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Abstract. Global navigation satellite systems, which provide high 

accuracy of navigation, in certain conditions (in tunnels, in closed rooms, 

in conditions of interference, etc.) have restrictions on their use. In this 

regard, in order to ensure "seamless" navigation in any conditions of the 

situation, it becomes necessary to develop new methods and means to 

increase the stability of navigation definitions. The article is devoted to the 

consideration of the problems of creating an integrated navigation system 

using measurements of the parameters of the Earth's gravitational and 

magnetic fields. Requirements for meters of parameters of geophysical 

fields and navigation charts are considered, a number of new navigation 

meters, new methods and means of preparing navigation charts are 

proposed. The ways of development of relativistic geodesy and the 

possibility of using the achievements of gravitational-wave astronomy in 

gravimetry are considered.  

1 Introduction 

The widely used global navigation satellite systems (GNSS) GPS, GLONASS, GALILEO, 

BeiDou provide high potential navigation definition accuracy, global coverage and 

navigation continuity. However, there are a number of situations in which the level of 

received GNSS signals is either below the threshold level, for example, in tunnels, canyons, 

enclosed spaces, or reception of signals is generally impossible (underground, under water, 

on other planets). In addition, the problem of working in conditions of natural and 

deliberate interference, including changes in the power of signals from spacecraft, up to 

their complete shutdown, does not lose its relevance. Modern requirements for the 

reliability and continuity of "seamless" navigation in conditions of interference and 

inaccessibility of GNSS signals require the development of new methods and means to 

increase the stability and reliability of navigation systems. 

One of the way to increase the noise immunity of navigation solutions is to create an 

integrated navigation system based on the use of a correlation-extreme navigation system 

(CENS) operating on the anomalous Earth's gravitational field (EGF) and Earth's magnetic 

field (EMF). It should include an airborne strapdown navigation system (SINS) based on 

the use of accelerometers and gyroscopes, as well as sensors of the current parameters of 
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the EGF and EMF. Since the spatial distributions of the characteristics of anomalous EGF 

and EMF near the Earth's surface are unique and rather stable, the measurements of the 

current values of the parameters of the EGF and EMF can be used for global navigation. 

The most important property of the EGF is its stability over time. Methods of setting 

organized interference to SINS, as well as to onboard navigation sensors EGF and EMF are 

unknown. 

2 Assessment of the achievable accuracy of an integrated 
navigation system using measurements of the parameters of the 
EGF and EMF 

To assess the achievable accuracy of an integrated navigation system using a EGF, its 

mathematical modeling was carried out using a special model. In this case, joint 

measurements of SINS (with drift 1.8 km/h), gravity anomalies (GA) and gravitational 

gradient (GG) (SINS + gravimeter + gradiometer) were used. For modeling, GA maps with 

an average gradient of 4 mGal/km and GG with an average gradient of 30 Eotvos/km were 

used, which corresponds to the foothill (hilly) area. Fig. 1a shows the simulation results 

based on GA measurements, Fig. 1b - according to measurements of the GG, Fig. 1c - when 

using GA and GG together. 

The assessment of the prospective accuracy of navigation by the EMF was carried out 

for a typical area of the Atlantic Ocean with dimensions of 250x500 km with anomalies 

from -800 nT to +1200 nT at the sea level (SINS + magnetometer). In this case, the daily 

variations in the EMF were set in the range of 6÷30 nT. The influence of natural noise in 

the form of magnetic storms was set in the range of 120÷150 nT. Simulation conditions: 

error of the EMF map - 10÷100 nT, SINS drift - 1 mph (1.8 km/h). The simulation results 

are shown in Fig. 1d. 

  
a)        b) 

  
      c)        d) 

Fig. 1. The results of modeling the error of the complex geophysical navigation system: a) by 

measurements of SINS + GA; b) by measurements of SINS + GG; c) by measurements of SINS + GA 

+ GG; d) by measurements of SINS + EMF 

2

E3S Web of Conferences 310, 03008 (2021)
SPATIAL DATA 2021

https://doi.org/10.1051/e3sconf/202131003008



Based on the modeling of the EGF navigation system, the following main results were 

obtained: 

a) with an error of the on-board gravimeter of 1 mGal and an error of the navigation-

gravimetric map of 0.05, 0.1 and 1 mGal, the navigation error is 380, 505 and 710 m, 

respectively; 

b) with an error of the gravity gradient meter 5 Eotvos, as well as with a map error of 1, 

5 and 10 Eotvos, the navigation error was 510, 760 and 1020 m, respectively; 

c) with the combined use of GA and GG, the navigation error is reduced by about 15 % 

relative to the use of these meters separately. 

Based on the simulation results, it is possible to formulate the requirements for the 

meters of the parameters of the EGF to ensure the accuracy of navigation of hundreds of 

meters on hilly terrain: 

- for on-board gravimeters, the measurement error should be 0.5 mGal or less; 

- for gradiometers - no more than 1÷2 Eotvos. 

For the implementation of "seamless" navigation, which should provide an error 

commensurate with the accuracy of GNSS, the requirements are more stringent: 

- for on-board gravimeters, the required error is 0.01 mGal or less; 

- for gradiometers, an error of 0.01 Eotvos or less is required. 

When using the EMF, the currently achievable navigation errors are generally 

commensurate with the EGF and amount to hundreds of meters. 

3 The ground onboard layout for navigation in geophysical 
fields and its testing 

FSUE "VNIIFTRI" has created and tested an onboard model of a ground vehicle navigation 

system for geophysical fields - EGF and EMF. It includes an SINS, a magnetic field meter 

(magnetometer and magnetic gradiometer), and a small-sized onboard gravimeter 

developed at FSUE "VNIIFTRI". 

At the first stage, navigational maps of the magnetic and gravitational fields parameters 

were created. For this, the results of measurements of the EGF and EMF parameters were 

processed on the selected section of the route of movement. At the stage of navigation of 

the mobile carrier, the correction of the onboard SINS drift was performed based on the 

measurement of geophysical parameters in real time. 

When preparing navigation maps, measurements were carried out in the Moscow 

region. To create a map of free fall acceleration, measurements were done with a 

discreteness of 3-5 km along the route. Further, on the basis of a digital model of terrain 

heights and data on geological structures, high-precision interpolation was performed to 

increase the resolution of the map to 30 m.  

Fig. 2 shows the results of testing the layout. The actual and calculated trajectories of 

the vehicle are shown in Fig. 2a. Blue line - this is the real trajectory of the prototype, 

calculated from the measurements of the GNSS navigation receiver. Red line – trajectory 

obtained from SINS measurements. For 50 minutes of movement, SINS has accumulated a 

position determination error of more than 3 km. Green Line - this is the result of the 

correction of the SINS trajectory based on the use of data of EGF and EMF parameters.  

