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Abstract. We present the results of experimental studies of electron content in the ionosphere over the territory of the
Republic of Belarus based on data from global navigation satellite systems. The results of measurements of the precise
positioning system of the Republic of Belarus and navigation data of GPS satellites in RINEX format were used as input data.
Expressions for calculation of the total electron content using the two-frequency method and a combination of measurements
by phase and code delays are given. Algorithms for eliminating cycle slip and determining differential code biases are used.
Examples of calculating the vertical electron content over the Republic of Belarus at different moments of time are
demonstrated. The obtained results are reasonable to use in monitoring of the ionosphere in order to provide reliable operation
of radio systems, detection of ionospheric anomalies of natural and artificial origin, as well as forecasting of natural
phenomena on their basis.
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AnHoTanus. [TpuBoasATCSA PE3ysIbTAaThl SKCIEPUMEHTAIBHBIX HCCICNOBAHUIT KOHIICHTPALMH 3JIEKTPOHOB B HOHOChepe
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POAHBIX SIBIEHHUH HAa MX OCHOBE.

KiroueBble ciioBa: nonocdepa, pagnoroMorpadus, MoJHOE 3IEKTPOHHOE COAEPKAHUE, BEPTUKAIBHOE JIEKTPOHHOE
coziepKaHue, rI00aabHas CIy THUKOBAsI HAaBUTAI[MOHHASI CUCTEMa, HAaBUTallMOHHBIH CUTHAJI

KonpaukT nHTEpecoB: aBTOPHI 3asBISIIOT 00 OTCYTCTBHH KOH(IHKTa HHTEPECOB.

HUudopmanus 06 aBropax: Haymos Arexcandp Onecosuy — KaHAUIAT QU3HKO-MaTEeMaTHYECKUX HAYK, 3aBEAYFOIIUI
nabopatopueid MHcTuTyTa npukinangHoid ¢usukn HammonanpHOM akamemuun Hayk bemapycwm. https://orcid.org/0000-0002-
4624-9261. E-mail: naumov@iaph.bas-net.by; Xuapcxuu I[lemp Anexcandposuu™ — KaHAUIAT TEXHUYECKUX HAYK, JIOLCHT,
BeIyIINH HayyHBIH cOTpyaHUK MHCTHTYyTa mpukiagHoil ¢usnkn HanmonansHo#t akanemun Hayk benmapycwu. https://orcid.
org/0000-0003-3404-3917. E-mail: pierre2 009@mail.ru; bviunes Huxuma Heopesuu — MIaamvii HaydHBIH COTPYIHUK
WncturyTa npuknaaaoit ¢pusnku HarmonaneHoit akagemun Hayk bemapycu. https://orcid.org/0009-0002-4208-1788. E-mail:
nick.byshnev@gmail.com; [lemposckuii Huxuma AnOpeesuy — MAaAIINN HAyYHBIH COTpyIHUK VHCTUTYTa MpHKIAaIHOU
¢m3uku HarponansHoit akanemun Hayk benapycu. https://orcid.org/0009-0007-5926-6339. E-mail: petrovskij.nico@gmail.com

Braanx aBropoB: Haymos Anexcandp Onecoéuy — 000CHOBaHME KOHIEHIMH HCCIeNOBaHMs, GOPMYIHPOBAHUE UICH,
HCCIIeIOBATENIbCKUX LIeNIeH U 3a1a4, pa3paboTka METOJOJIOT U U MOZIGNIU uccieioBaHus; Xuapckuii [lemp Anexcanoposuu —
cOop ¥ cucTeMaTH3anus AAHHBIX, IIPOBEACHNE CPAaBHUTEIBHOIO aHATIH3a, HAIMCAHUE TEKCTa pyKomucH; buiunes Hukuma
Heopesuy — 06001IeHNEe 1 MHTEPIPETAIIHS PE3YIBTAaTOB HCCIIEIOBAHNUS, paboTa ¢ TpapuueckuMU MaTepuanamu; [lemposckuil
Huxuma Anopeesguy — KOMIBIOTEPHOE M MATEMATUIECKOE MOJCTHPOBAHUE.

