differential
method for measuring the difference between
two frequencies was implemented using a
phase comparator. The CNT-91 frequency
meter can be used, which operates in the
mode of measuring time intervals (Fig. 1). A
signal with a frequency of 56 MHz was sup-
plied on both inputs of the frequency meter.

This method makes it possible to receive
the measurement results with high accuracy
even in the case of the use of inaccurate mea-
surement units if the known value is repro-
duced with greater precision. The method's
accuracy increases with a decrease in the
difference between the comparable values.
In this case, equation (2) is experimentally
implemented to determine the free-fall ac-
celeration near the Earth's surface.

To reduce the effect of long-range mea-
surements' and instrumental errors, mostly
random, the data were denoised using of di-
rect wavelet transform (wavelet db4, 12 lev-
els of decomposition), threshold processing
wavelet coefficients, and subsequent signal
recovery. After that, the trend line was built.
The coefficient of the linear term of the trend
line equation gives us the value of the gravi-
tational frequency shift obtained from the ex-
periment. The time series obtained is an ab-
solute value of measurement error of relative
frequency instability of the frequencymeter
CNT-91 with a time averaging of 1 second.

The created differential radiophysical gra-
vimeter (Fig. 2) was calibrated and certified
at the National Scientific Center «Institute of

=107,
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Fig. 1. Scheme CCS «Gravika».

Metrology» in Kharkiv according to the Sov-
ereign primary standard of the unit of accel-
eration of gravity using the Sovereign primary
standard of time and frequency.

As aresult of calibration, the standard un-
certainty of gravitational acceleration was de-
termined at the level of 102 nGal. The graph
of the calibration results is shown in Fig. 3.

It should be noted that after 23.00 when the
subway trains stop running, the discrepancies
in the measurement results of the standard
and differential radiophysical gravimeter do
not exceed 20 nGal. Moreover, the sensitiv-
ity of a differential radiophysical gravimeter
at the level of 2—3 pGal was experimentally
proved. However, in calibration certificate UA
01 No. 3782 dated July 30, 2019, a value of
102 pGal was recorded.
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Integrated radiophysical method. Let us
analyse the requirements for the algorithm
for calculating the frequency shift when the
electromagnetic waves come from zones with
a weaker gravitational field and undergo
gravitational violet displacement. According
to [Matvienko, 2012], we have

f,—f 1

%=C_2(u1_uo)v (4)
where U, is the gravitational potential at the
position of the radiation source (for example,
the geostationary satellite transmitter), and
fy is the frequency of the transmitter carrier
signal at the same point; U; and f; are the
gravitational potential and frequency of the
bearing signal at the observation point; Cis a
speed of light.
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Fig. 2. CCS «Gravika» — differential radiophysical gra-
vimeter.

The equation (4) that connects the poten-
tial Uy at the point where the signal has a fre-
quency fy, with the potential U, at the point
where the signal frequency is f;, does not take
into account the possible relative motion of
the emitter and receiver of the signal and can
be given in the following form

u1=u0+c2(1—iJ, (5)
fl

where Uy, Uy are unknown (sought) values;
f,, fo. are the signal frequencies that are de-
termined directly (or indirectly), which are
the initial values for determining u; by the
formula (5).

Since, in the general case, both Uy and
U; are unknown, it is necessary to have ad-
ditional to (9) relationships that associate
U; and Ug. One of the known models of the
Earth's gravitational field can be used as such
a relationship. For example, representation
of the gravitational potential in the form of a
decomposition on spherical harmonics [Mat-
vienko, 2012]:
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fM e I R 1+1
u(r’q)'x)=_z|=ozm=0(_j x
xR, (sing)[ C,,, cos(mi) + S, sin(mr) ], (6)

where @, A, I are spherical coordinates in the
coordinate system with the beginning at the
Earth center of the masses; P, are attached
Legendre polynomials; Cj,, S, are coeffi-
cients of the expansion, which are determined
by any experimental data at the stage of mod-
el construction; f and M are the gravitational
constant and the Earth's mass respectively; R
is the Earth's average radius.

The formula (6) gives us the necessary rela-
tion which binds Uy and U4 since it describes
the gravitational potential in an arbitrary set
of points of the near-Earth space, and hence
at points with potentials Uy and U;.