Fig. 2b shows a graph of corrections of SINS readings in time. Correction intervals did 

not exceed 4 minutes. In general, when using information about the current EGF and EMF 

parameters, the navigation error on the route did not exceed 900 m. 
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     a)          b) 

Fig. 2. Test results of the ground onboard layout for navigation in geophysical fields: а) test route; b) 

example of correction the SINS 

4 Problems of creating gravimetric and magnetometric 
navigation systems 

The main problems of gravimetric navigation systems: 

1) the problem of preparing high-precision maps of the parameters of the EGF. To solve it 

you need: 

- increasing the degree and order of the EGF models to increase their spatial resolution; 

- expanding the park and improving the accuracy of land, sea and air meters of the EFG 

for the preparation of regional and local navigation maps; 

- increasing the accuracy of the elevation maps of large areas by 10÷100 times, which 

requires the creation of a fundamentally new measuring base; 

- creation of space gradiometers with an accuracy of 10
-4

÷10
-5

 Eotvos to prepare maps 

of remote land and sea areas. In the foreign space project GOCE [1], the achieved error in 

measuring the gradient was 0.001 Eotvos, in the GRACE project [2], the error is an order of 

magnitude less. At the same time, the use of data from these meters makes it possible to 

create maps only with a resolution of the order of 100 km; 

2) the problem of creating high-precision onboard sensors of the EGF. The accuracy of 

onboard sea and air gravimeters achieved to date is 0.5÷1.0 mGal, the accuracy of onboard 

gradiometers is 10÷100 Eotvos. To create "seamless" gravimetric navigation systems, an 

increase in the accuracy of the listed onboard gravitational sensors is required, at least by 1-

2 orders of magnitude. 

Problems of magnetometric navigation systems: 

1) the problem of improving the global model of the EMF. If we take into consideration 

the models of the EMF, then in terms of the number of expansion coefficients they are 

much inferior to the models of the EGF. The BGGM model [3] has the highest degree and 

order (1440), which includes the main geomagnetic field and the field of crustal anomalies. 

However, it should be noted that the existing global model of EMF anomalies EMAGv2 

has a resolution of 2 arc minutes [4], which corresponds to a spatial resolution of about  

3.5 km. Increased spatial resolution is needed; 

2) the problem of regularly updating the EMF model. An important feature of the EMF 

is its variability over time due to the instability of the solar parameters. Magnetic 

observatories and magnetovariational stations are used to account for variations in the 

parameters of the EMF. Due to the variability of the EMF, to refine its global model, 

additional measurements of its parameters are required once every 4-5 years. 
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The park of the EMF parameters meters, in contrast to meters of the EGF, is quite 

extensive. There are magnetometers for measuring both the total value of the EMF 

(quantum, proton, etc.) and its components (fluxtage). The sensitivity of the existing 

magnetometers is at the level of picoTesla units (pT), the errors are less than 1 nT, and the 

measurement frequency is up to 1000 Hz. Existing magnetometers can be used for land, 

sea, air and space measurements of magnetic field parameters. 

5 Features of navigation maps of the gravity field 

5.1 Possibilities of using modern models of the EGF 

The simplest way to prepare navigational gravity charts is to use global gravity field 

models. At the same time, based on the results of modelling gravitational CENS, the 

required spatial resolution of the maps should not exceed hundreds of meters at present, and 

in the future - units to tens of meters. 

There are a large number of models of the EGF of various degrees and orders. The most 

famous foreign models of the maximum degree and order of 2190 are EGM2008,  

EIGEN-6C4 and GECO [5]. These models provide a spatial resolution of about 18 km, 

which is insufficient for navigation. In Russia, the most famous models of the EGF are  

PZ-90.11 [6] and GAO2012 [7], which have a degree and order of 360. These models have 

a spatial resolution of about 111 km. 

In FSUE "VNIIFTRI" in 2017, a gravitational field model was created, which is a fully 

normalized harmonic expansion coefficients of the geopotential in a series in spherical 

functions up to the degree and of the order of 720 (spatial resolution about 53 km) [8]. The 

model parameters are obtained from joint processing of the original satellite and ground 

measurement data. 

The values of geodetic parameters, the list and numerical characteristics of the 

parameters of the general terrestrial ellipsoid, used in the development of the model, 

correspond to the values of these parameters for the PZ-90.11 coordinate system. 

The assessment of the accuracy of the gravitational field model was carried out by 

comparing the gravity anomalies calculated on the basis of the created model and the 

measured values of the gravity anomalies at three high-precision test sites in different parts 

of Russia: Central, Northwestern and Eastern. The total number of measurement points is 

276. At the same time, the created model is also of little use for creating navigation maps, 

since has an unsatisfactory spatial resolution. Therefore, it is necessary to further search for 

methods to increase the spatial resolution (detail) of navigation maps. 

One of them is based on the creation of high-resolution regional models of the EGF [9]. 

Another method is based on the use of additional information of the topography and density 

of the underlying rocks (see Section 5.2). One of the possible solutions is to search for 

pronounced anomalies of the gravity field, ensuring high accuracy of navigation, for 

example, in mountain gorges and in the buildings of reinforced concrete and brick 

structures (see Sections 5.4-5.5). 

5.2 The method of increasing regional gravity maps accuracy and spatial 
resolution 

The simplest solution to increase regional gravity maps spatial resolution are methods 

based on the interpolation of the measured gravity values. However, such methods have 

low accuracy, since significant errors in interpolation introduce uncertainties of the 

topography and rocks density ignorance at the distance between the original nodal points. 
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The essence of the proposed method is illustrated in Fig. 3 [10]. Free fall acceleration g 

at a point on the Earth's surface can be represented in the form [11]: 

0
,

h H
g g g g


 


            (1) 

where 
0   is the normal Earth gravity field; 

hg   is an anomalous addition due to the 

geodetic height of a point; 
H

g   is an anomalous addition due to the influence of an 

intermediate layer of rocks enclosed between the surface of the Earth's ellipsoid and the 

physical surface of the Earth; g    is an anomalous component of gravity caused by 

the influence of the inhomogeneity of the density of rocks below the surface of the 

ellipsoid. 

The quantity 
0  is determined by the well-known equation: 

2 2

0 1
(1 sin sin 2 ),

e
g              (2) 

where 
eg   gravity value at the equator; ( ) /p e eg g g   ; 

p
g   gravity value at the pole; 

   point latitude; 
1

2
,/ 4 / 8     α  common terrestrial ellipsoid compression. 

Value δgh is determined by equation: 

0,3086
h

g h   ,       (3) 

where h – point geodetic height. 

The abnormal addition due to the influence of the intermediate layer 
Hg  is generally 

determined by equation: 

2
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H

км i

G v
g
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   ,       (4) 

where G – gravity constant; 
i

  – unit cell density of rocks in the intermediate layer; 
i

v  – 

unit cell volume of the intermediate layer rocks; 
ir  – distance to the unit cell of the rocks 

of the intermediate layer. 

