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CONCEPTUAL DESIGN OF GEOPHYSICAL MICROSATELLITE

The research covers issues related to the measurement of Earth gravitational field (EGF) parameters in the space. The
radiophysical method for the measurement of gravitational frequency shift of electromagnetic radiation using existent
GNSS and its two variants have been developed. A geophysical microsatellite has been designed to implement the ra-
diophysical method of EGF measurement and to enable the researchers to monitor the Earth plasmasphere and magne-

tosphere.
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INTRODUCTION.
HISTORY OF EARTH’S GRAVITATIONAL FIELD STUDY

Currently, the satellite measurement of Earth’s
geophysical parameters is one of the fastest grow-
ing areas of remote sensing. Given the crucial im-
portance of timely information on the characteris-
tics of the gravitational field to solve many scien-
tific, technical, and applied problems in geodesy,
geophysics, environmental protection, life safety,
and so on, it can be stated that the research of new
methods and tools for measuring the parameters of
the gravitational field of Earth (EGF) and other
planets of the solar system is very relevant.

One of the first projects aimed at measuring
the parameters of the EGF is LAGEOS (Laser
Geodynamics Satellites). LAGEOS is a group of
research satellites designed to calibrate the or-
bital ranging lasers for studying the geodynamics
and refining the EGF parameters [1].

The LAGEOS spacecrafts (SC) were launched
in 1976 and in 1992. They solved the following
problems:

+ Determination of the Earth’s shape (geoid);
+ Determination of tectonic plate movements
associated with the continental drift.
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LAGEQOS are passive satellites located at a
very stable medium earth orbit (MEQO), which
reflect the laser beam sent from the earth. Due to
this, the position of satellites and the Earth sur-
face points is calculated with very high accuracy.
Each satellite is a sphere having a diameter of
~ 60 cm and a weight of 410 kg. In its thin alumi-
num shell, there are 426 corner reflectors distrib-
uted evenly. Four of them are made of germanium
in order to obtain measurements in the infrared
range for experimental study of reflectance and
orientation of the satellite. The satellites have
neither onboard sensors nor control system. The
measurements are performed by transmitting the
pulsed laser beams from the ground stations to
the satellites. The transit time is calculated with
high accuracy, which allows the ground stations
to measure their scattering with an accuracy
higher than 1 in a thousand miles.

The analysis of data for 11 years showed that
the satellite orbit shifted by 2 meters annually in
the direction of rotation of the Earth. This shift is
99% consistent with the general theory of relativ-
ity predicting the dragging of inertial frames of
reference by rotating body.

The CHAMP (Challenging Minisatellite Pay-
lod) and GRACE (Gravity Recovery and Climate
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Experiment) projects [13] deal with EGF tasks
through precise positioning of satellites using GPS
and laser ranging, with the help of Black Jack re-
ceiver specially developed for this purpose, which
provides positioning with accuracy of 2—3 mm.

The EGF parameters are determined by the
evolution of the satellite orbits, which is control-
led by a network of ground stations. As a result, a
model describing the Earth’s geoid (the surface of
smooth gravitational potential) with an accura-
cy of up to 1 m has been built. The tasks of CA
CHAMP (launched in 2000) and GRACE (laun-
ched in 2003) were to improve accuracy of geoid
radius measurement up to 1 cm at a spatial reso-
lution 550-650 km, i.e. to improve the existing
model by two orders of magnitude due to 16-
channel board GPS receiver that can determine
its current position independently. The TRSR-2
receiver (JPL, USA) receives signals from 12 sat-
ellite GPS; thereafter, in 10 seconds, the onboard
navigation problem is solved as the components
of location and velocity vectors, as well as time
are defined. The data are collected and transmit-
ted to the Earth for accurate reconstruction of
the orbit with an accuracy of about meter, with-
out distortion of GPS signals. The other four
channels of the instrument are used for GPS al-
timetry experiments. The CHAMP project also
includes careful consideration of all the non-gra-
vitational perturbations of the satellite orbit: the
aerodynamic drag, solar radiation pressure, light
reflected from the Earth, and others. To do this,
the satellite is equipped with a STAR accelerom-
eter of National Center for Space Studies of Fran-
ce (produced by the ONERA), which is installed
near the center of mass of the spacecraft.