The coefficients of the expansion C,, S,
are determined from the system of equations

s (2] pufone,):

x[c,m cos(m, )+ Sy, sin(ma, )} _
s (8] efons,)-
x| Cy cOS(Mh,, ) + Sy, sin(mn, ) |+ 2 (:—yj ,

where I, @, , A, , are spherical coordinates
of a certain set of points, marked by the index
i=1, 2,...,I (I is a number of these points), which
correspond to the | locations of the signals re-
ceiver (is the frequency of the signal received
at these points); I, @, , A, , are the spherical
coordinates of some set of points marked by
the index J=1, 2,...,J (J is the number of these
points), which correspond to J location of the
emitter of signals (position of spacecraft(SC))
( fyi is the frequency of the signal emitted at
these points).

The coordinates of the points I, , ¢, kxi
are determined according to the GNSS mea-
surements.

The coordinates of the points I, ¢, , ky
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Fig. 4. Variations in the acceleration of free fall.

are determined by the spacecraft's ephemer-
is, also obtained during the GNSS measure-
ments, in the navigational message.

Frequencies f, are measured directly
from the receiver output.

Frequencies fyj are determined using the
GNSS message.

The accuracy of the model is determined
by the number of members of the | ,,, expan-
sion, as well as by the accuracy of the deter-
mination of the values I, , @, , A, My, @y,
[Matviienko, 2021].

Estimation of influence of gravitational
shift of frequency on a navigation signal.
Due to the influence of gravity on the navi-
gation signal, there is an error in determining
the Z coordinate. It is known that the accelera-
tion of free fall varies with a height of 3 nGal/
cm. Fig. 4 shows a graph of variations in the
acceleration of free fall. From this graph we
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can conclude that the z coordinate error can
reach 20 cm or more.

Geophysical micro-satellite «Gravisat».
Considering the specific requirements for
implementing the differential radiophysical
measurement method of the EGF, a draft of
the magnetic gravity-oriented geophysical
micro-satellite was developed. The photo of
the spacecraft is shown in Fig. 5.

The microsatellite consists of a body with
equipment, made in the form of two separate
parts, connected by a cross-arm, which is a
pair of parallel articulated parallelogram pan-
tographs with links and attached rectangular
solar panel [Matviienko, 2017b, 2018].

The design of the spacecraft also allows fit-
ting the center of mass with the center of solar
and aerodynamic pressure on a solar battery,
which sufficiently decreases the disturbing
moment on the spacecraft's orientation.
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Fig. 5. Geophysicalmicro-satellite «Gravisat».

The installation of the electromagnetic
signal receiver on the parts of the body will
enable to measure the parameters of the grav-

30

itational field using the differential method
of the radio-physical method, that does not
exclude the implementation of the integrat-
ed radio-physical method, and will provide
monitoring of the Earth magnetic field (EMF),
as well as other parameters of the Earth mag-
netosphere plasma.

Measurement of the EGF and the EMF for
the monitoring system should be carried out
in a sufficiently large number of points of the
near-Earth space, using for this purpose both
the grouping of geophysical micro-satellites
and numerous ground stations. Only for the
measurement system sufficiently distributed
in space is it possible to provide a good solv-
ability of the inverse problems of magnetogra-
vimetry and to construct high-quality models
of these fields.

Elaboration of the possibility of creating
a combined navigation and gravity network.
The modern coordinate basis of all geospatial
data in Ukraine is the State Geodetic Refer-
ence Coordinate System USK-2000, imple-
mented on the ground by points of the State
Geodetic Network (SGN). Since 2013, the
SGN geoportal has been operating https://
dgm.gki.com.ua/.

State geodetic network — a network of
geodetic points, evenly built on the ground
(territory of the state), which ensures the
spread of the state coordinate system, heights
and gravimetric system and geodetic data
bank — a system consisting of databases of
geodetic points, measurements on them (sat-
ellite, geodetic, leveling, gravimetric), data-
base management systems of geodetic points
and application software for data processing,
storage, and protection, organization of ac-
cess to geodetic information.

Reference systems are used for the func-
tioning of the SGN: coordinate system —
USC-2000; altitude system — Baltic in 1977
Gravimetric Reference System — Interna-
tional Gravimetric System of 1971 (IGSN-71).