 
Fig. 3. The proposed method scheme 

The abnormal addition g


  is unknown, however, at the i-th point with known values 

of g
Measured

 (taken from the map, or measured), this value can be calculated based on 

equation (2): 

_ 0
( ) ,Calc Measured Calc

i i h H i
g g g g


 


          (5) 
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where sum 
0

( )
Calc

h H i
g g     calculated by the above equations (2), (3), (4). 

Unit 
H

g  can be calculated by equation (4) according to the known information about 

the terrain heights and the values of the density of rocks around the point g
calc

. These data 

are freely available in the form of digital elevation models [12] and digital rock density 

models [13]. Information about the heights of the relief is presented in the form of a set of 

rectangular prisms; therefore, the component 
2( ) /i i iG v r   in equation (4) is calculated as 

follows: 
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    (6) 

where G – gravity constant; 
i

  – unit cell density of rocks; ξ1 and ξ2 – coordinates of the 

corners of the prism along the X axis; η1 and η2 – coordinates of the corners of the prism 

along the Y axis; ζ1 and ζ2 – coordinates of the corners of the prism along the Z axis; 

2 2 2
R x y z   , where x, y and z – calculation point coordinates. 

For two neighboring points gN and gN+1, using formulas (2), (3), (6) and (5), the values 

N
g


 and 

1N
g

 
  are determined, on the basis of which interpolation to the intermediate  

i-th point is carried out by the equation: 

_ 1
,( ) /

Interp

i N N N
g g g g l L

       
            (7) 

Where 
_

Interp

i
g


  – interpolated value of gravity anomaly; 

N
g


  and 

1N
g

 
  – calculated by 

equation (5) gravity anomaly at the extreme points of the interpolation profile; L – the 

length of interpolation profile; Δl – interpolation interval. 

As a result, the gravity value 
Calc

i
g at the intermediate i-th point is determined by the 

ratio: 

0 _
( ) .

Calc Calc Interp

i h H i i
g g g g


 


           (8) 

The estimation of the method accuracy was carried out on the example of the measuring 

profile in Moscow region. The profile consists of 31 measurement points with a distance of 

≈ 5 km between them. Using the proposed method, the gravity values were interpolated to 

intermediate points with a distance of 30 m between them. At eight new randomly selected 

points, control measurements were carried out using the CG-5 Autograv gravimeter. The 

error of the proposed method is estimated from the difference 
Calc Measured

i ig g g   . 

The results of evaluating this difference showed that the modulus of g  values do not 

exceed 1.1 mGal. For comparison, the accuracy of classical method of linear interpolation 

was estimated on the same measuring. Calculations have shown that the values for the 

classical method reach 3.3 mGal, which is significantly higher than in the proposed method. 

The proposed method is advisable to use to improve the accuracy and spatial density of 

existing regional gravity maps. 
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5.3 Examples of maps of anomalous values of the parameters of the EGF and 
EMF 

Examples of maps of parameters of anomalous EGF of hilly terrain, built on the basis of the 

EGF model of FSUE "VNIIFTRI" and anomalous EMF, built according to the EMAGv2 

model, are shown in Fig. 4. 

  
     a)        b) 

  
c)        d) 

Fig. 4. Examples of maps of anomalous values of the parameters of the EGF and EMF for the foothill 

relief  

The given cards have the following characteristics: 

a) anomaly of gravity: range of changes from -90 to +80 mGal; 

b) component of the EGF gradient 
yy xxW W W   : range of changes from -40 to +35 

Eotvos; 

c) component of the EGF gradient 
xyW : range of changes from -12 to +12 Eotvos; 

d) anomaly of EMF induction: the range of changes is from -400 to +800 nT. 

As can be seen from Fig. 4, the anomalous values of the parameters of the EGF and 

EMF in hilly terrain significantly exceed the errors of existing mobile gravimeters, 

gradiometers and magnetometers, and therefore are able to provide acceptable navigation 

accuracy. 

5.4 An example of a map of a highly informative anomalous Earth gravity 
field in a mountain gorge 

Examples of maps of parameters of a highly informative anomalous Earth gravity field in a 

mountain gorge, built on the basis of FSUE "VNIIFTRI" Earth gravity field model and the 

method presented in Section 5.2, are shown in Fig. 5. A sample of a mountain gorge was 

taken from a section of the Grand Canyon near Las Vegas, Nevada, USA. In the selected 

area, the depth of the gorge is ≈ 400 m, width varies from 100 to 900 m. Maps of gravity 
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gradients 
yy xxW W W   and 

xyW  are prepared for two variants of movement of the 

navigation object: 1) flying at an altitude of 50 m above the channel of the gorge (Fig. 5a 

and 5c); 2) flying at an altitude of 300 m along the sides of the gorge (Fig. 5b and 5d). 

  

a)         b) 

  

c)       d) 

Fig. 5. Examples of maps of highly informative anomalous Earth gravity field for a mountain gorge 

The given maps have the following characteristics: 

a), b) component 
yy xxW W W    of the Earth gravity field gradient: range of changes 

from -120 to +150 Eotvos; 

c), d) component 
xyW  of the Earth gravity field gradient: range of changes from -240 to 

+240 Eotvos; 

The assessment of the navigation accuracy showed that the anomalous values of the 

Earth gravity field in the mountain gorge are capable of providing navigation accuracy of 

the order of hundreds of meters. 

5.5 Example of the gravity field anomaly map for buildings 

Examples of maps of parameters of a highly informative anomalous gravity field, 

constructed on the basis of information about the characteristics of the building and the 

method presented in Section 5.2, are presented in (Fig. 6). To model the spatial distribution 

of gravity values, gravitational gradients, 
yy xxW W W    and 

xyW  a building model of 

the following design was used: 

- length, width, height: 18х10х9 m; 

- number of floors: 3; 
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- density of foundation and floor material: 2300 kg/m
3
; 

- material density of walls and partitions: 1800 kg/m
3
. 

 
a)     b)     c) 

Fig. 6. Examples of gravity field anomaly maps for buildings 

The given maps have the following characteristics: 

a) the change in gravity values between floors is ≈ 300 μGal; 

b) the change in the component of the gravitational gradient 
yy xxW W W    along the 

floors of the building is from -190 to +110 Eotvos; 

c) the change in the component of the gravitational gradient 
xyW  along the floors of the 

building is from -22 to +20 Eotvos. 

The assessment of the navigation accuracy showed that with the existing meter errors, 

the anomalous values of gravity field parameters in the building are capable of determining 

the position of the consumer with an error of no more than 1 m [14]. 