The spacecraft flights require accurate determi-
nation of their position by ground facilities. For
this purpose, on the bottom plane of the spacec-
raft (250 mm below the center of mass), there is a
laser reflector of the four Laser Retro Reflector
prisms with an aperture of 38 mm. Because of the
reflector’s small size, the distance to the space-
craft is measured with an accuracy of 1-2 mm. In
addition to precise determination of the orbit and

calibration of onboard GPS-receiver the reflector
will be used for the «bicolor» laser ranging expe-
riments. The purpose of the construction of new
laser stations with the lasers operating at two fre-
quencies is to eliminate errors due to the atmos-
phere heterogeneity.

The CHAMP model detects only medium-sized
details of the gravitational field. However, it can be
linked to the results of ground-based measurements
and the above-ocean altimetry data by adding the
necessary elements. It will be possible to convert
the height measured by satellite navigation sys-
tems with respect to the earth ellipsoid with an ac-
curacy of a few centimeters, into the «normal» he-
ight above sea level. Therefore, the expensive geo-
detic measurements will not be necessary anymore.

Within the framework of GRACE project, two
identical spacecrafts, Tom and Jerry, were put into
orbit with a radius of 500 km above the Earth to
collect the most accurate data on EGFE The dis-
tance between the very spacecrafts is 220 km.
Any changes between the spacecrafts are moni-
tored by microwave rangefinder with an accuracy
of up to microns. The spacecraft location above
the Earth is determined by GPS system. The res-
olution is approximately twice better as com-
pared with CHAMP [16].

The result of Tom and Jerry satellites operation
was a new gravity map of our planet. The devel-
oped models allow the researchers to define ac-
celeration of gravity with an accuracy better than
5 mGal at a spatial resolution of 400 km [14].

On July 19,2007, in Turin (Italy), the European
Space Agency presented GOCE (Global Ocean Cir-
culation Experiment) spacecraft for observing the
gravitational field and the ocean circulation re-
gime with the framework of the first Living Planet
ESA mission. The SC is designed to measure the
EGF distribution using ultra-precise gravity gra-
diometer. The main contractor of this project is
Alenia Spazio, an Ttalian company. Astrium Gmb,
Alcatel Space Industries, and ONERA provided va-
rious equipment for the spacecraft (platform gra-
diometer, gradiometric, and accelerometer, res-
pectively).
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SC GOCE [13] has a length of 5 m and a diam-
eter of 1 m. It is equipped with three pairs of tri-
axial gradiometers located at a distance of 0.5 m,
a 12-channel GPS-receiver, and a laser reflector.
The satellite makes it possible to measure the
EGF anomalies with an accuracy of 1 mGal at the
spatial resolution of 100 km; the geoid shape ac-
curacy is 1—2 c¢cm. The GOCE was launched in
2009 from the Plesetsk space-launch complex us-
ing a Rocket launch vehicle. The satellite is locat-
ed at an altitude of about 250 km. Unlike the pre-
ceding spacecrafts in which all the research in-
struments are placed inside, in the GOCE satel-
lite, a part of the equipment is located on struc-
tural elements.

It is planned to obtain with the help of GOCE
spacecraft a unique information that can be used
in a variety of fields: physics of the Earth, ocea-
nography, in studies of the dynamics of moving
ice and sea level changes.

All these projects have a common drawback:
they use the measurements of ballistic parameters
of test bodies in the space, for which it is necessary
to create additional special space facilities and
equipment. In connection with this problem, re-
cently some projects based on measurements of
radio relativistic gravitational frequency shift of
electromagnetic waves of highly stable sources of
electromagnetic radiation of both natural and ar-
tificial origin (for instance, ACES and SAGAS
projects) have been launched on the existing space
and ground infrastructure, in particular, on the ex-
isting global navigation satellite systems (GNSS).