The components of the SGN are geodetic
(planned), leveling (height), and gravimetric
networks, the points of which must be com-
bined or between which a reliable geodetic
connection is established (paragraph 10 of
the Procedure for building the State Geodetic
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Network, approved by the Cabinet of Min-
isters of Ukraine on August 7, 2013). Ne 646
«Some issues of implementation of the first
part of Article 12 of the Law of Ukraine «On
Topographic, Geodetic and Cartographic
Activities» (from now on referred to as the
Procedure). In accordance with items 11, 12,
and 13 of this Procedure:

—geodetic (planned) network includes the
Ukrainian permanent (permanent) network
of observations of global navigation satellite
systems and geodetic (planned) networks of
1, 2, and 3 classes;

— leveling (height) network includes lev-
eling (height) networks of I, II, IlI, and IV
classes;

— the gravimetric network includes a fun-
damental gravimetric network and a class 1
gravimetric network.

Locations of geodetic points are deter-
mined based on the need to ensure their long-
term elevation, preservation, and convenient

D

use, considering the work area's physical and
geographical conditions, depth of soil freez-
ing, hydrogeological regime, and other fea-
tures of the area. However, they are in eco-
nomic and economic areas and require moni-
toring of the condition of geodetic points.

Periodic inspections and updates of geo-
detic, gravimetric points, and leveling bench-
marks are carried out as needed, but at least
once every ten years, and in cities and areas
of active economic activity — at least once
every five years.

To date, according to information from the
bank of geodetic data, the total number of
geodetic points DGM geodetic (planned) on
the territory of Ukraine is 17,957 points, in-
cluding! class — 813 points (Fig. 6); 2nd class
— 6,133 points; 3rd class — 11,011 points; in
addition, 13,590 geodetic points of the 4th
class condensation network.

It is necessary to modernize the SGN of
Ukraine, taking into account the modern

Fig. 6. Map-scheme of the geodetic (planned) network of the 1st class of Ukraine.
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requirements and experience of European
countries.

The Gravimetric Network of Poland
(POGK) was established in 1994—1997. It
covered 12 absolute fundamental stations.
In 1999—2010, a systematic modernization of
the Polish gravimetric network was performed
(Fig. ).

In 2012, the project of a new gravimetric
network in Poland was approved, later im-
plemented. The new network consists of 28
fundamental points, on which absolute ob-
servations are made with the FG5 gravimeter
and 169 basic points (observations with the
absolute gravimeter A10). The error in deter-
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mining free-fall acceleration does not exceed
4 pnGal at the base stations and 10 pGal at the
base stations.

The State Fundamental Gravimetric Net-
work of Ukraine consists of 17 main gravi-
metric points and one main gravimetric point,
«Poltava» (part of the State Gravimetric Net-
work 1 class (SGN-1) and the State Funda-
mental Gravimetric Network (SFGN) of the
Soviet Union.

At the beginning of 1988, Ukraine was pro-
vided with a gravimetric network of 126 points
of the 2nd class with a mean square error of
+35 pGal. In 1993, the work on balancing the
3rd class gravimetric support network (GSN-
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Fig. 7. Map-scheme of the gravimetric network of POGK Poland.
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3) was completed. 3760 points were identified
and processed. The root mean square error
was 30 pGal. The territory coverage by gravi-
metric surveys was about 30 % (depending on
the region and scale).

In 2009, the GSN-1 and GSN-2 points were
inspected (Fig. 8). It was established that 109
points of GSN-1 were completely or partially
preserved, and 17 points were completely de-
stroyed.

The State Gravimetric Network of Ukraine
does not meet modern requirements for the
accuracy of absolute and relative gravimet-
ric measurements, the density of points on
the survey area. Ukraine remains the only
European country not yet fully covered by
1:50,000 gravimetric surveys, which greatly
complicates its participation in creating con-
solidated gravimetric data for the whole of
western and central Europe.

To solve these problems, the accuracy of

measuring free-fall acceleration at any point
on Earth should be in the range of 0.01—
0.1 mGal relative to the initial world gravi-
metric level.

To ensure the maximum possible accuracy
of observations and long-term safety of fun-
damental gravimetric network points, they
are placed in capital buildings, if possible in
astronomical, geophysical observatories and
points of the Ukrainian permanent (perma-
nent) network of observations of global navi-
gation satellite systems or near them at an
average distance of 200—300 km.