6 New ground meters for preparing gravity maps 

6.1 The existing park of ground-based gravimeters 

The existing fleet of ground-based free fall acceleration includes laser absolute ballistic 

gravimeters (AG) and high-precision relative gravimeters (RG). 

AG are designed to measure the absolute value of free fall acceleration by measuring 

the free fall time of an optical corner reflector at a known height. The park of widely used 

AGs includes a number of foreign gravimeters from Micro-g LaCoste (FG-5X with an error 

of 2 μGal, FG-L - 10 μGal, A-10 - 10 μGal) [15], as well as Russian absolute gravimeters 

(GROT - 4 μGal, GABL - 10 μGal) [16]. The state primary standard of the unit of 

measurement of free fall acceleration in the Russian Federation has an error of 2 µGal [17]. 

The secondary free fall acceleration standard based on AG FG-L is located at FSUE 

"VNIIFTRI". 

AG can be used to create a network of control points with absolute free fall acceleration 

values. The distances between them can be tens or hundreds of kilometers. A common 

disadvantage of all types of AGs is the significant required measurement time at one point, 

which is 20÷30 hours. 

To build a detailed map, RGs are used, which are designed to measure the increment of 

free fall acceleration relative to a known reference value. The main feature of RG is high 

10

E3S Web of Conferences 310, 03008 (2021)
SPATIAL DATA 2021

https://doi.org/10.1051/e3sconf/202131003008



efficiency (no more than 20÷30 minutes per point) and high measurement accuracy. Among 

foreign RGs, which are widely used to create navigational maps, one should mention the 

relocatable RG Scintrex CG-6 with an error of 5 μGal (Canada) [18] and mobile air RG 

GT-2a with an error of 0.5 mGal (Canada) [19]. Among domestic mobile sea-based RGs, 

one should mention the Chekan-AM mobile gravimeter, the Shelf model, with a 

measurement error of less than 0.5 mGal [20]. 

6.2 Atomic interference absolute gravimeters 

Recently, in many countries of the world, the direction of creating absolute gravimeters and 

gradiometers has been widely developed, the principle of which is based on the interference 

of material waves (de Broglie waves) of ultracold atoms. The use of the wave properties of 

ultracold atoms makes it possible to implement atomic interferometry methods that are 

sensitive to the acceleration of gravity. Currently, the development of such devices in 

France [21], China [22], USA [23] and a number of other countries are known.  

The measurement time with cold atoms gravimeters is about an order of magnitude 

shorter than in absolute ballistic gravimeters and is about 1 hour per point. At the same 

time, the measurement error is already on the order of 3÷5 μGal, which is commensurate 

with the errors of absolute ballistic gravimeters. The prospective achievable error of cold 

atom gravimeters is about 10
-3

 μGal. 

The FSUE "VNIIFTRI" is creating a gravimeter on cold atoms based on the experience 

in the development of quantum frequency and time standards (FTS) of the "fountain" type 

[24].  

6.3 Digital zenith camera for determination deflection of vertical 

Since the last decades, with the advent of small-sized telescopes and highly sensitive 

astronomical cameras based on CCD and CMOS technologies, digital zenith cameras 

(DZC) for determination deflection of vertical (DOV) have become widespread, based on 

the comparison of astronomical and geodetic coordinates of the telescope location [25]. 

DZC are fully automated and allow to determine the current values of the DOV 

components ξ, η in real time with an error of 0.1″÷0.3″ within a time interval of no more 

than 1 hour. 

The FSUE "VNIIFTRI" has developed an DZC based on the use of a digital small-sized 

telescope, an optical CCD-matrix, as well as specially developed software [26, 27].  

The main feature of the developed DZC, in comparison with existing domestic and 

foreign samples, is a new measurement method. In this method, in each series of 

measurements, the calibration coefficients of the DZC are estimated, which makes it 

possible to take into account their change between series of measurements. This eliminates 

the process of initial calibration of the device, which increases the efficiency and 

productivity of night measurements. At the same time, the requirements for ensuring the 

rigidity of the horizontal base are reduced, which opens up new possibilities for carrying 

out field measurements on unprepared sites. 

The tests of the DZC were carried out in various geographical points of the North-West 

region of Russia (in the Novgorod, Moscow and Kaluga regions). 

During the tests, which were carried out in May-August 2018, measurements were made 

over 14 observation nights. On each observation night, 10 measurements were performed 

with the duration of measurements at each point not exceeding 45 minutes. The standard 

deviation of the DOV components measurements was in the range of 0.07"÷0.25" (Fig. 7). 
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Fig. 7. Errors in determining the components of the DOV 

6.4 Modernization of the horizontal gravity gradiometer 

Horizontal gravity gradiometer E-60, the principle of operation of which is based on the use 

of a torsion balance, allows the determination of horizontal gradients of gravity [28]. The 

device weighs about 70 kg. The device is controlled and readings are carried out manually. 

This requires a trained operator and significant measurement time. Increasing the accuracy 

and efficiency of the gradiometer measurements is possible with the use of modern optical 

measuring technologies and measurement processing methods. For example, in [29], when 

replacing the optical eyepiece E-60 with a digital camera and using a modern barcode rail, 

it was possible to reduce the error of the gradiometer from 2 to 0.2 Eotvos. 

A prototype of a gravitational gradiometer with a capacitive measuring system has been 

developed at FSUE "VNIIFTRI" (Fig. 8а). A rotary platform is used to orient the prototype 

to a certain azimuth. This allows an increase in the amount of measurement information and 

measurements in any given azimuth using remote access. In addition, the prototype 

implements an automatic alignment system using linear actuators. Ultimately, this leads to 

a significant reduction in measurement time and complete automation of the measurement 

process. 

To assess the sensitivity of the prototype, an experiment was performed using a 

perturbing weight of a cubic shape with a length of 10 cm and a weight of about 20 kg. 

(Fig. 8b). The sensitivity of the first version of the device is estimated at 8÷10 Eotvos. 

Currently, work is underway to increase the sensitivity.  

  
a)         b) 

Fig. 8. Gravity gradiometer: а) prototype; b) experiment scheme 
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6.5 Quantum level 

In 2015, at the Prague IAG conference, a special resolution was adopted "On the definition 

and implementation of the International Height Reference System (IHRS)" [30]. According 

to this resolution, the equipotential surface of the geoid should be taken as the reference 

surface when determining the height, and the height of any point on the Earth should be 

measured relative to it. It is proposed to determine these heights through the equivalent 

difference of gravitational potentials 
0G мС     , which is called the geopotential 

number. Here 7 2 2

0 6,26368534 10 m /s    is the gravitational potential on the surface 

of the geoid, which is constant for any latitude and longitude; 
m  – potential at the 

investigated point, the value of which is determined by the spatial coordinates of the point 

in the International Terrestrial Coordinate System ITRF. 