ACES (Atomic Clock Ensemble in Space) is a
project of the European Space Agency, in which
highly stable atomic clock will be placed on the
International Space Station, in 2015. The opera-
tion in a microgravity environment surrounding
the International Space Station will provide stable
and precise coordinates of time for different areas
of research, including general theory of relativity,
time and frequency metrology, and others.

The modern spacecraft equipment comprises a
cesium clock for the long-term stability and a hy-
drogen maser for the short-term stability (or PHA-
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RAO and SHM), which will generate a reference
frequency instability and an error of 1 - 10-16,

Communication in the microwave region (MWL)
and optical connection (ELT) will allow the ACES
clock signals to be available for terrestrial labora-
tories equipped with atomic clock. The compari-
son of atomic frequency standards for the «space-
Earth» and the «Earth-Earth» types will be used
for studying Einstein’s general relativity, includ-
ing for making accurate measurements of the red-
shift of radiation from the International Space
Station to Earth’s surface under the influence of
gravity acceleration (the accuracy of redshift mea-
surement is expected to be 4 - 10~'"), for searching
the temporal variations of fundamental constants,
as well as for analyzing the Lorentz invariance.
The measurement results can also apply to the
field of geodesy, optical transmission of time sig-
nals, and distance measurement. According to the
available data, the ACES clock will work 100 ti-
mes more precisely than the clocks used on mod-
ern GPS satellites.

These experiments on measuring the change in
frequency of radiation under the action of gravity
at the ISS completely complies with the defini-
tion of radiophysical gravimeter [5, 9].

The SAGAS (Search for Anomalous Gravitation
using Atomic Sensors) project was submitted to
the European Space Agency in June 2007, in re-
sponse to the request for proposals within the
framework of the Cosmic Vision 2015—2025 pro-
gram. The proposed mission focuses on the study
of the solar system in 2020—2030 (general theory
of relativity, distribution of mass in the Kuiper
Belt and in the Jovian system, as well as large-
scale gravitational phenomena) over long distan-
ces (up to 53 a.u.l.) using highly sensitive atomic
sensors (optical clock, absolute cold atom accel-
erometer, optical communication), which allow
the researchers to perform measurements with an
accuracy by several orders of magnitude better
than the modern counterparts.

High-accuracy variables (relative frequency, Dop-
pler frequency shift, non-gravitational accelera-
tion) will be calculated combining the fundamen-
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tal data and the measurements obtained. The lo-
cal gravitational potential can be measured with
an error of less than 10-!7 based on the relative
frequency (< 10 cm at the geocentric distance),
which can be obtained for the time-varying parts
of the potential.

In addition, the mission will contribute to the
improvement of the PHARAO cold atom techni-
que and the LISA (Lasers Ineterferometric Space
Antenna) laser communication, as well as to the
development of the ground segment (networked
telescopes for measurements in the deep space
and optical clock) for broadband data transmis-
sion in the solar system.

METHODS OF GRAVITATIONAL
FIELD MEASUREMENTS

The author hereof has developed a method for
measuring the EGF based on measuring the chan-
ge in the frequency of electromagnetic radiation
under the action of gravity followed by determin-
ing the gradient or the gravitational acceleration.
This method can be conditionally divided into
two varieties:

+ Differential radiophysical and
+ Integral radiophysical.

The technical difference between these two ty-
pes is that in the differential method the gravita-
tional frequency shift is measured between the
two receivers of electromagnetic radiation, while
in the integrated one it is measured between the
radiation source and the receiver.