At the points of the fundamental gravi-
metric network, the absolute and relative
determination of the acceleration of free fall,
coordinates, and heights is done. The hydro-
geological regime analysis according to the
data of specialized organizations is carried
out.

Such requirements can be easily fulfilled
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Fig. 8 Map-scheme of inspection of points of the gravimetric network of 1 class and 2 class (as of 01.09.2009).
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when using CCS «Gravika». The develop-
ment of such a network should be performed
in conjunction with the development of the
main gravimetric network of Ukraine. Using
a radiophysical gravimeter as a basic circuit
provides an extremely important advantage
— obtaining data continuously and in real
time.

Results. The innovative technology of
the radiophysical method for measuring the
gravitational field, using the CCS «Gravika»,
makes it possible to create a united geodetic
(navigation-gravitational) network. At the
same time, the differential radiophysical gra-
vimeter allows measuring the absolute, rela-
tive acceleration of gravity and the angle of
inclination of the gravitational acceleration
vector. Taking into account the change in the
gravitational acceleration value will also sig-
nificantly reduce the errors in measuring the

coordinate along the axis. It is also of great
practical interest to develop a method for
predicting seismic activity based on the mea-
surement data of a differential radiophysical
gravimeter.

The concept of building a combined nav-
igation-gravity system using a geostation-
ary communication satellite to ensure highly
stable synchronization based on the coordi-
nate-time and navigation support system of
Ukraine. The State Gravimetric Network of
Ukraine does not meet modern requirements
for the accuracy of absolute and relative grav-
imetric measurements, the density of points
on the survey area. Ukraine remains the only
European country that is not yet fully covered
by 1:50,000 gravimetric surveys, which greatly
complicates its participation in creating con-
solidated gravimetric data for the whole of
western and central Europe.

Asireria )/ Anrena THCC
CYNyTHHKOBOTO
3B'SI3KY
Cnaitep
Tepminaa THCC npuiimay 1
THCC npuiimay 2
f,
: L
Kommnapatop
f; =5 MIg

Fig. 9. Scheme of the combined navigation-
gravitational CCS «Gravika».
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To solve this problem, it is necessary to
include in the RTK-network at least 50 CCS
«Gravika» using a geostationary communica-
tion satellite to ensure highly stable synchro-
nization (Fig. 9).

As part of CCS «Gravika», the most ex-
pensive element of the station, the hydrogen
frequency standard, which costs UAH 8 mil-
lion, has been replaced by a VSAT terminal,
which costs UAH 60,000.

When analyzing economic indicators, one
needs to decide on which model the system
will be created. The following system creation
options are possible:

— creating its own closed system that will
meet the needs of users exclusively within
Ukraine;

—entry of Ukrainian users into the existing
European system as a Ukrainian segment of
users.

When creating one's own independent
TWSTFT system, one needs to consider the
following.

Economic indicators of creation and oper-
ation of the system of two-way satellite trans-
mission of frequency and frequency signals
are divided into two groups of indicators:

— one-time costs for the creation and im-
plementation of the system;

— regular costs associated with operating
the system.

One-time costs include the costs associ-
ated with setting up a VSAT network and in-
stalling VSAT terminals directly at the service
points, which are designed to provide two-
way satellite time and frequency signals. The
following costs include:

At the system level:

+ development of a working design of the
system and a typical working design of the
VSAT-terminal installation;

» certification of the VSAT-terminal by na-
tional certification bodies, obtaining a permit
for import and operation;

+ concluding a contract for the lease of
satellite capacity, conducting tests for the ad-
mission of the central terminal of the VSAT
network to work with the selected satellite.
The cost of the contract for the lease of satel-
lite capacity depends on the following indi-
cators:
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—selected frequency range: band C, band
Ku, band Ka. The vast majority of equipment
and satellites use the Ku-band, but the pro-
vision of services for the TWSTFT system is
possible in other frequency bands: C- and Ka;

— bandwidth: 1.5 MHz frequency band
is enough for the system to work at the first
stage;

