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 Methods and algorithms for determining the total electron content in the ionosphere by 
signals of global navigation satellite systems are investigated. An algorithm for 
calculating and visualizing vertical total electron content over the territory of the 
Republic of Belarus and neighboring states is developed, taking into account correction 
of phase ambiguity due to «cycle slip» and estimation of differential code biases. Software 
for processing radio-tomographic data for high-orbit ionosphere control is created. It 
includes tools for calculating the total electron content from the signals of the GPS 
satellites, tools for eliminating cycle slip, tools for calculating differential code biases, 
tools for calculating vertical total electron content over the territory of the Republic of 
Belarus and neighboring states. The software is written in the Python programming 
language version 3.10, using third-party cross-platform free libraries. The performance 
of the presented methods and algorithms is demonstrated by examples. 

 
 
 

1. Introduction  
 

Relevance of the study of processes occurring in the ionosphere is due to the fact that the spatial and temporal 
inhomogeneities of the electromagnetic field in the upper atmosphere of the Earth play an important role in the 
functioning of modern technological systems [1-3]. For example, maintenance of serviceability of equipment 
installed onboard satellites, accuracy of objects location with global navigation satellite systems, characteristics of 
radio-wave propagation, ground-based electrical generating, electrical and pipe-line systems operation depend on 
knowledge of upper atmosphere state at ionospheric heights.  

One of the most effective ways to study spatial and temporal changes in ionosphere is radio sounding using 
high orbital navigation satellites [1-4]. Such a system includes a constellation of satellites and a set ground 
receiving stations. At successive discrete times, all ground stations simultaneously receive satellite radio signals. 
After their conversion, measurement results are obtained, the values of which are functionally related to the total 
electron content (TEC) which describes the number of electrons on the line connecting the satellite with the 
ground receiving station. These data are processed to obtain information about the state of the ionosphere in the 
observed area. 

Recently, radio tomography has become one of the most effective tools for the study of the ionosphere. This 
method makes it possible to probe the ionosphere using satellite transmitters and ground receiving stations, 
covering a wide spatial and temporal range. Tomographic methods are used to reconstruct images of the electron 
concentration distribution field [1, 5]. 

A radio tomography system includes a group of satellites that move in circular or elliptical orbits and a network 
of ground receiving stations. One of the important advantages of radio tomography is the ability to obtain 
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information on changes in the electron concentration field in the ionosphere in real time. That makes it possible 
to ensure the stability of the operation of technologies and communication systems that depend on the state of the 
ionosphere. 

The development and evolution of global satellite navigation systems, such as GPS, GLONASS, Beidou, Galileo 
and others, had opened up new opportunities for ionospheric research. These systems provide valuable data that 
can be used for radio tomography and a better understanding of the state of the ionosphere. Many research centers 
all over the world (especially in USA, China, Poland, Japan, Malaysia, Belgium, France, Russia, Spain, Italy and other) 
are engaged in the study of ionospheric radio tomography [3, 6-14]. In spite of this, there are still important 
scientific and practical tasks in this field. 

Currently, there is a network of 96 continuously operating points of the precise positioning satellite system of 
the Republic of Belarus (SSTP RB), which can be used for measurements. Data from these stations allow us to 
calculate TEC. Based on the TEC, the vertical total electron content (VTEC), which characterizes the integral 
concentration of electrons in a vertical column above a given point on the Earth's surface, can be found. 
 

2. Material and Method 
 
 

2.1. Total electron content calculation  
 

 

The prorogation of electromagnetic signals through the ionosphere depends on the concentration of free 
electrons in it. In addition, the effect of the ionosphere on radio signals depends on the frequency of the signal, i.e., 
ionosphere is a dispersing medium. This effect changes the speed of propagation of signals with respect to the 
speed of light due to the presence of a refractive index other than 1. Depending on whether the group or phase of 
the signal is considered, these refractive indices will be different. They are related by the Equation 1 [15, 16]: 
 

= +
ph

gr ph

dn
n n f
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where 𝑛𝑔𝑟 and 𝑛𝑝ℎare refractive indices for group and phase signals, 𝑓 - signal frequency. 