The Differential Method

The differential measurement equation is obtai-
ned as follows: it is assumed that the points with
gravitational potentials u and u, are separated in
height above the Earth at a sufficiently small dis-
tance AH where variable « can be considered vir-
tually linear. Then, expanding u, in series near u,
and being limited with linear terms with respect
to AH, to simplify the analysis, we obtain

ou

Since the vertical gradient of potential is noth-
ou

oH’
then in view of (1) we get the equation £ , from
which one can obtain an equation for determin-
ing the value of g by gravitational shift Af of sig-
nal with frequency f while this signal passes thro-
ugh sufficiently small distance AH in nonuniform
gravitational field:
Af ¢?
T FAH )
Taking into account (2), the error equation for
the case when f and f, are measured separately is
as follows:

o 2 o2 2 52
Sl 5]
g g-AH f

Proceeding from (3) one can conclude that
even having a relative error of frequency synchro-
nization for reference generators located at dif-
ferent heights at the level of 1 - 10-'7 the error of
acceleration of gravity is 10 mGal on the basis of
10 km.

It should be noted that this method provides
for the direct measurement of the difference be-
tween the frequencies instead of ascertaining
separate frequencies, so one can get an equati-

on for the diffe;‘ential method error as follows:

2
Gy O pn O 4t

D

Let us assume that 6, = 100 mGal, i.e.

IfAH=10m,5,,=10"- 10m =10 10'm =
=1 m can be achieved using the same GNSS re-
ceiver and the reference base station.

If height difference is 10 m, then Af =10 - 10 x
x1.5-10°=15-10%Hz.

Due to the fact that 6, / Af = 104, 6, = Af x
x10%4=15-10%.10*=1.5- 10! Hz; this is re-
quirement that is quite realizable.

The radiophysical method was studied experi-
mentally within STCU project no. 3856.

For implementing an experiment to determine
the earth gravitational acceleration near the sur-
face the researchers have used the differential me-
thod for measuring the difference between two

ing else but the gravitational acceleration 9 =

2

Oan
aH? 3)
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frequencies using a CNT-91 frequency counter as
phase comparator which operates in the time in-
terval measurement mode (Fig. 1). Incoming sig-
nal with a frequency of 5 MHz was fed to both
inputs of the frequency counter.

This method allows the researchers to obtain
measurements with high accuracy even with a
relatively inaccurate instrumentation provided
the known value is reproduced more accurately.
The method accuracy increases as the difference
between compared values decreases. For deter-
mining the acceleration of free fall near the earth’s
surface, the equation (2) is used in this case.

To reduce the impact of distance measurement
and instrument errors (which are mostly random)
on the result the data were cleaned from noise
with the use of direct wavelet transform (wavelet
db4, 12 levels of decomposition), thresholding of

S
Q‘«\;\ 1

wavelet coefficients, and subsequent recovery of
the signal [2]. Thereafter, a trend line was built.
The coefficient before the linear term of trend
line equation gives us the magnitude of gravita-
tional frequency shift obtained experimentally.
The time series obtained this way represents the
absolute error of the measurement of relative fre-
quency instability of CNT-91 counter with aver-
aging time of 1 s.

For the CNT-91 frequency counter no. 1 the
coefficient of linear approximation which corre-
sponds to the frequency difference of 8.73 - 1016
and g = 9.81 m/s? gives an error of 1.2%. At the
same time, for the CNT-91 frequency counter
no. 2 the coefficient of linear approximation has
the opposite sign and corresponds to the frequen-
cy difference of 9.04 - 1071, it gives an error of
4.7% for g=9.81 m/s2

AH,
v I
I Input A |
GNSS 5 MLz GNSS "| Frequency meter
receiver receiver Input B CNT-91 <
no. 1 no. 2 > no. 1
4 4 N
A Input A
» Frequency meter
CNT-91 <
o Hydrogen o Input B no. 2
frequency >
standard 7y
10 Synchronization
> PC <

Fig. 1. Flowchart of experiment for determination of acceleration of gravity by two GNSS receivers with two cross-con-
nected frequency counters
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When removing the noise from the data with
respect to the trend line systematic error was sep-
arated. Taking into consideration this systematic
error, the total experimental error is as follows:

+ For CNT-91 no. 1: 0.6%;
+ For CNT-91 no. 2: 2.9%.