— selected satellite and satellite opera-
tor: the cost of the satellite resource varies
from the choice of operator and frequency
range. The highest cost of a satellite resource
is reported by SES (Luxembourg) for satel-
lites in the orbital position of 19.2°N. The
resource costs up to 8 thousand dollars for
the frequency band 1 MHz per month. The
European company Eutelsat sets the cost of
the resource for satellites in the Ku-band up
to 5 thousand dollars for 1 MHz per month.
Of the top operators of satellite systems, the
most democratic are the prices of Intelsat,
which on average provides the resource of
its own satellites in the Ku-band at 2.8—3.0
thousand dollars per 1 MHz per month. The
given prices are applied in case of the conclu-
sion of long-term contracts with a duration of
1—3 years. Theresource cost in the frequency
range C is slightly less and is 60—80 % of the
cost of the resource in the range Ku.

However, it should be noted that not all
operators have their own resources in this
frequency range:

—the duration of the contract for the use of
satellite resources. There are several options
for providing a satellite resource: providing a
resource on a long-term basis, i.e., around the
clock for at least one year (preference is given
to contracts with a duration of services from
3 to 5 years); providing a resource on a short-
term basis, i.e., for several months; providing
aresource by prior order. In terms of resource
cost, the most profitable is the conclusion of
long-term contracts. For short-term contracts,
coefficients from 1.5 to 3 are used. The cost
of aresource by pre-order (for the period of a
short session) is calculated with a coefficient
of 8 or more;

—obtaining permits for the use of frequen-
cy resources in Ukraine. The costs of obtain-
ing permits are determined by the current
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legislation of Ukraine, which sets tariffs for
the provision of services of relevant bodies
and institutions (including SE «UCRF»);

— creation of a mobile certification labo-
ratory for initial and scheduled certification
of VSAT-terminal equipment to assess the
shift of the relative time scales of the central
time standard and local time and frequency
standards. According to expert estimates, the
creation and certification of a mobile certifi-
cation laboratory will cost 30—50 thousand
dollars. This price includes the equipment of
the VSAT terminal, the measuring equipment
intended for transportation as part of a mobile
object, and the use of the trailer chassis. If the
car is used as a vehicle, the car's value must
be added to the specified value.

At the object level (separately for each ob-
ject): supply of VSAT-terminal; development
of a working project for the installation of
equipment, obtaining appropriate approvals
from regulatory authorities (supervisory au-
thorities); installation of equipment, commis-
sioning, the connection of VSAT-terminal to
the system; station certification after instal-
lation and connection to the system using a
mobile certification laboratory.

These costs can be calculated using a
standard system for calculating the cost of
work, which includes: materials and equip-
ment; staff salaries; travel expenses; total ex-
penditures; administrative expenses; costs of
third-party organizations (subcontractors);
costs of obtaining permits; in general, ac-
cording to the expert estimate of the cost of
installing one point of connection services to
the TWSTFT system, one can estimate 4—5
thousand dollars, provided one uses one's
own mobile laboratory.

The second group of costs is operating
costs. Operating costs include: payment for
the leased satellite capacity. In the case of
using the 1.5 MHz frequency band, the cost
of renting the resource can be estimated at
3.5—4.5 thousand dollars a month; staff costs;
electricity costs, utilities; costs for periodic
inspection (certification) of VSAT-terminals
to maintain the accuracy of the time support
system (frequency of inspection once a year).

The main item of operating costs is the
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payment of the leased capacity of the satel-
lite.

It is possible to reduce costs if one joins
the existing European TWSTFT system as a
Ukrainian consumer segment. In addition to
the benefits of connecting its own network
of the exact time and frequency sources to
the European metrology frequency and fre-
quency support system, this solution will also
have positive economic performance. First of
all, it is possible to reduce the cost of renting
a satellite resource, as the resource is leased
for the entire system, and Ukrainian consum-
ers will pay for the resource in proportion to
the share of total time during which signals
are transmitted between Ukrainian stations.

Other costs will be kept at the previous
level. An increase in costs can be expected if
a mobile station is used to certify VSAT ter-
minal equipment owned by a foreign orga-
nization. In this case, such certification can
be carried out in the form of a session, which
involves the movement of a mobile labora-
tory on the route between facilities in Ukraine
and the inspection and certification of these
facilities lasting 1—2 working days at each
location.