The total electron content is defined as the integral of the electron density along the path between the satellite 
and the receiving station, Equation 2 [15,16]:  
 

𝑇𝐸𝐶 = ∫𝑛𝑒(𝑠)𝑑𝑠
𝑆

 (2) 

 
It is expressed in TEC Units (TECU), where 1TECU is defined as 1016 electrons contained in a cylinder with a 

cross section of 1 m2, aligned with the beam path. TEC can be calculated by the Equation 3 and 4 [15]: 
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where 𝜆1 and 𝜆2 are wavelengths corresponding to frequencies 𝑓1 and 𝑓2, 𝑃1 and 𝑃2are pseudoranges 

measurements in meters, 𝐿1 and 𝐿2are phase measurements in meters, c is the velocity of light in the vacuum, N1 
and N2  are phase ambiguities due to the integer number of wavelengths at the measurement distance, 𝐷𝑠 и 𝐷𝑟 are 
the differential code biases for the satellite and receiver respectively. 

As an example, in the Figure 1 raw pseudoranges data from 5 GPS satellites (G01-G05) are presented. TEC 
calculations were performed with the so-called non-geometric linear combination of two frequencies L1 and L2, 
which contains only ionospheric information. In the Figure 2 the corresponding TEC values calculated from the 
pseudorange differences are shown, while in the Figure 3 the TEC values calculated from the phase differences are 
presented. It can be seen that the TEC values obtained from the phase data are less noisy, but contain an additive 
error. 
 
2.2. Correction of cycle slip and estimation of differential code biases 

 

TEC derived from phase measurements are less noisy than those derived from code measurements, it is 
additionally necessary to correct phase ambiguity and errors associated with cycle slip in receiving equipment [4]. 
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For this purpose, the method described in [17] was used. It is based on the calculation of the mean value and 
standard deviation of the double-differenced ionospheric-free observations in each of the observation epochs. The 
epoch is defined as the time of continuous observation of the signal when the data is not interrupted by more than 
a given amount (for example, 60 seconds). In the case when the observed value differs from the average value in 
the previous epoch by more than 6 standard deviations, the cycle slip is considered detected and an appropriate 
correction is introduced to eliminate the cycle slip. 

In this work, we used a method based on [18-20] to estimate the differential code biases 𝐷𝑠 (satellite) and 𝐷𝑟 
(receiver). In this method a set of linear equations is constructed that relates the observed values of TEC, the values 
of the vertical total electron content and unknown differential code biases. Using the least squares approach we 
can solve this set of equation and estimate the differential code biases. 
 

 
Figure 1. Example of raw pseudoranges data from GPS satellites. 

 

 
Figure 2. Example of TEC calculation using pseudorange data. 
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Figure 3. Example of TEC calculation using phase data. 

 
2.3. Vertical total electron content calculation  
 

For a number of problems, the TEC value is not very convenient, because, firstly, it strongly depends on the 
angle of elevation of the satellite, and, secondly, it cannot be referred to any specific point of space. More 
convenient is a quantity called the vertical total electron content, which is defined as the integral concentration of 
electrons in a vertical column above the Earth's surface. For this purpose, some height h is chosen, at which the 
center of gravity of the electron concentration is located. The point at this chosen height is called the Ionospheric 
Pierce Point (IPP) and is defined as a point on the beam connecting the satellite to the receiver at the chosen height 
above the Earth's surface. In the following calculations, this altitude was set to h = 504 km.  

To determine the vertical total electron content, at the first stage it is necessary to calculate the satellite position 
parameters. Here below the algorithm used to calculate the position of a GPS satellite based on navigation data 
[21] are described: 

1) Calculate time 𝑡𝑘 from reference ephemeris epoch 𝑡𝑜𝑒 (𝑡𝑘 and 𝑡𝑜𝑒 expressed in seconds during the GPS week) 
(Equation 5): 
 

𝑡𝑘 = 𝑡 − 𝑡𝑜𝑒 (5) 
 

If 𝑡𝑘 > 302 400 с, 𝑡𝑘 = 𝑡𝑘 − 604 800. If 𝑡𝑘 < −302 400 с, 
= +604 800

k k
t t

. 
2) Calculate the mean anomaly (Equation 6) for 𝑡𝑘: 

 

𝑀𝑘 = 𝑀0 + (
√𝜇

√𝑎3
+ 𝛥𝑛) 𝑡𝑘 (6) 

 
3) Iteratively solve the Kepler equation for the eccentric anomaly 𝐸𝑘: 
 
𝑀𝑘 = 𝐸𝑘 − 𝑒sin𝐸𝑘. 
4) Calculate true anomaly (Equation 7) 𝑣𝑘: 

 

𝑣𝑘 = arctan
√1 − 𝑒2sin𝐸𝑘

cos𝐸𝑘 − 𝑒
 (7) 

 
5) Calculate latitude argument 𝑢𝑘  (Equation 8) from perigee argument 𝜔, true anomaly 𝑣𝑘, using correction 

coefficients 𝑐𝑢𝑐 and 𝑐𝑢𝑠: 
 