Thus, it can be stated that the gravity accelera-
tion at the Earth’s surface can be measured using
two serially produced GNSS receivers having a
special frequency output, on the basis of 10 m with
an accuracy of up to 100 microGal, which is in
good agreement with the theoretical calculations.

The Integral Method

Let us analyze the requirements for the algo-
rithm of frequency shift calculation when the elec-
tromagnetic waves travel from the areas with
weaker gravitational field and experience the gra-
vitational blue shift. In this case [15]:

Mziz(ul_uo)’ (4)
f c

where u,and f, are gravitational potential which
corresponds to the position of radiation source
(e.g., a geostationary satellite transmitter) and
the frequency of carrier signal transmitter at the
same point; «, and f, are the gravitational poten-
tial and the frequency of carrier signal at the ob-
servation point; c is light speed.

The equation (4) which connects potential u,
at the point where the signal has frequency f,,
with potential «, at the point where the signal fre-
quency is f, does not take into account any rela-
tive movement of the signal transmitter and the
receiver and can be expressed by the formula:

u1:u0+c2(1—%), (5)
where u,, u, are unknown Valuesl; f, f, are the sig-
nal frequencies determined directly (or indirect-
ly), which are the initial values for calculating u,
by the formula (5).

Insofar as, in generally, both u, and u, are un-
known, it is necessary to have relations which are
complementary to (5) and link %, and u,. For this,

one can use a well-known model of the Earth

gravitational field. For example, we present the
gravitational potential as expanded in spherical
harmonics [12]:

1+1
u(r,e,A =% :nglmzo($) -B, (sin6) x

x [C,, -cos(mA)+S,, -sin(m))), (6)
where 7, 0, X are spherical coordinates in a coordi-
nate system with the reference point at the center
of mass of the Earth; P, are Legendre polynomi-
als; C,, S, are serial expansion coefficients deter-
mined by experimental data on the stage of the
model development; G, M are the gravitational
constant and the mass of the Earth, respectively;
R is average radius of the Earth.

Equation (6) gives us the necessary relation
between u, and u,, because it describes the gravi-
tational potential at an arbitrary set of points of
the near-Earth space, and consequently, at the
points with potentials « and u,.

The expansion coefficients C, , S, are deter-
mined from the system of equations:

I+1
Qs 5[] n o o st
I+1
+ Szm' sin (mxx[>:| = GT{WZZ:Z;:O (5} X

xP, (sine,/j) [sz : cos(mly) +S,, sin(m ky/)} +

ol
+ci1==L,
where 7

> 0, A_ are spherical coordinates of a set
of points indexed i = 1, 2, ..., I (I is the number of
points), which correspond to I locations of the
signal receiver (f  is frequency of signal received
at these points); ry;, 6y, A,; are spherical coordi-
nates of a set of points indexed j =1, 2, ..., J (J is
the number of points), which correspond to J lo-
cations of the signal transmitter (f, is frequency
of signal emitted at these points).

The coordinates of r;, 0, A, points are deter-
mined on the basis of GNSS measurements. The
coordinates of r,, 0 A, points are determined
on the basis of satellite ephemerides received
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from the GNSS measurements in the navigation
message.

The f, frequencies are measured directly at the
receiver output; the fyi frequencies are determined
using GNSS messages.

The model accuracy is determined by the num-
ber of terms in the expansion of /_, as well as by
the accuracy of determination of r , 6, A ; Ty O
A o £ fori=1,2,., Lji=1,2, .. J[11].

The block diagram of the integral method test
using Gravika software and hardware complex
with DL-V3 GNSS-receiver is showed in Fig. 2.

A project on the experimental study of the in-
tegral radiophysical method is planned to be im-
plemented within the framework of cooperation
with the Kyiv Polytechnic Institute National Tech-
nical University of Ukraine under the Master Ag-
reement between Pivdenne Design Office and hi-

MONITORING OF EARTH’S
PLASMOSPHERE AND MAGNETOSPHERE

The proposed method describes the Earth’s mag-
netic field using a mathematical representation of
World Magnetic Model (WMM). However, the
WMM parameters are determined using the in-
tegral data (which reflect the contribution of the
whole magnetic field spatial profile on the path of
electromagnetic waves) obtained as a result of mul-
ti-GNSS measurements [4].