Thus, the combined navigation-gravity
system's proposed scheme will solve the
problem of high-precision positioning and
monitoring of the gravitational field and the
problem of creating a Ukrainian single time
system and Ukraine's entry into the existing
international TWSTFT system.

Conclusions. The combined navigation-
gravity system with the use of geostation-
ary communication satellite can in principle
be created based on CCS «Gravika» using
TWSTFT technology, which will exclude from
CCS «Gravika» the most expensive element
of the frequency standard and use instead
TWSTFT subscriber equipment, which costs
no more than 3 thousand euros. In addition,
the use of TWSTFT technology will solve the
problem of creating a single time system in
Ukraine, which cannot be solved for more
than two decades.

Given the global trend of creating national
gravimetric networks using ballistic gravime-
ters, Ukraine also needs to solve this prob-
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lem, which will cost at least 50 million euros.
The combined navigation-gravity system will
completely solve all the tasks facing the grav-
ity network.

In addition, implementing a combined
navigation and gravity system will solve the
problem of forecasting for 24 hours of seis-
mic events according to the monitoring of the
Earth's gravitational field, which is one of the
most acute problems of safe human activity.

It should also be noted that the results of
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PeasgTuBicTChKa rpaBiMeTpis

C.A. MatBicHKO0"?, 2022

1,A,ep>KaBHe kocMiuHe areHTCTBO YKpainu, AT «HBLI KYPC», Kuis
’HarjioHaAbHUI QHTApPKTUYHUM HAYKOBUU IIEeHTP YKPAlHU