Jas murupoBanusi: OnpeaeseHne KOHIEHTPAIIMK JIEKTPOHOB B HOHOChepe Haja Tepputopueil Pecriy6onuku benapych
10 JaHHBIM ITI00ATbHBIX HABUTAIIMOHHBIX CyTHHUKOBBIX cuctem / A. O. Haymos [u np.] / Bec. Hai. akaa. HaByk benapyci.
Cep. ¢i3.-toxH. HaByK. — 2024. — T. 69, Ne 1. — C. 53—64. https://doi.org/10.29 235/1561-8358-2024-69-1-53-64

Tocmynuna ¢ pedaxyuiro: 05.07.2023

Vmeepowcoena k nyonuxayuu: 07.09.2023

Ioonucana 6 nevamo: 15.03.2024

Introduction. An important parameter, which is used in various fields of practical activities, is the
concentration of electrons in the ionosphere. As is known, the ionosphere contains ions and free
electrons, which scatter radio waves and can affect the transmission of radio signals. The propagation
of radio waves through the ionosphere is difficult depending on the concentration of electrons and leads
to distortions of the radio signal passing through it [1, 2]. Consideration of this information is extremely
important for satellite radio navigation, radio communications (especially for long distances), radar
systems, etc. Thus, the assessment of electron concentration in the ionosphere allows prediction and
understanding the state of the ionosphere and improvement of the performance of communication,
location and navigation systems. In addition, estimation of distribution of electron concentration in the
ionosphere is important for studies of radio wave propagation in the atmosphere, climate, natural
hazards, etc. [1, 3-5]. All these areas are related to forecasting and modeling of ionosphere state and its
disturbances, and therefore require reliable data on distribution of electron concentration.

One of the most effective means of studying the ionosphere in recent times is radio-tomography.
It allows with the help of satellite transmitting and ground receiving station probing the ionosphere in
a wide spatial and temporal range and applying tomographic methods to reconstruct the distribution
of electron concentration. Such a radio tomographic system includes a group of satellites moving on
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circular or elliptical orbits, and a system of ground receiving stations (Figure 1). The important advantage
of the method of radio-tomography is that it allows obtaining information about changes in the
distribution of electron concentration in the ionosphere in real time, which in turn makes it possible to
ensure the stability of technology and communication systems that depend on the ionosphere.

GNSS
satellites

_— GNSS receivers —

Figure 1. Principle of ionospheric tomography based on data from global navigation satellite systems

Design and development of global satellite navigation systems (GNSS) has opened new opportunities
for research of ionosphere. Among the centers involved in these studies should be distinguished [6—15]:
National Center for Atmospheric Research (Boulder, USA); Space Radio-Diagnostic Research Center,
University of Warmia and Mazury (Olstyn, Poland); Institute for Space-Earth Environmental Research
(Japan); Max Planck Institute for Solar System Research; Institute of Space Science (Malaysia);
Ionosphere Research Unit, Belgian Institute for Space Aeronomy (Belgium); Department of Physics

of the Earth, Astronomy and Astrophysics I (Geophysics and Meteorology), Complutense University
of Madrid (Spain); Abdus Salam International Center for Theoretical Physics (Italy) and others.

This work is the first in a planned series of articles devoted to the development and research
of algorithms and software for radiometric three-dimensional monitoring of distribution of electron
concentration in the ionosphere over the territory of the Republic of Belarus. The purpose of this paper
is to develop a method for determining the total electron content (TEC) in the ionosphere over the
territory of the Republic of Belarus from data of global navigation satellite systems.