𝑢𝑘 = 𝜔 + 𝑣𝑘 + 𝑐𝑢𝑐cos2(𝜔 + 𝑣𝑘) + 𝑐𝑢𝑠sin2(𝜔 + 𝑣𝑘) (8) 
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6) Calculate radial distance 𝑟𝑘 (Equation 9), using correction coefficients 𝑐𝑟𝑐 and 𝑐𝑟𝑠: 
 

𝑟𝑘 = 𝑎(1 − 𝑒cos𝐸𝑘) + 𝑐𝑟𝑐cos2(𝜔 + 𝑣𝑘) + 𝑐𝑟𝑠cos2(𝜔 + 𝑣𝑘) (9) 
 

7) Calculate the orbital inclination 𝑖𝑘 (Equation 10) from the inclination 𝑖𝑜 at the reference time using the 
correction coefficients 𝑐𝑖𝑐 and 𝑐𝑖𝑠: 
 

𝑖𝑘 = 𝑖0 + 𝑖̇𝑡𝑘 + 𝑐𝑖𝑐cos2(𝜔 + 𝑣𝑘) + 𝑐𝑖𝑠sin2(𝜔 + 𝑣𝑘) (10) 
 

8) Calculate the longitude of the ascending node 𝜆𝑘 (relative to Greenwich Mean Time) (Equation 11). This 
calculation uses right ascension at the beginning of the current week (𝛺0), a correction for the apparent variation 
in sidereal Greenwich Mean Time between the start of the week and the reference time 𝑡𝑘 = 𝑡 − 𝑡𝑜𝑒, and the change 
in the longitude of the ascending node from the time reference: 
 

𝜆𝑘 = 𝛺0 + (𝛺̇ − 𝜔𝐸)𝑡𝑘 − 𝜔𝐸𝑡𝑜𝑒 (11) 

 
9) Calculate ground coordinates by applying three rotations (around 𝑢𝑘, 𝑖𝑘 and 𝜆𝑘) (Equation 12): 

 

[

𝑋𝑘

𝑌𝑘

𝑍𝑘

] = 𝑅3(−𝜆𝑘)𝑅1(−𝑖𝑘)𝑅3(−𝑢𝑘) [
𝑟𝑘

0
0

] (12) 

 
where R1 and R3 are the rotation matrices, defined in [21]. 
Further, after determining the position of the satellite and the receiver, it is necessary to calculate the elevation 

angle χ in the IPP using the elevation angle of satellite α by Equation 13: 
 

𝜒 = arcsin
𝑅𝑒cos𝛼

𝑅𝑒 + ℎ
 (13) 

 
After that, the vertical total electron content (VTEC) is calculated from the TEC values (Equation 14): 

 
= cosVTEC TEC  (14) 

 
3. Results  
 

Software for processing data of high-orbit ionosphere control provides implementation of methods and 
algorithms for obtaining, processing and storing information about ionosphere conditions over the territory of the 
Republic of Belarus and neighboring countries. This software uses radio signals from high-orbit navigation 
satellite systems, obtained by the precise positioning satellite system of the Republic of Belarus. The software will 
be a part of space system of radiometric control of near-Earth space based on satellite systems and specialized 
ground facilities, which will make it possible to increase the safety level of operation of complex infrastructure 
objects on the territory of the Republic of Belarus. 

The software is written in the Python programming language version 3.10, using third-party cross-platform 
free libraries Matplotlib, NumPy, Plotly, SciPy, georinex, Pandas, pymap3d, Xarray, PyKrige, GeoPandas. The 
software provides the following operations: 

- reading observation data from the SSTP RB in RINEX format [22]; 
- reading navigation data of GPS satellites in RINEX format; 
- calculation of parameters of orbits of satellites of the GPS system; 
- calculation of the total electron content according to the data of navigation satellites of the GPS system; 
- elimination of cycle slip in the data obtained from phase measurements; 
- calculation of differential code biases for SSTP RB stations and GPS satellites; 
- calculation of vertical total electron content over the territory of the Republic of Belarus and neighboring 

states; 
- displaying the results of calculation of the TEC in the form of color graphs; 
- saving the results of TEC and VTEC calculation in “csv” format; 
- visualization of the calculation results of the vertical total electron content. 

 
Figure 4 shows the values of total electron content before the cycle slip correction, obtained from the phase 

pseudorange of GPS satellite signals for May 5, 2022, between 00:00:00 and 01:00:00 UTC. Figure 5 shows the 
same values after the cycle slip correction. It can be seen that the outliers associated with slippage are effectively 
corrected by the used algorithm. 