On the basis of this resolution, since 2017, the International Association of Geodesy 

IAG has created the IHRS service, the main task of which is to establish a single high-

precision global system of heights. IHRF Implementation Strategy Working Group 

established. 

In the new system for determining heights, the measured physical quantity is the 

difference in gravitational potentials. According to the general theory of relativity, the 

physical effects directly related to the difference in gravitational potentials are the effects of 

gravitational frequency shift and gravitational deceleration (shift) of time. These effects are 

currently measured using highly stable FTS. In turn, the geopotential number in the first 

approximation is linearly related to the difference between the orthometric heights of the 

geoid and the point under study through the value of the gravitational acceleration. 

For stationary ground-based atomic clocks, the formula for these effects is presented in 

the following approximate form [31, 32]: 

2 2
,GR GR m m ORTf C g H

f c c





   
    

where 
GR  is the effect of the gravitational divergence of the time scales of the FTS on 

the time interval  ; GRf

f


 – gravitational displacement of the frequency of the master 

oscillator of a highly stable FTS; 
mg  – absolute value of free fall acceleration; 

0m mC      – geopotential number; c is the speed of light; 
ORTH  – the required 

difference in orthometric heights. 

The International Global Geodetic System GGOS has established a requirement for 

measuring the geopotential number with an error of 10
-2

 m
2
/s

2
. As follows from the 

previous formula, in order to achieve such an accuracy, a TFS with a relative instability of 

10
-19

 is required, and the error in measuring the difference in the orthometric heights of 

points on the Earth's surface is 1 mm. 

The set of tools necessary for measuring the geopotential number and the corresponding 

difference in orthometric heights includes two spaced FTS and a system for their 

synchronization. Such a complex can be called a quantum level [33]. Compared to a 

classical level, its error is weakly dependent on the distance between the studied points and, 

depending on the capabilities of the synchronization system, it can perform global 

measurements. Synchronization can be performed using GNSS, VLBI signals, as well as 

using fiber-optic communication lines (FOCL). The synchronization error for GNSS and 

VLBI is 0.1÷0.3 ns. The achievable error of comparing two frequency frequencies using 
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FOCL is 10
-17

÷10
-19

, which is shown both in foreign [34, 35] and in Russian experiments 

(Physical Institute named after P.N. Lebedev RAS, FSUE "VNIIFTRI"). 

At FSUE "VNIIFTRI", two models of a quantum level was created based on a 

relocatable quantum hydrogen clock with an instability of 1∙10
-15

 

and 4∙10
-15

. On their basis, experiments were carried out to measure geopotential numbers 

between the State Standard of Time and Frequency, located at FSUE "VNIIFTRI" and 

points in the Caucasus (height difference +1804 m) [36], as well as in Nizhny Novgorod 

(height difference minus 65 m) [37]. Synchronization on the route of movement of the 

relocated FTS and at the points of measurement was carried out using GLONASS signals. 

Experiments have confirmed the performance of both layouts. 

In order to improve the accuracy of comparing the time scales of two FTS of a quantum 

level, a method of relativistic synchronization of FTS based on compensation of relativistic 

displacements of the time scale on the FTS movement path was proposed and tested by 

measuring the current coordinates and velocity using the GLONASS onboard navigation 

equipment [38]. With a path length of up to 1000 km, the expected error of the method, 

determined by the capabilities of modern navigation equipment in differential mode, is a 

few picoseconds.  

In addition to measuring the difference in orthometric heights, a quantum level opens up 

a number of other possibilities: 

1. Improving the accuracy of transporting the time scale using mobile FTS based on 

relativistic synchronization. The method was experimentally confirmed when the FTS 

moved along the Moscow-Irkutsk highway over a distance of more than 5000 km [39]. The 

time scale transmission error did not exceed 150 ps, which is significantly better than when 

using other methods. 

2. Creation of a distributed network of quantum levels for continuous monitoring of the 

difference in orthometric heights (geopotential numbers) between remote points. The 

scheme of such a monitoring system includes the Central FTS, regional FTS, mobile FTS 

and various synchronization systems between them. It is proposed to name the central FTS 

with the highest stability (10
-18

÷10
-19

) "Quantum tide gauge", by analogy with the Kronstadt 

tide gauge in the system of classical levels [33]. With respect to the quantum tide gauge, 

changes in orthometric heights are counted across the entire network of quantum levels. 

The "Quantum tide gauge" network will allow creating a single altitude base of the country 

with the same altitude determination error at any point: on the islands, in the Arctic region, 

etc. The reference mismatch of the time scales of terrestrial TFS can be performed using 

FOCL, the method of relativistic synchronization, the Duplex synchronization complex, 

quantum-optical system (QOS) and using the GLONASS spacecraft. The conceptual 

diagram of the “Quantum tide gauge” network is shown in Fig. 9. 

 
Fig. 9. An approximate diagram of the "Quantum tide gauge" network 
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Abroad, in particular, in Europe, ground-based networks for monitoring geopotential 

numbers are already being created on the basis of FTS with an instability of 10
-17

÷10
-18

 

using synchronization systems based on fiber-optic lines. In the GGOS system, according 

to a similar scheme, it is planned to create the IHRF International Height Reference 

System. 

In addition to the main task, the "Quantum tide gauge" network will allow monitoring 

the current values of the components of the deviations of the plumb line: 

   2 12 1

2 1 2 1

1 1
,

yx

ср срx x y y

  
 

 


     

 
, 

where ,    the components of the DOV in latitude and longitude; 
2 1 2 1,x x y y    

distance between measurement points along the OX and OY axes; 
2 1    the difference 

in gravitational potentials between the measurement points; 
ср   the average value of free 

fall acceleration between the points of measurements. 

7 Space meters of gravitational field parameters 

7.1 Foreign space gravimetric projects 

Space gradiometer. To date, the highest level of accuracy in measuring the gradient in 

space has been achieved on a gradiometer made in the form of 3 orthogonal pairs of triaxial 

spherical microaccelerometers placed on the geodetic satellite of the European Space 

Agency GOCE [2]. The project started in 2009 and completed in 2013. In this project, 6 

highly sensitive ball-in-a-sphere microaccelerometers are placed around the satellite's 

center of mass and, due to their design, allow measurements along 6 × 3 = 18 axes. The 

distance between accelerometers along each axis is 0.5 m. The error of each accelerometer 

along all three measuring axes is about 2∙10
-12

 m/s
2
, which is close to the thermodynamic 

limit of mechanical accelerometers. The measurement error in such a gradiometer is 

approximately (2÷3)∙10
-3

 Eotvos, or about 10
-6

 relative to the magnitude of the Earth's 

gradient. Based on the results of 4-year measurements, the global EGF model was refined. 

Judging by the latest publications, new, more advanced versions of the GOCE project 

are not planned abroad yet. This is because gradiometers of this type have approached their 

accuracy limit. 