Generalized structural scheme of calculating the electron content in the ionosphere. The
process for determining the electron content in the ionosphere based on GNSS is complicated by
interference and distortions associated with the reception, transmission and features of the environment
of satellite signals [3]. The key problems include [1, 2]: satellite signal cycle slip, phase ambiguity and
the presence of differential code biases. All of these factors lead to noise, distortion, and bias of the
estimates relative to the true value of the electron content. Thus, correction methods are needed to improve
the quality of GNSS-based estimates of electron content in the ionosphere. Based on the analysis of the
literature in this area, as well as research and practical experience of the authors in ionospheric radio
tomography and related areas, a structural scheme was developed to solve the problem (Figure 2).
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Figure 2. Generalized structural scheme for calculating the total electron content in the ionosphere
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The input data for such system are the results of observations of the satellite system of precise
positioning of the Republic of Belarus and navigation data of GPS satellite systems [16]. All data are
provided in the RINEX format [17], example of which structure is shown in Figure 3.

Header

Section

SMR i3 mapped to RINEX anr flag value [0-9)
L1 & L2: min(max(int (s
2019 B 1 o

19 1 1 0 O 0.0000000 0 8G02G15G13G20G25G29G05G21
124177953.623 6 96762047.96444 23630276.953 23630279.621
40.500 24.800
110152519.821 8 85833155.57346 20961328.984 20961333.996
50.100 37.200 Data
113004405.117 7 88055366.00045 21504014.602 21504019.145
47.700 33.500 Section
124395654.568 6 96931557.20443 23671672.141 23671676.449
40.400 21.300
126887960.315 7 98873827.90744 24145991.781 24145999.723
42.200 25.400
105915984.871 &8 82531954.02446 20155142.375 20155146.977
52.700 41.700
118442429.182 7 92292977.39845 22538882.836 22538887.848
46.800 30.000
124003275.312 6 9662591B.36144 23597031.633 23597034.770
41.800 24.400

Figure 3. Structure of a file in RINEX format

After processing and transformation of input navigation data from RINEX-files we obtain estimates
of phase and code pseudoranges, as well as angular coordinates of satellites. For a given time moment
calculation of the total electron content in the ionosphere is reduced to the following stages (examples
are shown in Figure 4 and described below in the article in the relevant sections):

calculation of the total electron content on the paths connecting the navigation satellites and ground
receiving stations, based on phase (stage a) and code pseudoranges (stage b);

calculation of the total electron content based on a combination of measurements obtained from
phase and coded pseudoranges (stage c);

detection of satellite radio signal cycle slip and correction of total electron content (stage d);

estimation of satellites and receivers differential code biases and correction of total electron content
on their basis (stage e);

calculation of the vertical total electron content (stage /) and its visualization on the geographical map.

Calculation of total electron content. The principle of radio tomography ionosphere is based on
measurements of time delays of radio signals in the atmosphere (troposphere and ionosphere), which
depend on several factors [1, 15, 18]: seasonal and daily variations of electron concentration in ionosphere
and gas composition in the troposphere; angle of location and azimuth of satellite relative to ground
receiving station; latitude and longitude of location. The ionosphere is a dispersing medium in which the
degree of delay of radio signals depends on frequency. Gas temperature, concentration of free electrons
and plasma density of ionosphere non-linearly depend on height (Figure 5). The principle of ionospheric
radio tomography is based on this property. It is important to note that the troposphere is not a dispersing
medium, so measurement of delays in it by radio tomography systems is impossible.

Reconstruction of ionosphere is based on the use of projections of the electron concentration,
observed by ground-based GNSS receiving stations from different directions during the movement of sa-
tellites [19-21]. In this calculation, the input signals are the values of radio signal delays at the locations
of GNSS ground receiving stations, while the output signals are the measured projection values equal to
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Figure 4. Results of calculations of total electron content by code data of GPS satellites (@), phase data of GPS satellites (b),
after combination code and phase data (c); after cycle slip correction (d), after correction of differential code biases (e)
and vertical total electron content (f). Observation results are given for one ground station
(in the city of Lepel). Different colors mean 32 different GPS satellites
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Figure 5. Dependence of ionosphere parameters on height: gas temperature and free electron concentration (@);
plasma density (b) on height