To restore the geomagnetic field using GNSS
measurements the researchers use a simplified mo-
del that does not take into account the refractive
effects of higher orders for GNSS signals in an in-
homogeneous ionosphere and includes measure-
ments at two frequencies by two receivers on the
basis of known length:

2 LR B[R AS ()£ -a5(4)]

e e N, = ’
gher education institutions of MESU. C.-L (/- 1)
T T Engineeringproducs OEMV3 |
|
T | |
' |
' |
' |
Amplifi N RF uni N Processing |
mpliher “— > unit > unit :
|
' |
|
| : £ |
' |
| I
|
: VCTCXO Inputu—n(i)tutput :
PC | !
| y |
T ]
: !
Time _ 1PS ; .
interval meter Connector PC
‘ :
N
= =
"
A
National primary . Freduenc
standard of time Amplifier L requentcy ;;let(é rﬁy N PC
and frequency units comparator
5 MHz

Fig. 2. Block diagram of the test of Gravika software and hardware complex with DL-V3 GNSS-receiver
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o S LR AS()- 188 ()]
0 C,-cos® L-(ff—ff)—[ff-AS(]ﬂ)—ff-AS(fz)]

Here N_is electron density; H  is magnitude of
the geomagnetic field (field strength); 6 is angle
between H and the direction of signal propaga-
tion; AS = §, — 5, S, S, are pseudo-ranges at
points A and B on the frequency f, measured by
GNSS receivers; C, C are known constants; f is
frequency of GNSS signals; L is pre-measured dis-
tance between two receivers.
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DESIGN-LAYOUT SCHEME OF GEOPHYSICAL
MICROSATELLITES

Taking into account the specific requirements
for the implementation of radiophysical differen-
tial method a gravity-oriented geophysical micro-
satellite was designed. The spacecraft block dia-
gram is showed in Fig. 3.

The microsatellite consists of a hardware car-
rying body made of two separate parts connected
to each other with a yoke consisting of two paral-
lel hinged pantographs with links and rectangu-

EMS receiver
A
I ! |

1
1
I

Case with
equipment

EM attitude
control system

K-loader

Solar panel SC center of mass

H Center of solar radiation
. N andaerodynamic pressure

: Deployment
; mechanism
Case with —D—
equipment
[ —J+—EM attitude

control system

towards Earth

o~ €« —

Fig. 3. Design of SC: a — in-space front view; b — left view;
¢ — view in stowed position

12 ISSN 2409-9066. Science and Innovation. V. 10, no. 6, 2014



Scientific Framework of Innovation Activities

lar solar panels attached. This spacecraft design
makes it possible to align the center of mass and
the center of solar and aerodynamic pressure on
solar cell, which eliminates the effect of external
torque on the spacecraft orientation.

The receivers mounted on the body make it
possible to measure the gravitational field param-
eters using the radiophysical differential method
(that does not exclude the implementation of the
radiophysical integral method) and to monitor
the Earth’s plasmasphere and magnetosphere.

CONCLUSIONS

The geophysical microsatellite project is inno-
vative in terms of both the method of measure-
ment and SC design-layout scheme for the follo-
wing reasons:

+ The radiophysical method allows the research-
ers to measure the gravitational potential and
the gravitational acceleration [5—10];

+ The design-layout scheme of geophysical mic-
rosatellite [3] eliminates the need for an active
stabilization system, ensures constant illumina-
tion of solar panels, removes external disturban-
ce torque, and allows the researchers to measure
the EGF parameters and to monitor plasmas-
phere and magnetosphere of the Earth;