Satellite-to-satellite meters. Measurements along the "satellite-to-satellite" line in order 

to clarify the parameters of the gravitational field were first implemented by NASA in the 

low-orbit system GRACE (2002-2012) [1]. This system consists of two satellites moving in 

tandem in the same low orbit at a distance of 220 km from each other. The current mutual 

distance was monitored using a specially created high-precision radio-technical rangefinder 

with a measurement error of 1 μm, which ensured a sufficiently high accuracy in 

determining the anomalies of the gravitational field. The absolute error in measuring the 

gradient is 10
-4

 Eotvos. 

Currently, a new version of this GRACE-FO project is being implemented (since 2018) 

[40]. This project uses high-precision laser measurements of the relative motion of two 

satellites with an error of 30÷50 nm. This will make it possible to obtain a higher accuracy 

of measurements of the parameters of the EGF. A similar project is being implemented in 

China. In addition, the concept of the GRACE-2 system, based on the use of networked 

multi-satellite systems, is being developed. 

Space radio altimeters (altimeters). The world leader and monopolist in the field of 

space altimeters creation is the foreign company Thales Alenia Space. For three decades, it 
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has been producing onboard altimeters for monitoring the surface of the world's oceans, ice 

cover, hydrology, as well as for detecting anomalies of the Earth's gravitational field and 

sea surface slopes. The achieved level of accuracy in measuring slopes, judging by the 

advertisement, is 10
-6

 radians (1 cm per 10 km). The range of the company's products 

includes standard altimeters, altimeters based on synthetic aperture radar, as well as 

altimeters in interferometer mode. 

The idea of using GNSS signals for bistatic radar was proposed by one of the authors in 

the 90s of the last century [41]. At present, space bistatic radio altimeters based on GPS and 

GALILEO GNSS signals are being actively studied abroad. Successful space experiments 

with such a device were performed by SSТL (Great Britain) [42]. At the University of 

Birmingham (Great Britain), experiments are being carried out with a radar of this type 

with its placement on board a helicopter [43]. A similar device was installed on board the 

CHAMP geodetic satellite; it is supposed to be used in the ACES space experiment; 

Germany is planning the GEROS experiment on the European segment of the International 

Space Station [44]. In the United States, the first stage (8 satellites) of the multi-satellite (24 

satellites) bi-static radar system CYGNSS using GPS signals for radio backlight was 

implemented [45]. The objectives of the experiments are observation of the ocean surface, 

including the survey of its height profile coinciding with the geoid surface. 

In 2011, an operating aviation radar was created in Russia on the reflected signals of 

GNSS GLONASS [46], radio images of real surface objects were obtained simultaneously 

from several angles from a height of about a kilometer. Flight altitude was measured at the 

same time. The radar can be used for high-precision measurement of the ocean surface 

elevation profile and, accordingly, the geoid elevation profile in the mode of direct 

measurement of the BT signal phase, as well as in the radio interferometer mode. 

Space laser gradiometer. Abroad, within the framework of the LISA PATHFINDER 

project, created in the interests of detecting gravitational waves, a space experiment was 

carried out in 2016 to accurately measure the relative motion of two free masses inside the 

spacecraft [47]. A laser interferometer of a special design was used for measurements. The 

measurement error was 10
-15

 m. This experiment is the basis for the creation of a low-orbit 

space laser gradiometer with a precision that is several orders higher than the accuracy of 

the GOCE gradiometer. 

Space meter of gravitational potential. The European Space Agency plans to implement 

the ACES space project in 2019 [48], one of the goals of which is to measure the current 

gravitational potential between low-orbit satellites and ground-based radio and laser 

stations. For this purpose, the frequency and time standard of the fountain type PHARAO 

with an instability of 10
-16

÷10
-17

 is placed on board the spacecraft. The implementation of 

the project will allow linking the high-altitude foundations of all continents into a single 

system with an error of less than 1 m. 

7.2 Russian developments of a bistatic radio altimeter based on GNSS 
signals 

Determination of the geoid profile is one of the main tasks of geodesy, gravimetry and 

oceanography. The surface of the geoid coincides with the surface of the World Ocean in 

the absence of disturbing forces such as wind, ocean currents, tides and conditionally 

continues under the continents. When describing a geoid, one resorts to the concept of a 

geoid height - the elevation of a geoid over an ellipsoid. 

The principle of operation of the bistatic altimetry system based on GNSS signals is 

based on the reception of direct and reflected signals from GNSS navigation spacecraft 

(NSA). Direct signals are received by a weakly directional antenna directed towards the 

"zenith" (Fig. 10). Signals reflected from the ocean surface in the vicinity of the point of 
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specular reflection are received by an antenna directed to the nadir. To solve the problem of 

determining the height to the reflecting surface, it is necessary to determine the difference 

between the propagation time of the direct and reflected signals, the coordinates and 

velocities of the receiver and the satellite. In addition, it is necessary to know the received 

signal strength, the model of the reflecting surface, tropospheric and ionospheric delays. 

The advantage of a bistatic space radio altimeter based on GNSS signals is a large 

number of simultaneous measurements of the height above the water area. When using the 

signals of 30÷40 visible satellites of the GLONASS, GPS, GALILEO, BaiDou, INSS 

systems, independent measurements can be performed on the same number of tracks at the 

same time. In a classic mono radio altimeter, measurements are taken along one track. 

As noted, in 2011, an operating aviation radar based on reflected signals from GNSS 

GLONASS was created in the Russian Federation [46]. 

 

Fig. 10. To an explanation of the principle of operation of a bistatic radio altimeter based on reflected 

GNSS signals 

The basic equation of the bistatic altimetry system for determining the height of the 

geoid in a simplified form can be written as follows: 

2 sin

r d
g eH H

 




 


, 

where Hg  the height of the geoid; He  geodetic height; θ  angle of incidence / reflection 

of the signal; ρr and ρd  distances traveled by reflected and direct signals. 

This method, based on the increments of the geoid heights, also makes it possible to 

determine the values of the DOV components: 

( , )

,

( , )

x y

x y

h

l
 





, 

where 
( , )    DOV component in latitude or longitude; 

( , )x yh   increment in height 

between two points along the OX or OY axis; 
( , )x yl   distance between two points along 

the OX or OY axis. 

There are several methods of bistatic GNSS radio altimetry for determining the height 

of the geoid: code, interference, phase method and method of fixing the signal-to-noise 

ratio (S/N method). 

To test the code method and the S/N method of bistatic GNSS altimetry, a number of 

experimental measurements of the height from a bridge over the water surface of the 

reservoir were carried out at FSUE VNIIFTRI [49]. Receiving antennas were located on the 

bridge at point 1 (Fig. 11). The direct signal was received by the antenna directed "towards 

the zenith", the reflected signals - by the antenna "towards the nadir". The true height above 

the water was measured using a laser rangefinder. 
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Fig. 11. Place of the experiment: p.1 - the location of the receiving antennas 

Measurement results: 

1) the difference between the true height and the height measured using the code 

method (static error) was 0.05 m; 

2) the difference in the same heights, measured on the basis of the S/N method, is 0.01 

m. 