the total electron content along the satellite-receiver path. As the satellite moves, there is a sequence
of projections at different angles relative to the observation area. The total electron content is defined as
the number of electrons in a cylinder with a base area of 1 m”, which connects the satellite with the
ground receiving station. It is expressed in TEC Units (TECU), where 1 TECU is defined as 10'° electrons.
The total electron content is the linear integral of the electron density along the radio wave propagation
path. The lag of the radio signal is related to the integral electron concentration by the formula [1, 15, 18]:

dion = iz [n(S)dS = izTEc,
S5 S

where d, , — ionospheric delay, m; 4 = 40.28 — constant characterizing refraction of the ionosphere,

m’/s%; f — the frequency of the radio signal, Hz; n(S) — concentration of electrons along the path S;
TEC = [ n(S)dS.
s

Since radio tomography ionosphere is based on measurements of time delay of radio signal, here are
the basic relations for these measurements. In the absence of obstacles to radio-wave propagation, the
range between the satellite and the ground receiving station is determined by the formula

P=(T.~T)e, (1

where 7} is the time of signal reception, s; 7, is the time of signal transmission, s; ¢ = 3:10° — the speed of
light in vacuum, m/s.

In satellite radio navigation the range calculated by expression (1) is a pseudorange, as it is calculated
without correction for the difference between the satellite clock and the receiver clock [1, 2]. Provided
that the radio signal passing through the ionosphere undergoes a delay and at the same time is radiated
with wavelengths A, and A,, then the pseudoranges for each of them will be equal [1, 2]:

P =P+d,, +d

trop + C(Srl + gsl); PZ =P+d,

ion2

+ dtrop + C(Srz + 852)7 (2)

onl

where P, P, — pseudoranges at two wavelengths A, and A,, m; d,,,, d,,,, — ionospheric delay at
corresponding wavelengths %, and &,, m; d,,,,, — tropospheric delay, m; ¢, and &, — signal delays in the
receiver and satellite equipment, s.
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At the same time, it is possible to measure the phase delays of signals and obtain pseudorange values
on its basis [1, 2]:

MOy =P+ @i T 7\’1(Ptropl — (e teg) TAMNG Moy =P+ Ao, + )\’Z(PtropZ — e ten) T AN, (3)

where ¢, and ¢, —measured phase values at wavelengths A, and ,; ¢, , —phase shifts due to the ionosphere;
®y0p — Phase shifts due to the troposphere; N, and N, are phase ambiguities at two wavelengths A, and A,
due to the integer number of wavelengths at the measurement distance.

Using the approximation given by [22]:

Qion1 = — dionl/y\‘lﬂ Qion2 ™ — dionZ/)\’Z; (PtropZ == dtrop/xl’ (ptrop2 == dtrop/}\‘Z' (4)
Finally using (1)—(4), we can obtain the pseudoranges:

d

P4 = P2 - Pl =d, ionl + C(Srz - 81rl) - C(Ssz - Ssl)’

ion2

L4 = )\‘I(PI - )\‘2([)2 = di0n2 - dionl + C(SrZ - grl) - C(SSZ - 8sl) TN,
where P, — pseudoranges difference, obtained from the delay times at the two wavelengths A, and A,;
L, — pseudoranges obtained from phase delays at two wavelengths A, and A,; N = AN, — A, N, — phase
ambiguities due to the whole number of wavelengths at the measurement distance.
Delay differences at different frequencies (called differential code biases) are denoted as follows:
Di=ey—gy; D

S

T & T 8- (5)

Thus, we obtain estimates of the TEC value:

2,2 2 r2
TEC, =%[%J[a +e(D, +D,)], TEC, :%[%JEL4—N+c(Dr+DS)], ©)

where TEC, — estimation of the total electron content obtained from the difference in arrival times of the
radio signal at the two frequencies f,, f,; TEC, — estimate of the total electron content obtained from the
phase difference of the radio signals at the two frequencies.