PoboTu 31 CTBOpEeHHS IPUAAAY, KU 3MOKe BUMIPIOBATH IapaMeTpH I'paBiTariiitHoro
noas 3eMAi B kocMoci, 6yao posniouato y AKB «ITiBaenHe» y 2001 p. y pamMkax popmy-
BaHHA IPOrPaMU HAYKOBUX AOCAIAKEHBb Ha KOcMiuHOMY anaparti «Ciu-1M». OcKiabKET
Y CBiTi He 6YAO pO3POOAEHO IPUAAAIB AN Oe31I0CepPeAHBOIO BUMipIOBAHHS IlapaMeTpiB
rpaBiTaliTHOTrO MOASL 3€MAL B KOCMOCI, BUHMKAQ iA€51 BUKOPUCTATH AASI BUPILIIEHHS ITHOTO
3aBAAHHS PeAITUBIiCTCHKUM edeKT «redshift». MoORAMBICTb TpaKTUUHOI peanisartii 1iel
ipel BuaurAa 'y 2008—2010 pp. mip gac peanisariii npoexty YHTL] Ne 3856 «BumiproBanHs
apaMeTpiB IpaBiTAIliflHOTO IOAS 3eMAl 3a AOIIOMOTOIO HaBiraliMHUX CYIyTHUKOBUX
cucTeM». Y paMKax IIbOTo IIPOEKTY BIlepllie 6YAO CTBOPEHO Ta BUIIPOOYBaHO AU epeH-
iaABHUU Papioi3zUuHUM rpaBiMeTp, Y SKOMY SIK A’JKEPEAO BUCOKOCTAOIABHOTO BUIIPO-
MiHIOBAHHSA BUKOPUCTAHO BUITPOMIHIOBAHHS HaBITaliMHUX CYIIyTHHUKIB. 3@ pe3yAbTaTaMu
MIPOEKTY OYAO 3aXUILNEHO AUcCepTarito «PaaiodisnyHni MeTOA BUMIPIOBAHHSA [IapaMeTpiB
TpaBiTaIliiHOTO MOAST 3eMAiI» Ta OTPUMAaHO 4 TaTeHTU YKpalHU Ha BUHAaXIiA, 2 CBIAOIITBa
IIPO @BTOPCHKe NPaBo, oyOAiKOBaHO 16 cTaTell y HAyKOBUX >KypHaarax. ¥ 2012 p. 6yao
OTpUMaHO (pyHAaAMeHTaAbHUM naTteHT Ne 98358 «CriociO BUMIpIOBaHHS IeOAE3WYHUX
IlapaMeTpiB Ta IPUCTPIN AAS HOTO 3AIMCHEHH», AKUY BU3HaHUM y 2014 p. HariKpaium
IaTeHTOM YKpPAIHU B aOCOAIOTHIN HOMIHAIIT y KOHKypCi «Kparnuii maTeHT YKpainm». I1a-
TEHT Al B OCHOBY CTBOPEHHS HaBiraljiiiHoi KOHTPOABHO-KOpPeKTyBaAbHOI cTaHIIil (KKC)
«I'paBika». L]sg pobora 6yra npoposkeHa y AT « HBK «KYPC» — 3 2015 p. — roaroBHa
opranizanig B HKAY 111000 cTBOpeHHSI KOOPAMHATHO-TOAMHHOI Ta HaBiralilnHoOI MepesKi
3a0e3rnieueHHs YKpaiHu. Y 2016 p. cTBOpeHO, cepTHUdiKOBAaHO Ta BBEAEHO B €KCIIAyaTallito
KKC «I'paBika», sika MO’Ke OAHOUYACHO ITPAIllOBATH i IK HaBiraiiiHa 0a3oBa CTaHILis, i 9K
rpaBiMeTp, TOOTO BUPIITyBaTH IIOBHE TeOAe3UUHe 3aBAAHHA. [[puHIIUNI pOOOTH IpaBiMe-
Tpa I'PYHTYETHCSA Ha PEAATUBICTCHKOMY eeKTi «redshift». OaHI€I0 3 OCHOBHUX TEXHIKO-
€KOHOMIUHUX TPOOAEM € HeOOXiAHICTh BUKOPHUCTaHHS BUCOKOCTAOIABHOTO BOAHEBOTO
craHpapTy Yactot y ckaapi KKC «I'paBika», BapTiCTh SKOTO CTAHOBUTL HEe MEHIII SIK
80 tuc. poa.. CILIA. Y pamkax AoroBopy Ne 79/27/03 Bip, 27.03.2020 p. mi>xk HKAY Ta AT
«HBK «KYPC» (mudp «['eoMOHITOPUHT») OYAO PO3POOAEHO KOHIIENIIiI0 CTBOPEHHS Ha
0asi icHy104ol B YKpaiHi MepesKi KOOPAMHATHO-TOAMHHOTO Ta HaBIraliifHOro 3a0e31e4yeHHs
KOMIIAEKCHOI 4iTKOI CUCTeMU reohi3nUHOTO MOHITOPUHTY 3 BUKOopucTaHHaM KKC «I'pa-
BiKa» Ta CyIIyTHUKOBOI CUCTEMU PETPAHCAALIT CUTHAAIB BUCOKOCTAOIABHOTO CTAHAAPTY
yactoth TWSTFT. Take pilteHHS AQCTh 3MOTY BIAMOBUTHCS Bi, BUKOPUCTAHHA CTAHAAPTY
YaCcTOTU KOJKHOI cTaHIil i 1iuM 3HM3UTH BapTicTh KKC i cuctemu 3ararom. Kpim Toro,
pobora KKC «I'paBika» mokasasa MOKAUBICTE IPOTHO3yBAHHS CEMCMIYHOI aKTUBHOCTI
y paaiyci 500 kM Bip cTaHnii. Tako>X, peari3oBaHUU TPUBICHUN BapiaHT rpaBiMeTpa, 110
Q€ 3MOTI'y OAHOYACHO BUMIPIOBATHU aOCOAIOTHI BIAHOCHI 3HAUEHHS IPUCKOPEHHS BIABHO-
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r'o MaAIHHS | KyT HaXUAY BeKTOpa IIPUCKOPEHHS BIABHOTO ITapiHHA. Taki QyHKIIOHAABHI
MOSKAMBOCTI POOASITE Paaiodi3znuHmi rpaBiMeTp He3aMiHHUM IIPY BUKOPUCTaHHI Ha MO-
OIABHMX TPAHCIOPTHUX 3aC00aX, Y TOMY YHUCAI KOCMIYHHX.

KAl040Bi caoBa: papiodismuHUl MeTOA, Mepeska HaBiralliiHoro 3abe3nedeHHs YKpa-
1HM, KOMIIAEKCHA CUCTeMa Ireo(pi3MYHOIO MOHITOPUHTIY, PEAITUBICTCHKUM e(peKT «4yep-
BOHOTO 3MiIlleHHSI».
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