Providing the conditions for the necessary excitement of the reflecting surface and the 

required elevation angles of the satellite is not always a feasible task in field measurements. 

Therefore, to test the phase method for determining the height above the reflecting surface, 

an anechoic shielded chamber (Fig. 12) was chosen, equipped with a GNSS simulator and 

wall-mounted navigation signal emitters. 

 

Fig. 12. The experimental scheme in an anechoic chamber 

Fig. 13 shows the results of testing the phase method with a smooth change in the height 

of the receiving antenna located on a movable mast. It can be seen that even with a rapid 

change in altitude, starting from the 300th second (40 cm in 30 seconds), phase disruptions 

did not occur. The root mean square error of phase measurements did not exceed 2 mm. 
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Fig. 13. Experimental results when changing the height of the mast: up to 100 s, lowering the 

antennas down, from 300 to 330 s, raising the antennas up 

Methods of bistatic radio altimetry based on reflected GNSS signals are suitable for 

constructing geoid height profiles in the waters of the World Ocean. With a large number of 

simultaneously received signals from navigation spacecraft, one onboard GNSS-radio 

altimetry system is capable of giving much more measurement information in one pass of 

the spacecraft than an active altimeter. When using the phase method of measuring the 

profile of the geoid height, it is possible to achieve the centimeter level of accuracy. 

7.3 Space laser gradiometer 

As noted above, in the GRACE space mission, to measure active accelerations caused by 

the residual atmosphere, pressure from the Sun, etc., accelerometers of very high accuracy 

are placed on both satellites: their error should not exceed 10
-11

÷10
-12

 m/s
2
. This is a very 

complex devices, which greatly complicate the onboard satellite equipment. 

To exclude the installation of ultra-precise accelerometers on board a gravimetric 

spacecraft, a space gradiometer on free masses (FM) moving inside the spacecraft is 

proposed. [50, 51]. The second gradient of the gravity potential on board the spacecraft is 

calculated by measuring the difference in the gravitational forces acting on the FM, which 

move along one axis. The difference in the acting gravitational forces is calculated from the 

relative motion of the SM, the parameters of which are measured using a laser 

interferometer (Fig. 14). To increase the effective distance between free masses, it is 

possible to use several pairs of reflecting mirrors, Fabry-Perot resonators, and optical fibers. 

The main advantage of the proposed gradiometer is the possibility of placing it on board 

one spacecraft without the need for an onboard high-precision accelerometer. 

To assess the main parameters of the gradiometer, a software-mathematical model was 

developed. Modelling was carried out with the following initial data: satellite flight altitude 

– 250 km; discreteness of reports – 1÷10 s; airborne laser interferometer error – 0.01·10
-9

 

m; distance between free masses – 1 m. Based on the simulation results, the achievable 

sensitivity of the device was established: 0.0001÷0.00001 Eotvos. 
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Fig. 14. The principle of operation of the laser gradiometer 

Currently, the development of a ground-based model of a space laser gradiometer is 

being carried out. In this case, the results obtained when creating a transportable laser 

interferometer according to the Michelson interferometer scheme will be used. 

7.4 Promising directions of gravimetric research 

7.4.1 The concept of "Relativistic Geodesy" 

Relativistic geodesy is a branch of higher geodesy that studies the influence of gravitational 

fields on the accuracy of space-time geodetic measurements. Without her conclusions, it is 

impossible to implement the strict requirements of the GGOS project. This direction of 

geodesy is rapidly developing both in Russia and abroad [for example, 33, 52]. 

The main task of relativistic geodesy is to establish the dependence of the measured 

geodetic length, time intervals, and frequency of FTS on the parameters of the EGF and the 

speed of movement on Earth and in near-Earth space. 

Studies have shown that many factors affect the length of the measuring instruments, 

the frequency and the time scale of the FTS in the earth's rotating ITRS frame [33]. Below 

is the calculated level of influence of various relativistic and gravitational factors of near-

Earth space on changes in length, frequency and time in relative values: 

GR GR GRl f

L f





  
  :  

- the difference between the gravitational potentials of the Earth at the points where the 

measuring atomic clock is located: at level 10
-9

-10
-10

; 

- speed difference between space and ground atomic clocks: at level 10
-9

÷10
-10

;  

- difference in centrifugal potential at the points of the watch: about 10
-12

; 

- irregularity of the Earth's rotation, which includes deviation of angular velocity, 

nutation, precession, and wobble of the pole line: 10
-16

÷10
-17

; 

- tidal potential change in spacecraft orbit: 10
-14

; 

- solar pressure: 10
-15

; 

- tidal potential change on earth: 10
-15

; 

- change in potential in orbit due to zonal harmonics of the EGF: 10
-13

. 

The directions of development of relativistic geodesy are: 

- Development of the relativistic theory of the interaction of FTS and electromagnetic 

waves in the atmosphere with the EGF in the Earth's rotating frame of reference ITRS at 

high velocities of the meter. 

- Improving the accuracy of measurements of radio and optical geodetic, navigational 

aids, as well as means of synchronization of the FTS due to the correct consideration of the 

influence of relativistic phenomena in the EGF. 
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- Measurement of relativistic effects (RE) on the Earth and in space in order to 

determine the characteristics of the EGF and geodetic parameters of the Earth's figure. To 

date, the relative error in the measurement of relativistic effects in GNSS, for example, 

GALILEO with airborne FTS with a relative instability of 10
-14

, has reached a value of 

5( )
10

( )

RE

RE

   [53, 54]. When using onboard optical frequency standards with frequency 

instability up to 10
-17

÷10
-18

, the relative measurement error of relativistic effects in space 

geodetic radio lines will increase to 10
-8

÷10
-9

, which corresponds to the best samples of 

geodetic instruments. 

One of the practical outputs of relativistic geodesy (sometimes this direction of geodesy 

is called "Chronogeodesy") is to create a distributed network "Quantum tide gauge". It can 

be considered as an element of the IHRS global system of uniform heights being created. 