+ The radiophysical method is based on the measu-
rement of relativistic effect (gravitational fre-
quency shift of electromagnetic signal) which is
substantially smaller than the Doppler frequency
effect and the influence of propagation medium.
These issues are not discussed in this paper, but

should be studied in subsequent research.
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[lep:xaBHe TiAITPUEMCTBO
«Koncrpykropebke 610po
"[liBpenne” im. M.K. Sduress»,
JIHiTTpOTIeTPOBCHK

KOHIIETITYAJIbHUI [TPOEKT
TEO®ISNNYHOI'O MIKPOCYIIYTHIMKA

CrarTst IprcBsiYeHa Tpo6JIeMi BUMIPIOBAHHST TapaMeTpiB
rpaBiTaiiiitHoro moJst 3emi 3 KocMocy. ABTOPOM po3po0JIeHO
opuriHaJIbHUI pamiodisunyamnii MeToz i [Ba HOro pisHOBUAN
BUMIpy HapaMeTpiB rpaBiTalliiiHOro moJst 3emi, 110 3aCHO-
BaHWI Ha BUMIpPIOBAHHI TPABITAIIITHOTO 3PYIIEHHS 4aCTOTH
€JIEKTPOMArHITHOrO BUIIPOMIHIOBAHHS 3 BUKOPUCTAHHSM ic-
HYIOUMX TT0GAIbHUX HABIrAliiiHUX CYMYTHUKOBHUX CHUCTEM.
3aIporIOHOBAHO KOHCTPYKTUBHO-KOMIIOHYBAJIbHY CXEMY Te-
0(i3MYHOTO MiKPOCYITYTHHKA, IO peajizye pamiodizuanuii
METO/I BUMIPIOBaHb TPaBiTalliiHOrO 1moJist 3eMiii i 3abe3euye
MOHITOPUHT 1a3Mocdepu i Marnitocepu 3emri.

Knrouoei cnoea: rpasiTaniiine nosue 3emui, pagiodisuy-
HUI MeTo, TI06aIbHi HaBiraIiiiii cymyTHUKOBI CHCTEMH.
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TocynapcrBerHoe npeanpusitue « Konerpykropckoe 610po
"lIOsxnoe" um. M.K. Anrenss, [[HenporerpoBck

KOHIIENITYAJIbHBIN ITPOEKT
TEOOU3NYECKOTO MUKPOCITYTHUKA

Crarbst nocBsiiieHa nmpobJeMe U3MePeHus! MapaMeTpoB
TPaBUTAIMOHHOTO TIOJIT 3eMJIN U3 KOCMOca. ABTOPOM pas-
paboTaH OpUTHHAJIbHBII PaZno(U3NUECKUIT METOJL U €10 JIBe
Pa3HOBU/HOCTY U3MEPEHUS IIApaMETPOB IPABUTAIIMOHHOTO
1oJist 3eMJIn, KOTOPBIi OCHOBAH HA U3MEPEHNUU IPaBUTAIIN-
OHHOTO C/[BUTQ YaCTOTBHI 3JIEKTPOMArHUTHOTO M3JIy4eHUs C
HCITIOJIb30BAHIEM CYIIECTBYIOIIIX TT00ATbHBIX HABUTAIIOH-
HBIX CITyTHUKOBBIX cucteM. [Ipe/yioskeHa KOHCTPYKTUBHO-
KOMIIOHOBOYHAsI cXeMa reo()U3ndecKoro MUKPOCIYTHHUKA,
KOTOpasi peajin3dyeT pagnopu3andecKuii MeTojl u3MepeHunit
IPABUTAI[MOHHOTO MOJIst 3EMJIU 1 00eCTIEYUBAET MOHUTOPHHT
ma3Mocdepbl 1 MarHUTOChepbl 3eMJIN.

Knwouesvie ciosa: rpaBUTAIIMOHHOE TT10JI€ 3eMJIU, PAIIHO-
(usmyecknit MeTos1, ro6aabHbIE HABUTAIIMOHHBIE CITYTHU-
KOBbIE CUCTEMBDL.
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