Elimination of phase ambiguity and calculation of combined TEC. The P, and L, values are
measured in the presence of noise. In this case the measurements L, are much less noisy compared to P,,
but there remains the problem of phase ambiguity in determining the value of N. Thus, TEC estimates
obtained from code data are usually characterized by a large fluctuation error (see Figure 4, a), while
TEC estimates based on phase data are characterized by systematic errors (see Figure 4, b) associated
with ambiguity. Under such conditions, the need for a method that eliminates the problem of phase
ambiguity becomes obvious, in order to ensure high accuracy of the measured parameters. This is done
by using the phase alignment procedure TEC, to TEC, obtained from the pseudoranges. In this phase
alignment procedure, first the alignment constant B is determined by averaging over small time-
difference intervals P,—L, [23, 24]:

B=L Y[R - L] =N, )
k=1

where K — number of measurements; £ — time index.

In order to minimize the effects of multipath and noise at low elevation angle in the estimation of the
alignment constant B, it is recommended to limit the range of measurements considered, to data obtained
within 10° of the peak elevation angle of each arc. As a result, a combined TEC estimate can be obtained:
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2,2
1
= N /o [(B+Ly)+c(D,+D,)] @)
40.28 | 12— 2 ‘ s
O\ =12

Thus, the proposed approach will combine the advantages of the two methods for determining the
total electron content in the ionosphere — by the difference of time and phase delays. Such a method has
less noise emissions, and therefore allows a higher accuracy in estimating the total electron content in
the ionosphere (see Figure 4, c).

Detection and correction of satellite navigation signal cycle slip. One of the problems in the post-
processing of navigation signal data is the problem of cycle slip, which is a discontinuity in the phase
synchronization of the satellite signal receiver (Figure 6). The causes of cycle slip are [2]: power loss,
very low signal to noise ratio, receiver software failure, satellite oscillator failure, ionospheric distortion,
obstacles in the signal path (buildings, trees etc.). Under such circumstances, when the satellite reappears,
tracking resumes.

Instantaneous
phase jump

A (integer number
of cycles)

Measurement

Pseudorange is
unaffected

Time

Figure 6. An example of a double difference cycle slip [2]

Cycle slip has the greatest effect on phase pseudoranges. If slippage occurs, its correction is
necessary. Cycle slip detection algorithms are used together with correction, among which methods [25]
stand out: Turbo Edit (TE), Melbourne—Wiibbena wide-lane ambiguity (MW WL), forward and backward
moving window averaging (FBMWA), etc. The best efficiency is characterized by modifications of the
FBMWA algorithms, but they are not applicable for real-time processing [25]. The essence of this
algorithm is reduced to the calculation of the mean value of the phase and its standard deviation in each
of the epochs of observation. An epoch is defined as a time of continuous observation of a signal, when
the data are not interrupted for more than a set value (for example, 60 s). When the current phase estimate
differs from the average value in the previous epoch by more than the threshold value (6 standard
deviations are most commonly used), cycle slip is considered detected and an appropriate correction
is introduced to eliminate the slip. An example of the operation of such an algorithm is shown in Fi-
gure 4, d.

Determination of differential code biases and subsequent TEC correction. Another problem
arising in the estimation of the total electron content of the ionosphere are differential code biases
(DCBs) — these are systematic errors or biases between two observations of the GNSS code at the same
or different frequencies [26]. DCBs are necessary for both navigational (code positioning of GNSS
receivers) and non-navigational tasks [2]. Correct determination of DCBs is of key importance for
ionospheric analysis, as they directly affect the accuracy of total ionospheric electron content
measurements. An important problem in DCB estimation is that for all new and upgraded satellite
navigation systems is required specification of DCB values (with several GNSS) and the selection of
algorithms for their calculation [25]. To estimate the delays D, and D,, a method based on signal
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decomposition by singular numbers using dual-frequency GNSS data was used [24, 28]. In this method,
the satellite and receiver delays are considered unknown parameters, which are calculated with the help
the least-squares method using the values of the vertical total electron content. Further, the calculated
differential code biases were used in correcting the TEC values, an example of which calculations is
shown in figure 4, e. It can be seen from the figures that the TECs after DCBs correction are characterized
by a much smaller scatter of the relative mean value and do not have negative values.