7.4.2 Relativistic characteristics of the near-earth "gravitational medium" 

The peculiarity of ground-space measuring radio lines for geodesy and navigation is that 

they run in the Earth's gravitational field, crossing the atmosphere. At the same time, they 

are considered from the terrestrial reference system ITRS (International Terrestrial 

Reference System), rigidly connected with the rotating Earth. In this system, due to the 

principle of equivalence in the general theory of relativity, an additional gravitational field 

(field of inertia forces) induced by rotation appears in near-earth space, the action of which 

on an electromagnetic wave is similar to the action of the true gravitational field of the 

Earth. Therefore, the task was to determine the relativistic refractive properties of near-

Earth space, including the atmosphere, and relativistic additions to the parameters of radio 

wave propagation. The solution of the problem was carried out on the basis of the methods 

of the general theory of relativity [55]. In this case, Maxwell's tensor equations and 

generalized tensor material relations were used, which carry information about the 

atmosphere, gravitational field and rotation of the reference frame. For an electromagnetic 

wave in a moving isotropic conducting medium, the wave equation and the corresponding 

dispersion relation are obtained, the solution of which is the expression for the generalized 

refractive index of the near-Earth space [56, 57]: 
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where ∆na=na-1, na is the refractive index of the atmosphere; φ  gravitational potential of 

the GPP; Ω0  angular velocity of the ITRS system rotating with the Earth; R  the current 

radius vector of the radio wave; e  radio wave vector; с  the speed of light. 

In the plane of the Earth's equator, the value of the refractive index of this “gravitational 

medium” varies from 1.55∙10
-6

 on the Earth's surface to 10
-5

 in the geostationary orbit, 

which is commensurate with the characteristics of the ionosphere. At the same time, its 

influence on the propagation parameters is much higher, since this medium extends from 

the Earth to the geostationary orbit. 

Another spatial characteristic of the "gravitational" near-earth medium is the coefficient 

of gravitational frequency conversion, or frequency activity: 

    2 22 1
12 2

1
1

2
F

c c

 
   0 2 0Ω R Ω R , 

where φ is the gravitational potential of the EGF; indices 1 and 2 refer to the start and end 

of the propagation path, respectively. 
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The coefficient F determines the frequency-transforming properties of the near-earth 

"gravitational medium" in the rotating ITRS reference frame. It does not depend on the 

properties of the atmosphere and the speed of movement of the source and receiver of the 

radio wave and is determined only by the difference in gravitational potentials at the ends 

of the propagation path. 

In addition, the "gravitational near-Earth medium" can be characterized by the index of 

relativistic refraction, as well as the index of the relativistic polarization of an 

electromagnetic wave [33]. 

In general, the near-earth "gravitational environment", from the point of view of radio 

wave propagation, has the following properties: 1) anisotropy, which leads to different 

delays of the counter rays; 2) inhomogeneity, which leads to refraction of radio and laser 

beams; 3) gravitational frequency conversion of radio and laser beams; 4) rotation of the 

plane of polarization of radio and laser beams; 5) commensurability of properties with the 

real ionosphere. 

The proposed approach greatly simplifies the calculation of the parameters of radio 

waves and laser beams in high-precision space geodetic systems. 

7.4.3 Laser gravitational-wave antennas as an «engine» for ground and space 
gravimetry 

Currently, scientific projects are being developed in the world to create gravitational-wave 

antennas (GWA) on the Earth's surface and in space. The main task of the GWA is to 

register the movement of mechanical systems due to the effect of space curvature during 

the passage of a gravitational wave. 

The most developed are ground-based laser interferometric detectors of gravitational 

waves: american gravity antenna LIGO [58]; antenna VIRGO, Pisa, Italy [59]; antenna 

GEO600, Hanover, Germany [60]; antenna КAGRA, Tokyo, Japan [61]. In 2015, two 

LIGO GWA laser detectors recorded gravitational waves for the first time. The wave 

originated from the merger of two black holes at a distance of 1.3 billion light-years away 

from Earth [58]. 

The most important technical characteristic of LIGO laser interferometers is the 

extremely high achieved sensitivity to changes in the distance between the mirrors. It is 10
-

18
 m, which is about 5-6 orders of magnitude more accurate than most of the widely used 

ground-based laser interferometers. This opens up new opportunities for their improvement. 

Therefore, the achievements in the creation of GWA can be considered as an «engine» for 

development of laser interferometers for both scientific and applied purposes. 

In recent years, space projects of GWA have been actively developing, which represent 

a cluster of three or more spacecraft, each of which has two test masses. The mirrors of the 

laser interferometric intersatellite rangefinder are fixed on these masses. [61]. The most 

famous projects of such GWA are: LISA [62], DECIGO [64], TianQin [65], LAGRANGE 

[66], GEOGRAWI [67]. 

FSUE "VNIIFTRI" has developed a project for a domestic space GWA placed on the 

orbit of the GLONASS system: «SOIGA» (Space Optical Interferometric Gravitation 

Antenna) [68]. The antenna includes 4 inter-satellite laser interferometers in each orbit, 

while the effective length of the interferometer arm is 144 thousand km. The length of the 

detected gravitational waves is in the range of 0.01÷10 Hz. When creating SOIGA, it is 

supposed to use the existing developments for the creation of elements of GLONASS 

satellites and the accumulated experience in their launch and maintenance. Ultimately, this 

leads to a decrease in the cost of creating a GWA. 

The most important practical application of the experience in the creation of ground-

based GWA and the design of space GWA is the creation of promising high-precision 
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space gravity gradiometers. It is important to note that along this path the gravimetric 

projects of all countries-developers of known GNSS are being developed: GPS, GALILEO, 

BaiDou, IRNSS, QZSS (Fig. 15). There is a hope that such developments in the future will 

provide high accuracy in the creation of global navigation-gravimetric maps in the interests 

of navigation through the gas processing plant. 

 

Fig. 15. GNSS and gravitational wave antennas developers 

8 Conclusion 

Thus, autonomous navigation based on the use of the parameters of the Earth's gravitational 

and magnetic fields is one of the most effective directions for the development of assisting 

GNSS technologies in difficult conditions. The navigation error for the EGF and EMF is 

currently hundreds of meters. However, in the future, it is possible to reduce the error to 

units of meters, provided that the following tasks are solved: 

- refinement of global planetary models of the EGF and EMF; 

- creation of a park of high-precision on-board gravimeters and gradiometers; 

- creation of more accurate space laser gradiometers; 

- improving the accuracy of quantum levels based on highly stable standards of 

frequency and time and high-precision synchronization to ensure a high-precision high-

altitude base of large areas (the “Quantum tide gauge” network); 

- creation of gravimetric instruments of a new type based on GNSS signals: bistatic 

multi-position radio altimeters; 

- development of methods for operational preparation of navigation-gravimetric and 

navigation-magnetometric maps using GNSS; 

- development of methods and means of the direction "Relativistic geodesy"; 

- planning the use of the achievements of ground-based and space laser gravitational-

wave astronomy in gravimetry. The creation of laser gravitational-wave antennas can be 

considered a locomotive in the development of laser gradient-metric systems. The margin 

for the achievable accuracy of laser interferometers based on the achievements of laser 

gravitational-wave antennas is 5-6 orders of magnitude, which is a significant incentive for 

the development of optical means of ground and space geodesy. 
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