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The Ionosphere

The ionosphere is composed of charged particles resulted from the ionization caused by solar
radiation.

Between 50 and 800 km in altitude.

It reflects and modifies radio waves used for communication and navigation.
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The Satellites

There are 4 GNSS networks active with a total of over 80 satellites.

Each satellites provides observational and navigational data over two channels of different 
frequencies.

Each satellite ultimately represents a point on the TEC map.



The Total Electron Content

The Total Electron Content is calculated based on the delay difference between two signals.
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o40.308 represents the refractive index of the ionosphere
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The Observable Data

TEC can be calculated using either the pseudorange or the phase.

The pseudo-range (PR) is the distance from the receiver antenna to the satellite antenna 
including receiver and satellite clock offsets (and other biases, such as atmospheric delays).

The phase is the carrier-phase measured in whole cycles.



The Observable Data



The Vertical TEC
The TEC value obtained so far is related to the signal path (slant TEC) and still has many biases. 
In order to remove them we must calculate the vertical TEC.
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The Position of the Satellites
The exact position of the satellites must be calculated in order to have the satellite’s elevation 
relative to the receptor and the piercing point of the signal.

The position is calculated using the following equation describing an Keplerian orbit, all the 
arguments for it being transmitted in the navigational data of the satellites.

𝒓 𝑡 = 𝒓(𝑡, 𝑎, 𝑒𝑐, 𝑖, 𝛺, 𝜔, 𝜏)



The Position of the Satellites



The Navigational Data



The Position Calculation Algorithm

Compute the time tk from the ephemerides reference epoch toe (t and toe are expressed in 
seconds in the GPS week):

tk = t – toe

Compute the mean anomaly for tk:

𝑀𝑘 = 𝑀0 + (
𝜇

𝑎3
+ ∆𝑛)



The Position Calculation Algorithm

Solve (iteratively) the Kepler equation for the eccentric anomaly Ek:

𝑀𝑘 = 𝐸𝑘 − 𝑒𝑐 ∗ sin 𝐸𝑘

Compute the true anomaly vk:

𝑣𝑘 = tan−1(
1 − 𝑒𝑐2 ∗ sin 𝐸𝑘

cos 𝐸𝑘 − 𝑒𝑐
)



The Position Calculation Algorithm

Compute the argument of latitude uk from the argument of perigee ω, true anomaly vk and 
corrections cuc and cus:

𝑢𝑘 = 𝜔 + 𝑣𝑘 + 𝑐𝑢𝑐 cos 2(𝜔 + 𝑣𝑘) + 𝑐𝑢𝑠 sin 2(𝜔 + 𝑣𝑘)

Compute the radial distance rk, considering corrections crc and crs:

𝑟𝑘 = 𝑎 1 − 𝑒𝑐 ∗ cos 𝐸𝑘 + 𝑐𝑟𝑐 cos 2(𝜔 + 𝑣𝑘) + 𝑐𝑟𝑠 sin 2(𝜔 + 𝑣𝑘)



The Position Calculation Algorithm

Compute the inclination ik of the orbital plane from the inclination io at reference time toe, and 
corrections cic and cis:

𝑖𝑘 = 𝑖0 + ሶ𝑖𝑡𝑘 + 𝑐𝑖𝑐 cos 2(𝜔 + 𝑣𝑘) + 𝑐𝑖𝑠 sin 2(𝜔 + 𝑣𝑘)

Compute the longitude of the ascending node λk:
𝜆𝑘 = 𝛺0 + ሶ𝛺 − 𝜔𝐸 𝑡𝑘 − 𝜔𝐸𝑡𝑜𝑒



The Position Calculation Algorithm
Compute the coordinates in the TRS frame, applying three rotations (around uk, ik and λk):
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Removing the biases

𝐼 𝑡 = 𝑆 ε 𝑡 ∗ 𝑉 𝑡 + 𝐵

Out of all the biases, the most significant one, because of how hard it is to characterize, is the 
Differential Code Bias (DCB).

The DCB is caused by the electronics of the satellite and the receiver and is considered constant 
over the course of up to a few days.



Removing the biases

For a numerical solution, we need another starting presumption about the biases or the slant 
TEC in order to be able to calculate them:

o The sum of all biases in a GNSS network is zero;

o The average TEC value of a set area covered by a single receiver recorded by any satellite is constant 
over a set time interval (Otsuka method);



The Otsuka Method

It was used for a higher spatial resolution TEC map over Japan.

It is based on partially deriving the following estimator:
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Generating TEC Maps
For regional maps, a sufficiently spread set of receivers should provide enough points to plot a 
map.

For local maps, the higher the spatial resolution, the more permissive the interpolation/ fit 
method must be.

ESA provides TEC maps with a spatial resolution of 1° x 1° longitude and latitude.



Radial Basis Function Interpolation

One very permissive interpolation method is radial basis function interpolation.

𝑦 𝑥 = 

𝑖=0

𝑁−1

𝑤𝑖ϕ( 𝑥 − 𝑥𝑖 )X Y

Z



Radial Basis Function Interpolation

𝑦 𝑥 = 

𝑖=0

𝑁−1

𝑤𝑖ϕ( 𝑥 − 𝑥𝑖 )

ϕ 𝑟 = (𝑟2 + 𝑟0
2)α

The values chosen for r0 and α have been 0, 0.375 respectively.



TEC Maps
The TEC maps below cover the entire surface of Romania and it was calculated for 27.09.2020, in the time interval 
19:00 - 21:00:



Thank you for your attention!
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