Calculation of the vertical electron content. The value of the slant TEC is calculated by integrating
the electron content along the path from the GNSS satellite to the GNSS receiver (Figure 7). This value
is not very convenient, since it strongly depends on the satellite elevation angle a. It is more appropriate
to use the value of the vertical total electron content (VTEC), which is defined as the integral
concentration of electrons in a vertical column above the Earth’s surface.

“& GNSS
satellite

./-

Tonospheric
Pierce Point

S —
Electron concentration
distribution

GNSS'receiver

R

€

Figure 7. Value of vertical total electron content obtained from slant TEC

For this purpose, some height / is chosen at which the electron concentration distribution is maximal.
The point at this height is called the Ionospheric Pierce Point and is set on the path connecting the
satellite to the receiver [29]. The vertical total electron content (VTEC) is calculated from the slant TEC
values (see Figure 7):

VTEC = TEC - cosy, )

R cosa

where y = arcsin — satellite’s zenith angle; o — satellite elevation; R, — equivalent radius of the

Earth (equal to 6378.137 km); 4 — lonospheric Pierce Point height (in this paper it was considered equal
to 506.7 km).

An example of the VTEC calculation and its averaging results is shown in Figure 4, /.

Calculation of the vertical total electron content over the territory of the Republic of Belarus.
Software tools for processing of radio-tomographic data of high-orbit ionosphere control are written in
Python 3.10 programming language, using third-party cross-platform libraries Matplotlib, NumPy,
Plotly, SciPy, GeoRinex, pymap3d, Xarray, Pandas. The final results of these software tools are the
calculation, interpolation and visualization of the vertical total electron content for a given area.

Figure 8 shows examples of VTEC calculations over the territory of the Republic of Belarus based
on data from 96 ground receiving stations at different time moments. It can be seen that, in general, the
VTEC over the territory of the Republic of Belarus is distributed uniformly without sharp jumps and
large heterogeneities. The concentration of electrons is higher in the daytime (see Figure 8, @) than in the
early morning (see Figure 8, b).
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Figure 8. Example of calculation of the vertical total electron content at different time moments on April 23, 2023 according
to 96 observation stations and GPS satellites over the territory of the Republic of Belarus and neighboring states: April 23,
2023, 05:00:00 (a); April 23, 2023, 15:00:00 (b)

Conclusion. The results of experimental studies of the total electron content in the ionosphere over
the territory of the Republic of Belarus from data of global navigation satellite systems and ground
receiving stations of the precise positioning system of the Republic of Belarus are presented. The
structure of the ionosphere is analyzed and the expressions for calculating the total electron content
using a dual-frequency measurement method with a combination of measurements by phase and code
delays of radio signals are given on the basis of known dependencies. The results of algorithms for
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elimination of cycle slip and estimation of differential code biases before and after correction are
demonstrated. The set of developed algorithms was implemented in the Python 3.10 programming
language using third-party cross-platform free libraries, resulting in calculation and visualization
of vertical total electron content over the Republic of Belarus at different time moments. The direction
of further research is the development and study of methods for three-dimensional reconstruction
of electron distribution in the ionosphere based on the calculated data.

The obtained results are reasonable to use in monitoring of the ionosphere in order to provide
reliable operation of radio systems, detection of ionospheric anomalies of natural and artificial origin, as
well as forecasting of natural phenomena on their basis. In particular, monitoring of the spatial state of
the ionosphere in the selected volume of near-Earth space in real time can be used by the State Enterprise
“Belarusian NPP” and other interested organizations of the Republic of Belarus.
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