Engineering Applications, 2023, 2(3), 243-253 
 

248 
 

 
Figure 4. Values of total electron contents before cycle slip correction. 

 

 
Figure 5. Values of total electron contents after cycle slip correction. 

 

 
Figure 6. TEC values before correction of differential code biases. 
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As an example of the operation of the algorithm for determining the differential code biases, we present the 
results of calculation of the total electron content using data from May 5, 2022 from the observation station "bori", 
located in the city of Borisov. Figure 6 shows the values of total electron content before the correction of 
differential code biases for all 32 GPS satellites. Figure 7 shows the same values after the differential code biases 
correction. 
 

 
Figure 7. TEC values after correction of differential code biases. 

 
In the Figure 8 the results of calculating the vertical total electron content for all 32 GPS satellites according to 

data from May 5, 2022 from the observation station "bori" located in the city of Borisov are shown. It is clearly 
seen that, in comparison with the values of the slant electron content in the Figure 7, the vertical total electron 
content values do not include outliers at the extreme observation points, which, in the case of a slant electron 
content, are due to the low elevation angle of the satellite. 

 

 
Figure 8. VTEC values calculated using GPS satellites. 

 
Figure 9 shows the results of vertical total electron content (VTEC) calculation compared to slant total electron 

(STEC) values. A significant increase in VTEC values during time from 6 o'clock (sunrise) to 21 o'clock (sunset) 
with a peak at 14 o'clock (time when the sun is at zenith) is clearly visible. 
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Figure 9. VTEC values averaged over all satellites by code pseudodistance and their corresponding STEC values. 

 
Calculation of the vertical electron content over the territory of the Republic of Belarus was carried out using 

software tools for processing data of ionosphere high-orbit control. The output of these software tools is the 
calculation, interpolation and visualization of the vertical electron content for a given area. Figure 10 shows 
examples of calculation of vertical electron content (VTEC) over the territory of the Republic of Belarus based on 
data from 96 ground receiving stations at different moments of time. It can be seen that in general over the 
territory of the Republic of Belarus the vertical electron content is distributed uniformly without sharp jumps and 
significant inhomogeneities. 
 

  

 
Figure 10. Example of calculation of vertical total electron content over the territory of the Republic of Belarus. 
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4. Discussion 
 

The results obtained are of important practical and scientific interest. First, experimental results of the study 
of the ionosphere structure over the territory of the Republic of Belarus and neighboring states are demonstrated. 
Experimental data of the precise positioning satellite system of the Republic of Belarus were used.  

Taking into account the obtained experimental information about the electron concentration in the ionosphere 
over the territory of the Republic of Belarus is of great importance for the development of satellite radio navigation, 
long-range radio communication systems, radar systems and other technologies in the republic. The assessment 
of this information makes it possible to forecast and understand the state of the ionosphere over the territory of 
the Republic of Belarus and neighboring states, which, in turn, contributes to improving the performance of 
communication, location and navigation systems. 

In addition, the assessment of the levels of electron concentration fields in the ionosphere over the territory of 
the Republic of Belarus and neighboring states is important for the study of the propagation of radio waves in the 
atmosphere, the study of climate and the understanding of natural hazards [23,24]. Knowledge of the state of the 
ionosphere makes it possible to take into account its influence on the propagation of radio waves, to assess the 
impact of ionospheric disturbances on climatic processes and to forecast ionospheric hazards [23-25]. 

Thus, the estimation of electron concentration in the ionosphere has a wide range of practical applications and 
plays an important role in scientific research, which is aimed at the development and improvement of 
communication, navigation technologies and understanding of atmospheric and ionospheric processes. 
 

5. Conclusion  
 

Experimental studies of the total electron content in the ionosphere above the Republic of Belarus were carried 
out. The data were collected using global navigation satellite systems and ground receiving stations of the 
precision positioning system of the Republic of Belarus. As a result of the analysis of the structure of the 
ionosphere, expressions for calculating the total electron content using a dual-frequency measurement method 
combining phase and code biases of radio signals were presented. The results of the algorithm for eliminating the 
cycle slip and determining the differential code biases before and after correction were also demonstrated. 

The Python 3.10 programming language was used to work with the data, using third-party cross-platform free 
libraries. The paper also provides examples of calculation of vertical electron content over the Republic of Belarus 
at the different moments of time. In the future it is planned to develop and study methods of three-dimensional 
reconstruction of electron distribution in the ionosphere on the basis of the obtained data. 
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